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Abstract

Background: Chronic lymphocytic leukemia (CLL) cell recirculation to and from immune
niches plays an important role in CLL biology. However, it remains largely unknown how
precisely CLL cells regulate their homing or how they balance survival in peripheral blood and
the decision to return to immune niches.

Methods: We performed RNA profiling of CXCR44™CD5P 9 versus CXCR4PMIMCD5A™ cells
and identified differential expression of dozens of molecules with a putative function in CLL
cell migration. By series of in vivo and in vitro experiments we described the role of GRB2
associated binding protein 1 (GABL1) in the migration process and its positive role in the
regulation of tonic signaling. We also tested novel GABL inhibitors targeting its PH domain.

Results: CXCR4/CD5 subpopulations have been suggested as a model distinguishing CLL
cells ready to re-enter immune niches (CXCR4MCD5M) versus recent emigrants from lymph
nodes (CXCR44™CD5P9")  Indeed, intravenous injection of sorted CXCR4/CD5
subpopulations into NOD scid gamma (NSG) mice revealed increased migration capacity of
CXCR4PMCD5IM cells into the spleen. Subsequent RNAseq of sorted CXCR4/CD5
subpopulations identified 147 migration-related differentially expressed genes, among which
we noted upregulation of GAB1 (~2-fold) in CXCR4P"CD5Y™ cells. GAB1-knockout in
MEC1 cells or silencing by siRNA in primary CLL cells largely inhibited their migration
capacity towards chemokines SDF1, CXCL13, or conditioned media produced by bone marrow
stromal cells (CM™S€), Importantly, GAB1 knockout or silencing led to impaired migration of
malignant B cells to the spleen of NSG mice. Treating cells with SDF1, CXCL13, or CMMSC
led to rapid GABL1 phosphorylation, suggesting that GABL1 is involved in response to various
soluble cytokines. We have also identified another GAB1 function in the maintenance of
“tonic” AKT phosphorylation via PI3K. Next, we demonstrated that transcription factor FoxO1
transcriptionally activates GAB1 by direct binding to its promotor. Altogether, increased
FoxO1/GABL1 levels in CXCR4P"CD5YM CLL cells are contributing to balancing CLL cells’
survival and their decision to migrate into the immune niches. Notably, administration of
ibrutinib in CLL patients induces FoxO1-GABL1, which leads to recovery of phospho-AKT
within several days or weeks on ibrutinib and this can be targeted by novel GAB1 inhibitors.

Conclusion: Here, we described a novel FoxO1/GAB1-dependent regulatory mechanism of
CLL homing and maintenance mechanism for “tonic” AKT signaling activity in an intraclonal
CXCR4Protcps9m CLL subpopulation. We showed for the first time that ibrutinib treatment
leads to the accumulation of FoxO1l/GAB1 proteins which subsequently leads to AKT
phosphorylation and activation. We demonstrated that GABL1 inhibitors can be used to inhibit
CLL cell migration, basal AKT activity, and adaptive AKT activation during the ibrutinib
therapy.

Keywords: Chronic lymphocytic leukemia, GAB1, FoxO1, AKT, protein kinase B,
adaptation, BCR inhibitor, ibrutinib



Abstrakt

Uvod: Recirkulace bundk chronické lymfocytarni leukemie (CLL) mezi periferni krvi a
mikroprostiedim imunitnich bunék hraje dalezitou roli v biologii CLL. Do soucasnosti vSak
nebylo detailné popsano, jak ptfesné¢ CLL buiiky reguluji tyto migracni procesy, jak kontroluji
preziti v periferni krvi, ptipadné své rozhodnuti vratit se zpét do mikroprostiedi lymfatickych
organd.

Metody: Provedli jsme RNA sekvenaci CXCR4YMCD59" 3 CXCR4P"CD5YM populaci,
¢imz byly identifikovany desitky rozdilné exprimovanych gent hrajicich roli v migraci.
Nasledujici in vivo a in vitro experimenty nam umoznily popsat vyznamnou roli GAB1 (GRB2
associated binding protein 1) proteinu v procesu migrace a regulace takzvané tonické
signalizace. Také jsme testovali moznost vyuziti GABI1 inhibitori cilicich na jeho PH doménu.

Vysledky: Jiz diive byly CXCR4/CD5 subpopulace navrzeny jako model umoznujici rozlisit
mezi buiikami pfipravenymi migrovat do lymfatickych organii (CXCR4MCD5YM) 3 butikami,
které nedavno vycestovaly z tohoto prostiedi do periferni krve (CXCR4%MCD5P19M),
Intravenozni aplikace téchto dvou subpopulaci do NOD scid gamma (NSG) mysi potvrdila
zvyseny migracni potencial CXCR4PMCD5Y™ bungk do mysi sleziny. Nasledn4 sekvenace
CXCR4/CD5 subpopulaci identifikovala 147 rozdilné exprimovanych genl zapojenych do
procesu migrace. Jednim z nich byl i GABI, ktery byl v CXCR4”"CD5%M buiikach p¥itomen
Vv piiblizn¢ dvojnasobném mnozstvi. Vyfazeni GAB1 v MEC1 burikach, ptipadné jeho utiseni
pomoci siRNA v primarnich CLL burikach, vedlo k potlaéeni migra¢niho potencialu vuci
chemoatraktantim jako SDF1, CXCL13 piipadné¢ kondiciovanému médiu produkovanému
stromalnimi buiikami kostni dfeng (CM™SC), Podobna data jsme ziskali i v in vivo experimentu,
kde vytazeni GAB1 vyznamné redukovalo migraci bunék do mysi sleziny. Ovlivnéni bunék
pomoci SDF1, CXCL13 piipadné CM"™SC vedlo k rychlé aktivaci GAB1, coz naznaduje jeho
zapojeni do rozdilnych chemotaktickych signalnich drah. Také jsme popsali roli GAB1
v udrZovani takzvané tonické signalizace, ktera se projevuje nizkou hladinou aktivniho AKT.
V dal$im kroku jsme popsali mechanizmus zvySeni produkce GABI, ktery je zavisly na
aktivaci transkripéniho faktoru FoxOl. Zvysené mnozstvi FoxO1/GABI proteint tak v
CXCR4PMINMCDBYM hupkach prispiva k lepsimu prezivani CLL bunék v periferni krvi a
vyznamn¢ ovliviiuje jejich naslednou migraci do mikroprostiedi imunitnich organd. Podani
ibrutinibu pacientim s CLL indukuje FoxO1/GAB1, coz nasledn¢ vede k obnové aktivity AKT
b&hem nékolik dnti az tydnti. Ukézali jsme, Ze tento proces miizeme blokovat GAB1 inhibitory.

Zavér: Popsali jsme nové mechanizmy regulace migrace a tonické AKT signalizace, které jsou
zalozené¢ na modulaci FoxO1/GABI1 proteinti. Role téchto proteinii byla dale zkouména
Vv kontextu terapie ibrutinibem, ktera indukuje FoxO1/GABI1 drdhu a vyuziva k opétovné
aktivaci AKT. Demonstrovali jsme také, ze tyto mechanizmy mohou byt inhibovany pomoci
novych GABI inhibitort.

Klic¢ova slova: Chronicka lymfocytarni leukemie, GAB1, FoxO1, AKT, protein kinaza B,
adaptace, BCR inhibitor, ibrutinib
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1. Chronic lymphocytic leukemia

Chronic lymphocytic leukemia (CLL) is a malignant disease characterized by the clonal
expansion and accumulation of small, mature-appearing, CD5+ B cells in the blood and
lymphoid tissues. The incidence is 5-6/100 000 and mainly affects the elderly population, with
the median age at diagnosis being 65 years.> The clinical course of this disease is highly
variable. The majority of patients display no symptoms at the time of diagnosis and do not
require therapy for years. On the contrary, the aggressive form of the disease, usually
accompanied by changes in blood count and symptoms like spleno- and hepatomegaly, night
sweating or loss of weight, displays a poor prognosis and patients require specific therapy soon

after the diagnosis.>

The diagnosis is based on examination of peripheral blood by microscopy and flow cytometry,
when the B cell count is higher than 5x10%liter and cells exhibit clonal origin and characteristic
immunophenotype CD19Positve  cpspositive cp23positive gjgdim - CD79p4™, The severity of the
disease is standardly assessed by Rai® or Binet* score systems created in the 80s of the last
century and are mostly based on evaluation of physical symptoms such as high leukocytosis,
anemia, thrombocytopenia and enlargement of lymphatic organs. Due to the remarkably
variable clinical course of CLL patients, it is currently recommended to evaluate also other
prognostic factors such as genetic abnormalities of 11q (ATM),®> 17p (TP53),° 13q (long non-
coding RNA DLEU2 and two micro-RNAs: miR-16-1 and miR-15a),” trisomy of chromosome
12 (more genes involved),® or mutational status of immunoglobulin heavy chain variable region
(IGHV),? and ectopic expression of cellular markers such as CD38 and Zeta-chain-associated
protein kinase 70 (ZAP70).1! All these prognostic factors were shown to affects not only the
choice of treatment but show the ability to predict the length of the period without treatment,
progression-free survival or overall survival.? Current approaches in the treatment of
prognostically unfavorable CLL are more and more focused on inhibition of specific signaling
pathways rather than conventional chemo-immunotherapy mainly based on DNA-damaging
drugs.



2. Migration of CLL cells into microenvironment

Chronic lymphocytic leukemia has been considered for many years as an accumulative disease
stemming from defective apoptosis and the prolonged lifespan of malignant B cells. However,
recent studies revealed that CLL is quite dynamic malignancy wherein 0.1 — 1% of the entire
population multiply each day. It is believed, that the induction of proliferation does not occur
in peripheral blood but is located to specific places in the microenvironment of lymphoid tissues
called ‘pseudofollicles’.!? Inside the immune niches, CLL cells obtain several pro-survival and
pro-proliferative signals leading to activation of various signaling pathways like B cell receptor
(BCR), extracellular signal-regulated kinase (ERK), phosphoinositide 3-kinase (PI3K), protein
kinase B (AKT, also known as PKB), or nuclear factor-kappa B (NF«kB).}*' Inhibiting CLL
cells homing to immune niches or inhibition of microenvironmental interactions represents an

important mechanism of action for “BCR inhibitors”, and a possible therapeutic strategy.'8-2

The recirculation of B cells is a complicated process consisting of several steps including
attachment to endothelial cells, rolling, activation by chemokines, firm adhesion, extravasation,

and at the end their return back to the peripheral bloodstream.

2.1. Lymphocyte rolling

The initiation of lymphocyte migration into particular tissue depends on their ability to bind to
endothelial cells and trigger the process called “rolling”. This occurs only in morphologically
specialized veins called high endothelial venules (HEV), which display the characteristic
structure of enlarged endothelial cells. These HEVs were found in all secondary lymphoid
tissues apart from the spleen, where the blood enters red pulp through open arterioles.?? The
adhesion and rolling require rapid association and dissociation of molecular bonds between

selectins exhibited on the B cell surface and their ligands produced by endothelial cells.?3

L-selectin (leukocyte-selectin; CD62L) was identified as a key factor controlling the B cell
attachment to the HEVs in secondary lymphoid organs. The mice with deficiency in SELL gene

(L-selectin protein) exhibited strongly impaired attachment of leukocytes to HEV cells

- 10 -



Migration of CLL cells into microenvironment

and significantly decreased numbers of lymphocytes inside lymph nodes.?* Similar data were
obtained also for CLL cells after functional-blocking of L-selectin by specific antibody.?
Mechanism of L-selectin action relies on its ability to be clustered in structures called
microvilli, which increases tethering efficiency during recruitment.?®2” In these clusters L-
selectins are ready to interact with their ligands and slow down the speed of leukocyte motility
across the endothelium. These ligands, collectively called vascular addressins, include
glycosylated cell adhesion molecule-1 (GlyCAM-1), CD34, and podocalyxin.?® Another type
of ligand is called mucosal vascular addressin cell adhesion molecule 1 (MAdCAM-1) and is
expressed on endothelium in mucosae.?® The interaction of L-selectin with ligands exhibited on
endothelium can be terminated by a process called “ectodomain shedding”. This process is
based on the proteolytic-dependent mechanism that cleaves L-selectin at the site near to the
membrane and is triggered upon cell activation,?% L-selectin crosslinking®® or due to
mechanical shedding.® Ectodomain shedding results not only in faster B cell rolling or even
detachment of cell back to the bloodstream,?® but also contributes to the process of
transendothelial migration when B cells migrate towards a gradient of chemoattractants and
need to be detached from endothelium.®? In humans, the expression of L-selectin is mainly
driven by forkhead box protein O1 (FoxO1),%3* the transcriptional factor which we currently
identified as upregulated in CLL cell subgroup exhibiting higher migration capacity towards

immune niches.%

Altogether, the interactions between selectins and their ligands are responsible for attaching
and rolling of leukocytes, which finally results in specific homing. However, these processes

are just the first step in the transendothelial migration process and further actions are required.

2.2. Lymphocyte attachment to endothelium by integrins

The next step in the migration cascade is integrins’ activation, which allows B cells to adhere
more firmly to the endothelium. The general structure of integrins is formed by the noncovalent
association of two structurally different glycoproteins - o and B subunit. So far, seventeen a
subunits and eight B subunits have been identified, these further form more than 20 different
types of integrins (Figure 1), however only a few of them play a key role in B cell migration.*
Other members of the integrin family participate in various processes like organ development,

wound healing, and also autoimmune diseases or cancer.3¢3

- 11 -



Migration of CLL cells into microenvironment
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Figure 1. The integrin family. Integrins are formed by noncovalent association of o and
B subunits. Their combinations can create more than twenty types of integrins with
specific functions. (Adapted from Harzschel et al., 2020.)%

A integrin heterodimer forms a globular ligand-binding headpiece, which is connected to the
membrane by two “legs”, followed by the transmembrane part and cytosolic tail.> Interestingly,
all types of B cytoplasmic tails except P4 exhibit a relatively high level of homology in
comparison to a tail that is conserved only in relatively short region (GFFKR) ensuring their
association with [ tails. This association is required to maintain integrins in an inactive state,
where the “legs” are folded in knee-like globular domains and the headpiece is unapproachable
for ligands.*%-%2 Once the cell reaches the place with an increased concentration of chemokines
or BCR ligands, several signaling kinases are recruited to the proximity of activated receptors.
This triggers various signaling pathways like PI3K, Bruton’s tyrosine kinase (BTK) or
phospholipase Cy (PLCy) (see Chapter 2, BCR signaling) leading to cytoskeleton
rearrangement, integrin’s B tail motive (NPxY) phosphorylation, detachment from inhibitory
proteins like filamin and binding to integrin-activating proteins like talin or kindlin-3. The
binding of talin results in o/p tail dissociation and conformational changes in the extracellular
part, resulting in integrin “legs” unfolding and activation of integrin headpiece (Figure 2).3"
394347 In addition, talin also interacts with filamentous actin (F-actin) and actin-binding
proteins, which provides a link between the cell cytoskeleton and extracellular matrix.*® The
negative regulation of integrin activation can be caused by inhibitory proteins such as docking
protein 1 (DOKZ1) or integrin cytoplasmic domain-associated protein 1 (ICAP1), which bind to

- 12 -



Migration of CLL cells into microenvironment

the B subunit tail competitively and block binding of activation proteins like talin.***° Other
mechanism of integrin inhibition rely on activation of ERK signaling (see Chapter 2.2.1., Focal

adhesions).>!

One of the two key integrins expressed by B cells is very late antigen 4 (VLA4), which is
composed of a4 and B1 subunits (also known as CD49d and CD29, respectively).>>® The
studies with chimeric mice deficient for a4 subunit displayed a great reduction of B cells in
bone marrow accompanied by the inhibition of pro-B cell differentiation.>* Major VLA4
ligands are extracellular matrix protein fibronectin and vascular cell adhesion molecule 1
(VCAML), which is constitutively expressed on the surface of endothelial and stromal cells and
can be expressed by other leukocytes during inflammatory response in NFxB-dependent
manner.>>>® In addition, the expression of VLA4 was detected in approximately 40 % of CLL
cases and stands for one of the most relevant predictors of overall survival and progression-free

survival.®’

Other key integrin produced by B cells is composed of oL and B2 subunits (CD11a/CD18,
respectively) and is known as leukocyte-function-associated antigen 1 (LFAL). Similar to
VLA4, LFA1 also participates in the trafficking of B cells and its knock-down in mice results
in impaired retention of B cells in lymph nodes. Interestingly, the homing capacity of FLA1™"
and LFA1** in bone marrow or spleen does not significantly differ,® which supports the
hypothesis that a specific combination of adhesion molecules is required for migration into
specific niches. The major LFAL ligands are proteins from the intercellular adhesion molecule
family (ICAM) expressed by endothelial cells.>® Interestingly, it has been shown that CLL cells
in comparison to healthy B cells exhibit significantly lower LFA1 and VLAA4 expression, which
leads to impaired migration into lymph nodes and bone marrow. The migration towards the

spleen is LFAL independent so there is no markable difference in homing.°

- 13 -
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Figure 2. Integrin signaling in B cells. The activation of integrins is initiated by various
signaling receptors, mostly chemokine receptors or BCR receptor. Their activation
triggers downstream events resulting in activation of effector proteins like PI3K, BTK,
PLCy, and subsequent B-tail phosphorylation. This enables the binding of talin or
kindlin-3, which enables o/f subdomains dissociation and proper integrin activation. The
binding of integrins to multivalent substrate results in clustering, recruiting of other

proteins, and finally to the creation of focal adhesions which regulates cytoskeletal
reorganization and cell motility. (Adapted from Harzschel et al., 2020.)®

2.2.1. Focal adhesions

One of the features of integrin ligands is their multivalent potential ensuring integrin clustering.
Intracellularly, this leads to the creation of multiprotein structures called focal adhesions. These
structures are constantly formed at the leading edge of migrating cells and disassembled at the
opposite side. Their role is to provide a mechanical link between the actin cytoskeleton and
extracellular matrix.%! During migration, focal adhesions prevent membrane contraction and
promote protrusions at the leading edge thus enabling cellular movement.®? In addition, focal
adhesions may contain dozens of proteins, creating hot spots with increased amounts of various
kinases promoting integrin signaling (as demonstrated in Figure 3).5

Focal adhesion kinase (FAK) and cellular Src (c-Src) belong to the first kinases recruited into
newly created focal adhesions, where they intensively interact with each other.* Importantly,

the studies in human embryonic kidney cells showed that the precise localization of FAK and
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Migration of CLL cells into microenvironment

other proteins in focal adhesions is regulated by activated GRB2-associated-binding protein 1
(GAB1) protein, given that the GAB1 mutant cells failed to properly localize not only the FAK
protein but also paxillin and other migration-related proteins.®® Upon recruitment, FAK is
promptly autophosphorylated on Y397, which creates a high-affinity binding site for the SH2
domain of c-Src.%4% This allows autophosphorylation of ¢-Src on Y416, which subsequently
phosphorylates FAK on additional residues (Y576, Y577, Y861, and Y925).6* This initial
phosphorylation enables recruitment of other proteins like GAB1, growth factor receptor-bound
protein 2 (GRB2), or paxillin which creates together a docking site for other downstream
molecules like p85 subunit of PI3K, mitogen-activated protein kinases (MAPK), or Ras
kinase.t*5567-"0 Theijr activation generates both pro-proliferative and pro-survival signals,’* but
also triggers the negative feedback leading to focal adhesions dissociation. This occurs directly
after FAK/GRB2 mediated ERK2 activation. Activated ERK2 phosphorylates FAK on Ser910,
which could enhance the release of FAK from focal adhesions.”? Other inhibitory mechanism
is dependent on other FAK/c-Src substrate named p38-regulated and activated kinase (PRAK).
This kinase colocalizes with FAK in focal adhesions and exhibits the ability to disrupt the

phosphorylation of FAK on Y861 and thus inhibits cell adhesion and motility.5

/

Adhesion
Motility
Cell shape

Figure 3. Focal adhesions. The integrin engagement to the extracellular matrix leads to
reciprocal activation of FAK adaptor protein and c-Src kinase. The newly created binding
sites, especially on FAK, bind other proteins like paxillin, which together create a site for
the recruitment of various kinases and downstream effector proteins that contribute to
actin cytoskeleton rearrangement. In this figure two proteins are depicted, vinculin (Vin)
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and actopaxin, which physically link actin filaments to the paxillin. In addition, integrins
are linked to the actin cytoskeleton via talin, a-actinin (A-A) and vinculin. Together these
places are called focal adhesions. (Adapted from Turner, 2000).”

2.3. Activation of cells by chemokines

Chemokines are chemotactic cytokines that control the migration of all immune cells.” It is a
group of small (7-16 kDa), secreted proteins with conserved sequences and structural features,
that can be used to classify them into four families based on the position of the first two
cysteines — CC, XC, CXC, and CX3C. Until this time we recognize more than 50 chemokines
and 20 chemokine receptors.”*™ Another chemokine classification is based on their
physiological features and recognizes the group of inflammatory chemokines (highly produced
during inflammation) and a group of homeostatic chemokines (expressed continually and
maintain the homeostasis of immune cells). However, some chemokines like CCL21 and
stromal cell-derived factor 1 (SDF1 also known as CXCL12) take a role in both of these
processes.’*"® The repertoire of chemokine receptors is specific for each type of immune cell.
This ensures precise cell navigation along the gradients of their ligands since the binding of
ligand establishes cell polarity, cytoskeletal rearrangement, increased adhesiveness, and finally

the cell locomotion.”®

2.3.1. CXCR4 and SDF1

One of the best-described chemokine receptors is CXCR4, which was intensively studied due
to its role as a co-receptor for human immunodeficiency virus (HIV) entry’” and its ability to
mediate metastasis of several cancers.”® Despite the general promiscuity of other chemokine
receptors, CXCR4 has been described to interact exclusively with SDF1 chemokine ligand.™
This monogamous relationship was demonstrated in knock-out mouse models, where the
inactivation of either CXCL12 or CXCR4 led to identical lethal phenotype accompanied with
defects in B cell lymphopoiesis, bone marrow colonization, and malfunctions in the
cardiovascular system.8%8 SDF1 ligand is highly produced by perivascular stromal cells and is
present at the luminal side of the endothelium, which contributes to guiding of CXCR4 positive
cells into the microenvironment.8? Interestingly, the gradient of SDF1 in the subendothelial
matrix can be formed by interaction and further immobilization of SDF1 to glycosaminoglycans
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like heparan sulfate, the important component of the extracellular matrix. This association was
described as beneficial for cell migration when compared to SDF1 only, since the SDF1
oligomerization enables CXCR4 clustering, translocation into lipid rafts and robust activation
of further effects.83% CXCR4 activation triggers various signaling kinases like FAK, PI3K,
Ras/MAPK, Janus kinase (JAK) proteins, or various Src-family members tyrosine kinases.®#’
The activation of downstream signaling is a crucial step in the initiation of cytoskeleton

rearrangement, activation of integrins, and induction of cell motility.

CLL cells in peripheral blood were shown to express relatively high levels of CXCR4, which
increases their responsiveness to SDF1 and may positively affect integrin activation and cell
motility.® On contrary, CLL cells in bone marrow exhibit low levels of surface CXCR4, which

is likely an outcome of receptor endocytosis after SDF1 binding.8:8°

2.3.2. CXCR5and CXCL13

Another key player in CLL cell migration is the CXCRS5 receptor and its ligand CXCL13 (also
known as B cell-attracting chemokine 1; BCA-1).°® The CXCR5 receptor expression was
originally described in Burkitt’s lymphoma and shortly after was its role described also in CD4
and CD8 positive T cells or dendritic cells. Recent evidence also described CXCR5/CXCL13
involvement in various solid tumors like breast cancer, gastrointestinal tumors, prostate cancer,
or osteosarcoma, where it may contribute to metastatic potential.**** In the case of CLL cells,
the in vivo studies demonstrated that CXCR5/CXCL13 pathway contributes more to CLL cells’
precise navigation within the lymph node rather than to their homing capacity from peripheral
blood. In this study, CXCRS5 deficient cells were localized mostly in the marginal zone of B-
cell follicle whereas CXCR5 wild-type cells were gathered in proximity to follicular dendritic
cells.® This is in line with the observation that CXCL13 is constitutively expressed by nurse-
like cells and stromal cells (mainly follicular dendritic cells) in the germinal centers of
secondary lymphoid organs.®>®® In addition, the CXCR5 knock-out mice displayed not only the
defective formation of primary follicles but also a lack of inguinal lymph nodes and impaired

leukemogenesis.*®

Similarly to CXCR4, the binding of ligand results in rapid CXCR5 endocytosis and triggering
of various downstream effects like Ca?" influx, PI3K/AKT, MAPK/ERK activation, actin

polymerization, increased adhesion via LFA1, and cellular chemotaxis.®”*°
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2.3.3. CCR7and CCL19,CCL21

The importance of the CCR7 receptor in lymphocyte homing has been demonstrated by gene
targeting. The CCR7 knock-out mice exhibit impaired migration of lymphocytes into lymph
nodes and Peyer’s patches accompanied by their accumulation in peripheral blood, spleen, and
bone marrow.8%1%0191 This surprising result of the CCR7 dichotomy in the migration process
was further explained by McHeik et al., 2019,'° and relies on CCR7 ability to inactivate
CXCRA4 by direct binding. Their coupling blocks the signal transmission from activated CXCR4
to the downstream kinase Gai2 impairing thus the migration towards SDF1. Deletion of CCR7
therefore increases the responsiveness of CXCR4 positive cells to SDF1.1% In addition, CCR7
was demonstrated to guide B cells to the T cell areas, whereas CXCR5 directs cells to the B
cell follicles. Here, the B cells in response to high levels of CXCL13 down-regulate the CXCR5
and further upregulate the CCR7. This mechanism allows transient migration of B cells towards

the T cell zone, where activated B cells may receive further stimulation from T helper
cells, 102103

CCL19 and CCL21 are the only known ligands for CCR7. Northern blot analysis revealed
abundant expression of CCL19 in the thymus, lymph nodes, or appendix, and low or very low
levels in bone marrow and spleen, ' indicating that CCR7/CCL19 chemokines are guiding cells
only in specific niches. In addition, CCL19 is secreted by dendritic cells or by stromal cells

localized in the vicinity of the vasculature.%®

Despite the fact that CCL21 is exposed on the surface of HEV cells, previous studies identified
that human HEV cells do not express CCL21 mRNA.%-1% |nstead, the CCL21 chemokine is
produced in T cell areas and further translocated into vessels’ lumen to be presented by
endothelial cells.!® This process is ensured by the unique structure of the C-terminal tail of
CCL21 that allows binding to glycosaminoglycans produced by endothelial cells.109110

The overview of leukocyte adhesion is summarized in following Figure 4.
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Figure 4. Leukocyte adhesion and migration. The initial binding and subsequent
rolling of lymphocyte across the endothelial surface is ensured by selectins. The
activation of lymphocytes by various chemokines (SDF1, CXCL13, CCL19, or CCL21)
leads to integrin activation and firm adhesion to endothelium. These are the crucial steps
in paracellular or transcellular transmigration in lymphoid organs. Key molecules
involved in each step are indicated in boxes. (Adapted from Ley, et al., 2007.)?3

2.4. Lymphocyte egress from lymph niches

Healthy B cells usually spend approximately 24 hours in secondary lymphoid organs trying to
interact with microenvironmental cells, and if they are not stimulated, they will exit them. In
contrary to the entry, where several factors play a role, only one requirement for egress has been
identified so far — the expression of sphingosine-1 phosphate receptor (S1PR1).11112 nitial
attempts to generate mice lacking the expression of S1PR1 in all lineages failed due to
significant vascular defects resulting in embryonic lethality.!®* For this reason the further
approaches were focused on the conditional deletion of SIPR1 from lymphocytes. This kind of
experiment proved that T cells lacking the expression of SIPR1 developed normally, but failed
to exit the thymus.**t* Similarly for B cells, the expression of SIPR1 was not required for

exiting the bone marrow, however, it was crucial for exiting the secondary lymphoid organs.*®

The only known physiological ligand of S1PR1 is a signaling sphingolipid sphingosine-1-
phosphate (S1P).1*11¢ This molecule is produced by various cell types like macrophages,
thrombocytes, mast cells, or endothelial cells, however, the major reservoir of S1P are

erythrocytes.!*” The highest S1P concentration throughout the body was found in blood and
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was significantly less abundant in tissue fluids.!'® This concentration gradient is utilized by
lymphocytes to egress from tissues back to peripheral blood. Interestingly, this sharp
concentration interface is maintained not only by physical barriers but mostly by the S1P-
degradation enzyme S1P lyase. Its inhibition or knockdown results in the rapid increase of S1P

concentration in organs and disruption of S1P gradient (Figure 5).11°

Interestingly, the impaired expression of SIPR1 was observed in CLL patients with unfavorable
prognosis. It was suggested that defective egress of malignant B cells from the pro-survival
niche of lymph nodes extends their survival. Interestingly, the administration of idelalisib (PI3K
inhibitor) increases the expression of SIPR1 on CLL cells, reducing the lymphadenopathy and

triggering the redistribution of CLL cells into the bloodstream. 19120121
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Figure 5. Lymphocyte egress from lymphoid organs. The lymphocyte egress from
lymphoid organs is guided by S1PR1 and the concentration gradient of the S1P ligand.
S1P is produced mostly by erythrocytes and is highly abundant in the bloodstream. The
sharp concentration interface of S1P is maintained by a physical barrier and by S1P lyase
expressed in lymphoid organ, which degrades all S1P ligand passing the endothelium.
(According to Schwab et Cyster, 2007.)!!
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2.5. CXCRA4/CD5 as a model for CLL cell recirculation

The recirculation of CLL cells to and from immune niches has been proposed as a feature of
CLL biology,'*'?2127 however this has not been entirely experimentally proven. Inside the
immune niches, CLL cells obtain various pro-survival and pro-proliferative signals leading to
BCR, PI3K/AKT, and NFxB pathway activation.’*1"® Currently, it is hypothesized that
migration of CLL cells is not a completely random process, but depends on cell ‘specific

setting” in form of over-expression of migration-related genes.

One proposed model to study CLL cell recirculation is to use CXCR4/CD5 intraclonal
subpopulations. The original experiments with blood samples from patients who consumed
heavy water (*H20) identified that CXCR49™CD5P9" cells represent a proliferative fraction of
cells since this population exhibited the highest proportion of ?H. As the proliferation of B cells
and CLL cells occurs predominantly inside the lymphoid organs, it is believed that
CXCR49mCD5M1aM cells represent the recent emigrants from the microenvironment. On the
contrary, the CXCR4®"CD5%™M subpopulation corresponds to resting cells circulating in
peripheral blood for an extended time before their return back to immune niches
(Figure 6).1312212" The hypothesis about increased migration potential of CXCR4PM9MCpsdim
subpopulation is based mostly on increased expression of chemokine receptor CXCR4, which
is known to regulate CLL cell migration (see Chapter 2.3., Activation of cells by chemokines).®

However, further experimental validation of this migration model is required.
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Figure 6. Proposed mechanism of CLL cell recirculation. Currently, the only known
model for studying recirculation of CLL cell subpopulations is based on CXC4/CD5
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levels. Cells which are circulating for a prolonged period of time in peripheral blood
exhibit higher levels of CXCR4 chemokine receptors, which makes these cells more
responsive to SDF1 ligand. After the signal integration, integrin activation, and
transendothelial migration CLL cells enter their microenvironment in lymphoid organs.
Here they are stimulated with various supportive signals triggering pro-survival and pro-
proliferative events. In the case of healthy B cells, proliferation centers are the place
where B cells can encounter the antigen structures exhibited by antigen-presenting cells.
After some time CLL cells are guided by the S1P concentration gradient back to the
bloodstream.
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To effectively fight the wide range of pathogens, the lymphocytes have evolved a mechanism
that is capable to recognize a broad variety of antigens. This is ensured by the immunoglobulins
(1g), glycoproteins produced by B cells. Each B cell produces immunoglobulin of a single
specificity, which can bind a limited repertoire of antigens. Only the broad amount of
structurally and thus specifically different immunoglobulins ensures that adaptive immunity
can recognize any possible antigen structure and target it. The specificity of immunoglobulins
against antigen is increased during a process called somatic hypermutation. This process,
accompanied by increased B cell proliferation, introduces mutations in the antigen-binding part
of immunoglobulin, generating the B cell subclones with adjusted immunoglobulin affinity.?
This process in CLL cells is, however, limited or fully disrupted. The percentage of mutated
CLL cells stratifies the patients into two categories — those with mutated subclones and
favorable prognosis, and those having the uniform population of CLL cells and exhibiting
unfavorable prognosis.'?® In addition, another process of B cell maturation is disrupted as well
— the class switching. The first types of immunoglobulins that are expressed in mature naive B
cells are IgM and IgD. The antigen recognition initiates the process called class switch
recombination, which switches the immunoglobulin production to one of the three structurally
and functionally different types of immunoglobulins — IgG, IgA, or IgE. CLL cells express
preferentially IgM and IgD and to a lesser extent 1gG.**°

Immunoglobulins can be produced in two forms. The secreted form enables the pathogen
opsonization and triggering of immune response in a short period of time. Another form of
immunoglobulin is anchored in the cell membrane by the C-terminal part, and together with
other signaling proteins creates a receptor complex called BCR, which triggers the signaling
after antigen binding. This BCR complex affects the B cell life from the beginning of its
expression and controls various events like cell maturation, survival, clonal expansion,

production of antibodies, anergy, and even apoptosis. 31132
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3.1. Signal initiation

The membrane-bound immunoglobulin does not have any kinase activity. The signaling
initiation after antigen binding is ensured by non-covalently coupled signaling subunits
CD790/CD79p and their tyrosine residues in immunoreceptor tyrosine-based motives (ITAMs).
Together they create multiprotein complex BCR.®3% In non-activated conditions, BCRs are
distributed more or less equally on the plasma membrane in form of monomers which do not
have the ability to trigger signaling.*>**® Growing evidence, however, indicates that even the
non-stimulated B cells can exhibit some level of BCR clustering, which can generate relatively
weak, basal signaling (see Chapter 3.5., Tonic signaling).**"** The robust BCR signaling is
triggered after the binding of multivalent antigen, this enables the creation of ‘larger’ BCR
microclusters accompanied by their translocation into lipid rafts (Figure 7).13313413% These lipid
rafts were shown to contain high levels of Src-family members kinases like LYN or FYN, BLK,
and LCK, which ensure the initial phosphorylation of tyrosine residues in the ITAM
network.**¢13 Phosphorylated ITAMs create docking sites for downstream SH2 domain-
containing proteins such as kinase spleen tyrosine kinase (SYK), whose activation can be
considered as a first and crucial step in the propagation of BCR signaling to more distant

effector proteins.140-143
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Figure 7. Schematic illustration of BCR clustering. The BCRs are usually present as
monomers with no signaling activity in unstimulated cells and a similar situation occurs
after binding of monovalent antigen since this kind of binding does not induce BCR
clustering. Binding to the multivalent antigen leads to BCR aggregation, translocation
into lipid rafts, and further phosphorylation of ITAM motives by various Src kinases. This
creates a docking site for downstream messengers like SYK kinase. (Adapted from Tolar
et Pierce, 2010.)14
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3.1.1. Regulation of BCR signaling initiation

The proper initiation of BCR signaling is regulated by at least three other transmembrane
molecules — CD19 (also known as B-Lymphocyte Surface Antigen, B4), CSK (C-terminal Src

tyrosine kinase), or CD45 (also known as the pan-B cell marker, B220).

CD19, the specific marker of B cells, is a transmembrane glycoprotein that was shown to
participate in the initiation of the whole BCR signaling by acting as an adaptor protein recruiting
cytoplasmatic proteins like LYN to the proximity of ITAMs.2* It has been proposed that in
resting cells CD19 is coupled preferentially with 1IgD-BCR, whereas upon antigen-induced
BCR signaling CD19 is translocated to the lipid rafts where it transiently associates with IgM-
BCR microclusters and enables the proper interaction with LYN kinase.'#¢14 This function
was reflected in the studies with B cells deficient for CD19, which exhibited significantly
defective initiation of BCR signaling and also reduced accumulation of downstream effector
proteins and reduced formation of microclusters.'*® In addition, CD19 also participates in BCR
signaling amplification by recruiting downstream kinases such as SYK or PI3K 148149

CSK is an endogenous non-receptor tyrosine kinase protein that suppresses the activity of the
Src proteins by adding the phosphate at their conserved C-terminal tail site. This
phosphorylation locks the Src proteins in an inactive conformation even upon their
phosphorylation by activator proteins.*® In addition, the deletion of CSK leads to
hypophosphorylation of LYN on the inhibitory site Y508 and thus to the easier activation of B

cells. 11

The receptor-like tyrosine phosphatase CD45 serves as a critical regulator of BCR signaling
which is able to remove inhibitory phosphorylation on LYN (Y508).° This ensures the
sensitivity of the BCR to stimulation by maintaining and balancing the amount of ‘ready to act’
LYN kinase.'> To give an example, the expression of an over-activated CD45 mutant variant
leads to B cell hyperactivity and tumor formation'®* and vice versa, the down-regulation of
CD45 leads to hyperphosphorylation of LYN in C-terminal inhibitory tyrosine (Y508) and

lower activity of B cells.t®
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3.2.  Signal propagation and amplification

The propagation of BCR signaling is tightly connected to the plasma cell membrane, given that
the most important secondary messengers are generated from phospholipids in the cell
membrane. Their generation is ensured by the activation of BCR downstream proteins

exhibiting enzymatic activity.*3!

3.2.1. PI3K

PI3K is a group of cytosolic membrane-associated lipid kinases, consisting of three subunits:
p85 or p55 regulatory subunit, and p110 catalytic subunit.™ In normal conditions PI3K is
present in cytosol in form of a heterodimer containing one regulatory and one catalytic subunit;
in B cells predominantly p85/p110. The role of the catalytic subunit is to add phosphate to the
plasma membrane lipid phosphatidylinositol-4,5-bisphosphate (P1P2) to create one of the most
important secondary messengers phosphatidylinositol-3,4,5-triphosphate  (PIP3). In
unstimulated cells, this function is blocked by the p85 regulatory subunit. Upon BCR activation
p85 is phosphorylated by SYK, or with lower affinity by LYN, resulting in conformational
changes and PI3K activation.’®18 Since the substrates for the p110 catalytic subunit are
present in the phospholipid bilayer, the PI3K complex needs to be translocated to the proximity
of the cell membrane. This is usually ensured by pleckstrin homology (PH) domain exhibiting
high affinity to PIP3 and with the lesser extent to PIP2.25%1%0 However, PI3K does not contain
any PH domain and thus the mechanism of translocation is dependent on the coupling to various
membrane-associated docking proteins, namely B cell adaptor for phosphoinositide-3-kinase
(BCAP), CD19 and GABL1 via SH2 and SH3 domains in p85.16%:162

In addition, the generation of PIP3 is an essential step in the recruitment and activation of PH-
domain containing proteins like BTK, AKT, protein kinase C (PKC), or PLCy, the main

downstream effectors of BCR signaling.®3

3.2.2. Adaptor protein GAB1

This protein was first identified and described in 1996 as GRB2-binder protein, which exhibits

a structure typical for adaptor proteins. It contains an N-terminal PH domain (binding to PIP2
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and more selectively to PIP3), a central proline-rich domain (binding site for SH3 domain-
containing proteins), and multiple tyrosines (creating the binding motives for SH2 domain-
containing proteins).®* Due to these features GAB1 protein can connect various proteins and

facilitate their interactions.

Original studies identified GABL1 as a protein activated after epidermal growth factor (EGF)

receptor engagement.’®® Since then, its role was described in various pathways including

165 166 168

insulin,'®® cytokines,'®® adhesion,'®’ toll-like receptor,'®® or BCR signaling.®® The receptor
engagement leads to GAB1 anchoring in cell membrane followed/accompanied by Src-family
kinases dependent phosphorylation. The classical model of GAB1 anchoring in the cell
membrane is based on the PH domain binding the PIP3, and enabling further GAB1
activation.*’®* The importance of this process was emphasized by PH-mutants, which failed
to become fully tyrosine phosphorylated upon BCR engagement.®®172 Another possible
mechanism of GABL1 translocation to the membrane is PIP2/3-independent, based on direct
binding of GABL to the cytoplasmatic domain of the activated c-Met receptor.'”® Last possible
mechanism of GAB1-recruitment is indirect via coupling with other docking proteins e.g.

GRB2, serving as a bridge between GAB1 and targeted protein. 15173

The phosphorylation of GAB1 creates several docking sites for proteins containing the SH2
domain. One well-defined binding partner is the p85 domain of PI3K. The mutation of the site
surrounding the Y472 of GABL leads to disruption of their physical association and remarkable
inhibition of PI3K/AKT activation.1’%174177 Another described interaction partner of GAB1 is
the Src homology region 2 domain-containing phosphatase-2 (SHP2 phosphatase), binding to
motives surrounding Y627 and Y659. The functional significance of their interaction has been
intensively studied for several years bringing the evidence that GAB1-dependent activation of
SHP2 results in MAPK signaling activation. This process is dependent on the NH>-terminal PH
domain of GAB1,817 and inhibition of this domain by novel GAB1 inhibitors'®® may impair
the MAPK/ERK activity.®® The recruitment of SHP2 also contributes to attenuation of PI3K
signaling by dephosphorylating GAB1 at the p85 binding site.!¥! In addition, the
phosphorylation of GAB1Y3% is required for binding PLCy,? and recruitment of Crk, FAK, or
paxillin to focal adhesions.®® The overview of GAB1 signaling is summarized in following

Figure 8.
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Figure 8. Signal transduction from GABL1 protein. The activation of surface receptors
like BCR or cytokine receptors leads to GAB1 recruitment to the cytoplasmatic
membrane and further phosphorylation by kinases from Src-family. GAB1 can
subsequently recruit various signaling proteins like p85, SHP2, or PLCy and amplify the
whole signaling process. (Adapted from Gu et Neel, 2003.)*82
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3.3. Signal propagation and integration

The generation of second messenger PIP3 helps to trigger various signaling events leading to
the activation of almost all signaling events — to the modulation of transcription factors activity
or effector proteins activity. During signal propagation, the initial stimulation diverges in a
labyrinth of multiple pathways, which in final steps can be again partially converged at the level
of a transcription factor or other effector proteins. The importance of this signal propagation
process is the modulation of the transmitted signal. Some streams of signaling axis can be
enhanced and some attenuated, which finally results in a desired physiological outcome like

gene expression, but also cell motility and others.

3.3.1. PI3K/AKT

One of the first event after PIP3 generation is the activation of AKT, the serine/threonine protein
kinase regulating multiple cellular processes such as metabolism, apoptosis, cell proliferation,
transcription, or cell migration.848 The proper AKT activation is ensured by phosphorylation
of two various residues; initial phosphorylation at T308 is ensured by phosphoinositide-
dependent protein kinase 1 (PDK1) and second phosphorylation at S473 by mammalian target
of rapamycin complex 2 (MTORC2 complex).*®187 In non-stimulated cells AKT is present in
an inactive conformation, where the PH domain blocks interaction with any of these activators.
This is however changed after coupling of AKT-PH domain with PIP3 generated by PI3K. This
binding induces conformational changes providing accessing AKT for PDK1-dependent T308
phosphorylation.!®18° The maximal AKT activation is further ensured by the mTORC2
complex providing the phosphorylation on S473 which stabilizes the initial T308
phosphorylation (Figure 9). The lack of S473 was shown to greatly diminish the final AKT
activity.’®” PIP3 generation is required also in second, mTORC2-dependent AKT
phosphorylation. The coupling of PIP3 and PH-domain of Stress-activated map kinase-
interacting protein 1 (SIN1) protein (member of mTORC2 family) leads to mTORC2
translocation to the proximity of the cell membrane, conformational changes, and further AKT
phosphorylation.*® In addition, the regulation of the mTORC2 complex is a highly complex

process that is currently under intensive investigation.
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The lifetime of activated AKT is relatively short, up to two hours. In this time frame, the fully
activated AKT can be detached from PIP3, relocalized into cytoplasm or nucleus, where it can
interact and phosphorylate substrates (reviewed in Manning and Toker, 2017).1°! In addition,
the signal is terminated by two phosphatases — protein phosphatase 2A (PP2A)
dephosphorylating T308, and the PH domain leucine-rich repeat protein phosphatase (PHLPP)
removing the phosphate from S$473,192:193

Surface recetors

Plasma membrane

Figure 9. Mechanism of AKT regulation. The activation of various surface receptors
(BCR, chemokine receptors) leads to PI3K activation and PIP3 production. This second
messenger molecule is bind by the PH domain of AKT enabling thus the PDK1-dependent
T308 phosphorylation and mTORC2-dependent S473 phosphorylation. Signal
termination is mediated by PP2A and PHLPP phosphatases. (Adapted from Manning et
Toker, 2017.)1%

AKT / FoxO1 pathway

One of the direct targets of activated AKT is FoxO1, which is localized in the nucleus of
unstimulated cells serving as a transcriptional factor. Activated AKT directly phosphorylates
FoxO1 on S256, which leads to changes in the DNA-binding domain charge from positive to

negative and further disconnection of FoxO1 from DNA.*** Additional phosphorylation of
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FoxO1 on T24 creates a recognition motif for the 14-3-3 proteins, which facilitates the export

from the nucleus and further degradation.1%>1%

FoxO1 has been considered as a tumor suppressor gene for a long time, given that it positively
regulates the expression of pro-apoptotic proteins (e.g. BIM, PUMA) or proteins participating
in cell-cycle arrest (overexpression of p21 and p27; suppression of cyclin D1 and cyclin D2).
Recent studies, however, showed that FoxO1 is overexpressed in proliferative compartments

197 and also aberrantly transcriptionally active in B cell lymphomas.'*® In some

of lymph nodes,
cases, this can be accompanied by activating mutations, preventing FoxO1 inactivation by
AKT.1®® FoxO1’s role in influencing genes (e.g. SELL, CXCR4, ITGB2) involved in cell
migration corresponds to observations describing its involvement in dendritic cell homing,?®° T
cell homing,** and normal B cell migration within the germinal centers.'*"2°* Notably, the Fox-
proteins have been suggested as one of the three protein-families responsible for CLL cell

identity.20?

AKT / GSK3

GSK3 (Glycogen Synthase Kinase 3) is a serine/threonine protein kinase that provides
inhibitory phosphorylation to substrates.?®® GSK3 is involved in regulation of cell survival
(phosphatase and tensin homolog [PTEN], induced myeloid leukemia cell differentiation
protein [MCL1], rapamycin-insensitive companion of mTOR [RICTORY]),2%4-2% proliferation
(c-MYC, c-JUN),%°72%8 or metabolism (hypoxia-inducible factor 1 [HIF1a], CCAAT enhancer-
binding protein [CEBP]).2%%1% GSK3 is generally active in the absence of stimulatory signals.
Upon cell activation, the AKT exerts inhibitory phosphorylation on the GSK3 amino-terminal
motive, which inhibits the substrate accessibility to GSK3. AKT activation thus may lead to
stabilization of some GSK3 substrates.?®® In addition, active GSK3 positively regulates NFkB
signaling pathway, by providing phosphorylation to the p65 subunit. Phosphorylation of p65
triggers the conformational changes, that lead to disruption of inhibitory complex and increase
in p65 transcriptional activity. Interestingly, GSK3 inhibition or genetic ablation has no effect
on IxB degradation or nuclear p65 translocation.?%®?!! In addition, the GSK3 inhibition leads to

epigenetic silencing of NFkB target genes and induction of apoptosis.?'?
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3.3.2. BTKand PLCy

BTK is another non-receptor kinase that is involved in various signaling pathways, that control
migration (e.g., CXCR4, CXCRb), cytokine signaling (interleukin 6 receptor [IL6R]), immune
response (toll-like receptor [TLR]), or BCR signaling itself. BTK is predominantly cytoplasmic
protein, which can be transiently translocated to the cytoplasmatic membrane through its PH
domain and PIP3.2" Subsequent BTK activation is dependent on binding to B-cell linker
(BLNK) adaptor molecule, which mediates the SYK-dependent BTK phosphorylation at
Y551.214-216 |t js thought that active conformation of BTK is ensured by autophosphorylation at
Y223.27 This, however, remains controversial and unresolved, since another study showed that
mutated form of BTK (BTKY?%F) did not significantly affect the BTK function in mice.?*
Nevertheless, phosphorylated BTK can further activate its’ substrate PLCy, which is recruited
to the BTK proximity by BLNK. Activated PLCy cleaves PIP2 just before the phosphate group,
generating thus the inositol triphosphate (IP3) and diacylglycerol (DAG).2%?20 (Demonstrated
in Figure 10.) In addition, previous studies showed that BCR-mediated AKT activation is just

partially dependent on BTK, and activation of PI3K was not affected by BTK deletion.?%
1P3

Whereas the DAG remains bound to the membrane, IP3 is directly released into the cytoplasm.
Here it diffuses through the cytosol to find IP3 receptors, mostly expressed on the smooth
endoplasmic reticulum. Their coupling promptly releases the calcium ions from endoplasmic
storage into the cytoplasm (Figure 10). This event is usually followed by a second wave of
calcium influx, this time released by calcium channels anchored in the cytoplasmatic
membrane.??2 This process is known as capacitive calcium entry and the mechanism behind the
activation of membrane channels relies on two protein families. The family of stromal
interaction molecules (STIM) serves in the endoplasmic reticulum as a calcium level sensor,
which is translocated to the proximity of the cell membrane upon the calcium release. Here the
STIM proteins can activate the proteins from Orais’ protein family, which act as pore-forming
subunits of calcium channels.?? The increased concentration of calcium ions (from ~100nM to

~1uM) activates downstream signaling pathways and transcriptional factors.??*

Calmodulin is one of the best described binding partners of calcium ions. This complex
activates calcium pumps, which promptly remove calcium from the cytosol or store it in the

endoplasmic reticulum. This complex also binds to calcineurin, the calmodulin-dependent
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serine/threonine phosphatase, which can activate the nuclear factor of activated T-cells (NFAT)

transcription factors by removing the inhibitory phosphorylation.??
DAG

Due to the hydrophobic properties, DAG remains anchored in the cell membrane, where it
serves as a docking site for PKC. Interestingly, unlike other kinases, PKC does not require acute
phosphorylation for activation. It is fully activated upon the conformational changes caused by
binding to DAG. It is believed that PKC requires the presence of calcium ions for its proper
function (Figure 10),%2° however, the experiments with 1P3 receptors deletion (calcium
channels) showed no effect on PKC activation.??® Once the PKC is activated, it can positively
regulate the activity of various signaling cascades like NFxB, JINK, or MAPK/ERK 227?28 Apart
from this, active PKC induces negative feedback by phosphorylating BTK on S180 leading to

its dissociation from membrane and termination of its function.?2822°

Phosphollpase C

Extracellular P|P2

§§—> I — %% —> ¥
Intracellular .
Protein

Kinase C
|P3 \. /

° ,°
Phosporylation
IP; Sensitive of Substrates
Ca?* Channel

Endoplasmic
Reticulum

Figure 10. PIP2 cleavage and downstream events. PIP2 represents less than 1 % of all
membrane phospholipids, however, it triggers a remarkable number of cellular processes.
Its cleavage by PLCy generates two different kinds of second messengers: IP3 and DAG,
which can further activate various positive and also negative signaling events. Adapted
from URL 1.
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3.4. Signaling termination - negative regulators of BCR signaling

Negative regulation of B cell receptor signaling is an essential mechanism controlling abnormal
B cell activity. The downregulation or the complete loss of negative regulators has been

described in several leukemias and lymphomas.?*%-2%

One of the most important negative regulators of BCR signaling is LYN kinase. Besides its role
in BCR signaling initiation (see Chapter 3.1. Signal initiation), it also triggers the main negative
regulatory feedbacks mediated by phosphatases.?®® Its role as a negative regulator was
demonstrated in LYN-deficient mice, where the peripheral B cells exhibited enhanced BCR
signaling activity?®* and increased proliferative responses.?®® These counterintuitive results
indicated the indispensable role of LYN in negative regulatory actions, and its redundancy with
other Src-family members during ITAM activation.'®23 To suppress the BCR signaling, LYN
kinase phosphorylates the immunoreceptor tyrosine-based inhibitory motifs (ITIMs) in adaptor
molecules like Fc receptor for 1gG type 1B (FCyRIIB), CD22 or CD5. Subsequently, these
adaptor molecules recruit various phosphatases which further remove the activation

phosphate/s from BCR-downstream proteins.?3"2%

The activation of FCyRIIB or CDS5 leads to the creation of a docking site for PTEN and Src
homology 2 domain-containing inositol polyphosphate 5-phosphatase 1 (SHIP1). These
phosphatases can remove the 3’ phosphate of PIP3 and thus attenuate the PI3K/AKT signaling
or BTK/PLCy downstream signaling.3®24! The most prominent binding partner of CD22 is the
Src homology region 2 domain-containing phosphatase-1 (SHP1),24? which directly inactivates
substrates like SYK, BLNK, Vav, CD19, or CD22 itself.2>?% |n addition, CD22 was recently
identified as an important BCR signaling inhibitor, which is upregulated in response to therapy

with DNA-damaging drugs.?*

Recently, another type of negative regulation of BCR signaling has been described. It is based
on the ability of the IgM Fc receptor (FcuR) to interact with BCR.24" Their interaction leads to
the complex internalization and significant increase in stimulatory threshold required for B cell
activation. In addition, the absence of FcuR leads to increased BCR expression and enhanced
BCR signaling.?#®

The complexity of BCR signaling pathway is summarized in the following Figure 11.
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Igm

Pro-proliferative, anti-apoptotic pathways

Figure 11. BCR signaling pathway. Triggering of BCR pathway by antigen or self-
binding leads to activation of various downstream pathways. The intensity of BCR
signaling and levels of active kinases (LYN, SYK, BTK, PI3K) is precisely regulated by
the Dbalance between pro-activator molecules like (GAB1, BLNK, GRB2) and
phosphatases (SHIP1, SHP1) together with their adaptor molecules (FcyRIIB, CD22).
Activation of AKT, ERK, or NF«kB contributes to the survival and proliferation of CLL
cells. (Adapted from Seda et Mraz, 2015.)%4°

3.5.  Tonic signaling

It has been noticed several years ago that even in the absence of antigen, the resting lymphocytes
exhibit low-level phosphorylation of signaling intermediates like LYN, SYK, AKT, or
NF«B.20-252 Thjs antigen-independent activity was termed as “tonic” signaling and was shown
to play an essential role in B cell survival, given that the conditional deletion of BCR in mice
resulted in lymphocyte clearing with a half-life of 3-6 days.?®® Interestingly, the constitutive
activation of different pro-survival signaling mediators like NFxB, ERK, or upregulation of B-
cell lymphoma 2 (BCL2) was not sufficient to sustain the survival of BCR-negative cells. Only

the low level of constitutively active PISBK/AKT signaling exhibits the ability to rescue survival
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of mature B cells with a lack of BCR. This implies that tonic signaling and B cell survival rely
on BCR/PI3K/AKT pathway. 023

The attempts to identify the origin of this signaling were divided into two major streams —
activation mutations in BCR-related proteins or the existence of endogenous antigen. Since the
sequencing of CLL B cells failed to identify universally shared, signaling-relevant mutations in
BCR or downstream mediators,>>*2>’ the further attempts focused more on the self-antigen
hypothesis. Recently, Ziegler et al., 2019 described that CLL cells bind autoepitopes in the
same surface immunoglobulins leading to antigen-independent oligomerization of BCRSs,
creating microclusters and triggering basal signaling.**®® Similarly, the serum immunoglobulins
isolated from CLL patients were able to bind B cells from healthy donors, whereas
immunoglobulins from healthy donors were not.?>® This self-binding ability is localized in the
conserved epitope in the second framework of the VH domain of CLL BCR. The simple point
mutation in this region suppressed oligomerization of BCRs and autonomous signaling,
however, the antigen-induced signaling was not affected supporting the idea of antigen-

independence, 138258259

In addition, growing evidence indicates that so-called “tonic” signaling plays an important role
in CLL cell survival and thus represents an interesting therapeutic target. However, this will

require further investigation.
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4. CLL therapy

Chronic lymphocytic leukemia is still considered to be an incurable disease with highly variable
prognosis. The indication to initiate therapy is very specific and usually includes disease-related
changes in the blood count like anemia or thrombocytopenia, or physical symptoms like
lymphadenopathy, splenomegaly, night sweats, fatigue, weight loss, fever, and others.? The
treatment of CLL can be based on chemotherapy, chemotherapy combined with
immunotherapy, or inhibitors targeting specific proteins from the BCR signaling pathway or
BCL2 protein.!

The chemotherapy has been used for the treatment of CLL for more than 50 years. The most
commonly used agent is purine analog fludarabine, which inhibits DNA synthesis by interfering
with ribonucleotide reductase and DNA polymerase. Another chemotherapy is based on
alkylating agents such as chlorambucil, cyclophosphamide, or bendamustine, which inhibits the
cell proliferation by crosslinking guanine in DNA double-helix strands making them unable to
uncoil and separate during DNA replication.??%° Currently, the most common combination of
drugs for CLL treatment is FCR regimen consisting of fludarabine, cyclophosphamide, and
anti-CD20 monoclonal antibody rituximab. Almost 90% of patients respond to this treatment
and approximately 40% of them achieve complete remission.?®* However, FCR therapy is not
suitable for patients after relapse or for those diagnosed with specific mutations like del(17p)
or del(11q), given that these patients exhibit resistance to this kind of treatment. Moreover, the
use of these conventional drugs usually leads to severe side effects like myelosuppression,
nausea, loss of hair, but may also lead to the development of secondary cancer such as acute
myeloid leukemia.! Current approaches in the drug development are focused on inhibition of
specific proteins involved in pathways important for cell survival and/or proliferation. This
enables to induce remission in patients exhibiting abnormalities in the TP53 gene or after FCR
relapse. The most widely used inhibitors are targeting BTK (ibrutinib), PI3K (idelalisib) or

BCL2 (venetoclax).18121.262

Ibrutinib is an orally administered small-molecule drug that covalently and selectively binds to
BTK and inhibits its enzymatic activity. Inhibition of BTK function impairs not only the BCR-

related downstream signaling but also signaling from various chemokine receptors such as
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CXCR4 or CXCRS5, or integrin activity,?%% leading to reduced lymphadenopathy and transient
leukocytosis lasting for approximately 8 months or even more than 12 months.?42%° This
increased survival of CLL cells in the periphery was not associated with a worse prognosis or
potential to relapse,?®> however their slow apoptosis during the ibrutinib therapy suggests the
possible existence of an adaptation mechanism that prolongs CLL cell survival. Indeed, recent
studies are pointing more and more at compensatory activation of the PI3BK/AKT pathway,
which is known for its ability to rescue B cells from apoptosis.?>2°%253 For example, the studies
in diffuse large B cell lymphoma revealed that overexpression of CD79 had been sufficient to
induce AKT activation and resistance to ibrutinib.?®® Similarly in mantle cell lymphoma, the
activation of the mTORC2 complex resulted in increased phosphorylation of AKT.%” However,

the information about the mechanism triggering this adaptation process is still very limited.

Idelalisib is another type of BCR inhibitor commonly used in CLL treatment. The drug acts as
a competitive inhibitor of the ATP binding site of the PI3K catalytic subunit 1105, which
impairs not only the BCR downstream signaling but also the migration towards chemokines
and adhesion to stromal cells. This is further reflected in reduced lymphadenopathy and
increased numbers of lymphocytes circulating in peripheral blood. The final physiological
outcome of idelalisib administration is thus very similar to ibrutinib.'?12%® Recently, a new
generation of PI3K inhibitors targeting also PI3K subunit p110y was approved for CLL
treatment. This is of note since the p100y subunit was shown to increase CLL cell migration
towards CXCL12 or strengthen the response to CD40L and IL4.1% Despite the good initial
response to this treatment, a fraction of CLL patients develop resistance. However, unlike in

ibrutinib treatment, the mechanism of P13K resistance remains even more unclear.?

BCL2, the venetoclax target, is often upregulated in CLL cells, which contributes to their
prolonged survival and accumulation.?®® The mechanism of BCL2 upregulation in CLL was a
mystery for a long time, until 2002 when Calin et al. discovered that direct inhibitors of BCL2
translation, miRNA-15 and miRNA-16, are down-regulated in the majority of CLL.” Moreover,
the subsequent studies showed that loss of miRNA-15 and miRNA-16 expression induces
BCL2 expression and promotes proliferation of mature B cells.?’® Administration of venetoclax
and inhibition of BCL2 protein thus sensitize the CLL cells to apoptosis and inhibits the cell

proliferation.?’*
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5. Aims of the thesis

The main aim of the presented dissertation is the identification and further functional validation

of novel regulators of CLL cell migration into supportive microenvironmental niches. This

thesis is also focused on the regulation of so-called “tonic” signaling, the signaling which is

utilized by malignant B cells to survive in peripheral blood without supportive

microenvironmental stimuli before their return to immune niches.

1)

2)

3)

4)

Identification and validation of migration-related genes
- Chapters: 7.1. - 7.3.

Mechanism of upregulation of selected migration-related gene
- Chapter: 7.4.

Contribution of GABL1 to tonic BCR signaling in CLL cells without therapy, and in the
context of targeted therapy
- Chapters: 7.5and 7.6

Investigation of the effect of novel GABL inhibitors on migration, tonic signaling, and

survival of malignant CLL cells.
- Chapter: 7.7.
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6. Material and Methods

6.1. CLL samples
Primary CLL samples were collected with written informed consent, and the Institutional

Review Board approved the study. Peripheral blood samples were obtained from patients who
did not receive any therapy for at least six months (except the ibrutinib/idelalisib treated
patients). The samples from ibrutinib/idelalisib-treated patients were collected at a day before
the drug administration and during therapy at the time points indicated in the figure legend. All
primary CLL samples were purified by negative selection with RosetteSep Human B Cell
Enrichment Cocktail (Stemcell Technologies) and RosetteSep Human CD3 Depletion Cocktail
(Stemcell Technologies) and Ficoll-Paque PLUS (Sigma Aldrich) according to manufacturer’s
protocol and the final purity was >95% of CD5+19+ cells. Purified primary CLL cells were
cultivated in RPMI-1640 (Sigma-Aldrich) supplemented with 10% fetal bovine serum
(Biosera) and 100 U-ml™ / 100 ug-ml? of penicillin/streptomycin (Sigma Aldrich) and in 5%
CO. at 37°C. For patients characteristics see Supplementary material 3 (page 194).

6.2. Cell culture
MECL1 cell line was obtained from the German Collection of Microorganisms and was

cultivated in Iscove’s Modified Dulbecco’s Medium (IMDM, Biosera) supplemented with 10%
fetal bovine serum (Biosera) and 100 U-mlI? / 100 ug-ml? penicillin/streptomycin (Sigma
Aldrich) and further cultivated in 5% CO- at 37°C. OSU-CLL cell line was a kind gift from Dr.
Byrd (The Ohio State University) and was cultivated in RPMI-1640 media (Biosera)
supplemented with 10% fetal bovine serum (Biosera) and 100 U-mlt / 100 pg-ml?
penicillin/streptomycin (Sigma Aldrich) and further cultivated in 5% CO- at 37°C. HSS cell line
as well as HEK293-FT cell line were obtained from the German Collection of Microorganisms
and both were cultivated in Dulbecco’s Modified Eagle’s Medium (DMEM, Biosera)
supplemented with 10% fetal bovine serum (Biosera) and 100 U-mlt / 100 pg-ml?
penicillin/streptomycin (Sigma Aldrich) and further cultivated in 5% CO. at 37°C.
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6.3. Gene expression analysis
Total RNA was isolated by TRIzol (Molecular Research Center) as described previously.

272
Protein-coding gene expression analyses was performed using TagMan Gene Expression
Assays (Thermo Fisher Scientific) and normalized to an endogenous control (GAPDH, HPRT),
as described previously.?”® Probes used in this study: GAB1 (Hs00157646_m1), FoxO1
(Hs00231106_m1), NCK2 (Hs02561903 sl1l), MYLK (Hs00364926_ml), GPR183
(Hs00270639_s1), FLNA (Hs00924645 m1), SERPINF1 (Hs01106937_ml), SEMA4F
(Hs01586592_m1), HPRT1 (Hs02800695 m1l), GAPDH (4333764F), mouse CXCL12

(MmO00445553_m1), mouse CXCL13 (Mm00444534 m1), mouse HPRT (Mm03024075_m1).

6.4. mMRNA-seq and data analysis
The sequencing of poly(A) transcriptome of CXCR44™CD5P9" and CXCR4™MMCD54™ CLL

intraclonal subpopulations was performed as described previously.*?® Briefly, libraries were
prepared using TruSeq Stranded mRNA LT Sample Prep Kit (lllumina) according to the
manufacturer instructions. The final libraries were diluted to the desired concentration of 2 pM
and were used to prepare a paired-end flow cell using a cBot System (lllumina) and then
sequenced with Illumina NextSeq 500/550 High Output v2.5 kit (Illumina) generating 75-bp
paired-end sequences.

The quality of the sequencing data was checked using the FastQC?"* (v0.11.3) and Kraken
package?’® (v13-274). The presence of adapters was scanned using Minion and Swan (Kraken
package,’® v13-274). Pre-processing of the raw reads was done using Trimmomatic?’® (v0.36)
in the following steps (i) N and very low-quality bases (Phred < 3) from both 5" and 3' ends
were removed, (ii) Poly(A) and poly(T) tails were removed, (iii) Sequencing adapters were
removed, (iv) Reads were trimmed to a maximal length of 75 bp, (v) Low quality ends with
average Phred score < 5 of 4 consecutive bases were trimmed using the sliding window
approach, (vi) Reads shorter than 15 bp and without a proper pairing after the pre-processing
were removed. The pre-processed reads were then mapped to the Homo sapiens reference
genome (Ensembl?’’ release 84, primary assembly) together with corresponding Ensembl
genome annotation (Ensembl release 84) using STAR?"® (v2.5.2a) in 2-pass mapping approach.
Exon-mapped reads were summarized to genes using STAR (a similar approach to the HTSeg-
count?® 'union’) . Only uniquely mapped reads were used. Strandedness of the sequencing
protocol was taken into account and 'reverse’ counts were used. Differential gene expression

was analyzed using DESeq22%° (v1.13.8) Bioconductor?®! package for genes with a base mean
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count >200 per million. P-values were adjusted for multiple testing using the Benjamini-
Hochberg method. The fold change was calculated as CXCR4%MCD5P19"/C X CR4PMatC p5dim

cells. The heatmap visualization was created using the Heatmapper tool.?!

6.5. siRNA transfection
MEC1 cells or freshly isolated primary CLL cells (5x10°) were electroporated (Neon

Transfection System, Thermo Fisher Scientific (program for MEC1 cells: 1500 V / 20 ms / 2
pulses; program for primary CLL cells: 1900V / 30ms / 1 puls) with a short interfering RNA
(SiIRNA) against GABL, or against FoxO1 (both On-Target Plus Smartpool siRNAs, 1000 nM,
Dharmacon), or by On-Target Plus Smartpool Negative Control (1000 nM, Dharmacon). The

cells were harvested 48 hrs after transfection for further analyses.

6.6. Flow cytometry and cell sorting
The primary CLL cells or cell lines were labeled with one or combination of these antibodies:

CD5 (FITC, UCHT2; Sony), CD184 [CXCR4] (PE, 12G5; Sony), CD19 (PECy7, JC-119,
Beckman Coulter), CD45 (BV510, HI30; SONY), CD105 (A647, 43A3; SONY) and labeled
with SYTOX-BLUE (Invitrogen) for viability. For intracellular staining, the cells were further
fixed using 4% paraformaldehyde (PFA) and 50% methanol and stained with primary rabbit
antibodies against GAB1 (#3232, 1:100; Cell Signaling) or FoxO1 (#2880, 1:100; Cell
Signaling) and secondary anti-rabbit antibody conjugated with Alexa-647 (#4414, 1:500; Cell
Signaling). Data were collected from at least 20,000 events using BD FACS Verse and analyzed
using FlowJo software (version 10). Normalized expression of intracellular proteins was
calculated as mean fluorescent intensity (MFI) of the protein of interest relative to MFI for
secondary antibody only.

Cell viability was investigated by 3,3'-dihexyloxacarbocyanine iodide (DiOC6) together with
propidium iodide (PI) staining (Thermo Fisher Scientific). All measurements were performed
on FACS Verse (BD Biosciences-US) and cell sorting on BD FACS Aria Fusion (BD
Biosciences-US).

6.7. Calcium flux assay
The primary CLL cells (1x10%/ml) were incubated in Hanks Balanced Salt Solution (HBSS)

containing 2 mM Fluo-4AM (Molecular Probes) for 30 min at 37°C. We established a baseline

fluorescence threshold for each sample (by acquiring samples for 60 seconds without any
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stimulus). We then calculated the peak Fluo-4AM signal and fluorescence intensity above
baseline Fluo-4AM signal following stimulation.

6.8. HS5 coculture and conditioned media
HSS5 cells were seeded at 2x10° in 75 cm? culture flasks in DMEM with 10% FBS. The next

day, DMEM medium was replaced by IMDM or RPMI media containing 10% FBS and
2,5%x10%/ml of MEC]1 cells (in IMDM) or 5x108/ml primary CLL cells (in RPMI). The HS5
coculture was allowed for the specified time and then harvested and stained with Sytox blue
and CD105 antibody. The purity of B cells after sorting was validated by anti-CD19 antibody.
The conditioned media was harvested after cultivating confluent HS5 cells in DMEM with 10%
FBS for 48 hrs.

To prepare conditioned media, 3.5x10° of HS5 cells was seeded in T75 cultivation flask (TPP)
in 12 ml of DMEM media. The next day, original media was discarded, and the cells attached
to the bottom of the flask were washed once with 10 ml of PBS. Subsequently, 25 ml of RPMI
media was added to the attached HS5 cells. The conditioned media was collected after 48 hrs,
separated from cell-debris by 10 minutes centrifugation at 2000 RCF and diluted with fresh
RPMI media containing 10% FBS and 100 U-ml™/ 100 pg-mlI? penicillin/streptomycin to the
final concentration of 50% conditioned media. This media was immediately used for

experiments.

6.9. Primary human mesenchymal stromal cells and conditioned media
Human bone marrow was obtained from a healthy male donor with a written consent. Cells

were resuspended in osmolysis buffer and spined (300g for 10 min). This step was repeated till
all erythrocytes were removed. Cells were subsequently washed with PBS and plated in
alphaMEM media (Sigma-Aldrich) containing 10% FBS and 100 U-ml?! / 100 pg-ml? of
penicillin/streptomycin (Sigma-Aldrich). Cells were cultured at 37°C for 48 hrs and
subsequently washed (3x) with PBS in order to remove non-adherent cells. Adherent cells were
resupplemented in fresh media, and incubated for another 48 hrs. For all experiments only cells
within 2nd-6th passage were used. To prepare conditioned media, 4x108 of the primary human
bone marrow mesenchymal stromal cells were seeded in T75 cultivation flask (TPP) in 12 ml
of full alpha-MEM media. The next day, original media was discarded, and the cells attached
to the bottom of the flask were washed once with 10 ml of PBS and supplemented with fresh

12 ml of alpha-MEM media. The conditioned media was collected after 72 hrs, separated from

- 43 -



Material and methods

cell-debris by 10 min centrifugation at 2000 RCF and immediately used for experiment or
directly frozen at -80°C.

6.10. Chemokine concentration measurements by ELISA
The levels of chemokines SDF1 (CXCL12) and CXCL13 (BLC/BCA-1) were measured in

conditioned media produced by HS5 or by primary human bone marrow mesenchymal stromal
cells (for conditioned media preparation see above), or in serum from CLL peripheral blood or
paired serum sample from sternal punction in CLL patients. All measurements were performed
according to manufacturer’s protocol (Quantikine, R&D Systems, Minneapolis, MN). The

absorbance at 450 and 570 nm was measured by TECAN SPARK.

6.11. Migration assays and F-actin polymerization
The competitive migration assay was performed by staining of cells transfected with sSiRNA

against GAB1 (or control), or GAB1/ FoxO1 knock-out cells, with CFSE or FarRed CellTrace
dye according to manufacturer protocol and incubated overnight. In some cases were the cells
traced with a plasmid encoding fluorescent protein (GFP, Azurit). The next day, the stained
cells were analyzed for viability (stained with Sytox Blue; Thermo Fisher Scientific). The
paired samples with low viability (<80%) were excluded from further experiments as well as
samples where the difference in viability between paired samples was higher than 5%. To
compare the migration, the stained cells were mixed in ratio 1:1 and injected into the tail vein
of NSG mice,?®? or loaded to transwell inserts with 5 um pores (Falcon) according to
manufacturer protocol. The migration towards SDF1 (100 ng/ml for CLL cells or 250 ng/ml for
MEC1 cells), CXCL13 (250 ng/ml for CLL cells or 500 ng/ml for MECL1 cells), 100%
conditioned media produced by primary human bone marrow mesenchymal stromal cells, or
50% conditioned media produced by HS5 cells was allowed for the indicated time and
subsequently analyzed by flow cytometry. The F-actin polymerization was performed by
staining with Phalloidin-iFLuor488 (Abcam) and visualized by EVOS Cell Imaging Systems
(Thermo Fisher Scientific).

6.12. Plasmid transfections, CRISPR/Cas9, transduction of sShRNAs
The GABIMYC plasmid was kindly provided by Armelle Yart!”® and empty control plasmid was

a gift from Adam Antebi (Addgene plasmid #52535). pSpCas9(BB)-2A-GFP (PX458) was a
gift from Feng Zhang (Addgene plasmid #48138;).
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The gRNA sequences targeting the second exon of the GAB1 gene or first exon of FoxO1 gene
were designed in Benchling (Biology Software, 2019) online tool. The sequence 5’-
CTACTTGGTAGCAGACAGCG-3’ for GABI-gRNA or 5’-
ATCCACATCGAGGCTCCTCG-3’ for FoxO1-gRNA was cloned into pSpCas9(BB)-2A-GFP
vector (#48138, Addgene). To obtain the mutant variant, the MEC1 wild-type cells (MEC1'VT)
cells were electroporated as described above for SiRNAs. After 48 hrs viable cells were sorted
according to GFP-positivity, expanded, and validated for absence of GAB1 or FoxOL1.

To perform inducible shRNA expression, the sequence 5’-
CCGGAGTTAACACACTCGTAGTATTCTCGAGAATACTACGAGTGTGTTAACTTTTT
TG-3” was purchased from Sigma Aldrich and subsequently cloned into the empty plasmid Tet-
pLKO-puro for shRNA expression.?®® This plasmid was purchased from Addgene (Addgene
plasmid #21915) as well as the envelope plasmid pCMV-VSV-G (Addgene plasmid #8454).
The packaging plasmid dR8.91 was kindly provided by M. Smida (Masaryk University). Virus
particles were produced in HEK-293-FT (obtained from ATCC) after plasmids transfection by
Dharmacon (Horizon) and added to desired B cell lines. The transduced cells were subsequently
selected by puromycin (3 ug/ml, Sigma Aldrich) for 5 days. The expression of sShRNA in B cell
lines was induced by adding tetracycline (1 pg/ml; Sigma Aldrich) into media (tet+) for 48 hrs,
and control cells were treated with vehicle (tet-).

For in vivo growth assay MEC1WT and MEC1%4B1KO cell lines were transduced by GFP or
Azurit encoding vectors (both obtained from Addgene; #36083 and #36086, respectively) as

described above. Cells were subsequently sorted for GFP or Azurit positive cells.

6.13. Immunoblotting
Cells were lysed in lysis buffer (1% SDS, 50 mM TRIS-HC pH 6.8, 10% glycerol) with

phosphatase and protease inhibitors (Sigma Aldrich) and protein concentration was determined
using DC Protein Assay (BioRad). Equal amounts of protein were separated by SDS-PAGE
and transferred to the PVDF membrane (0.45 pm pore size, Millipore). The membranes were
incubated with the Cell Signaling antibodies specific for the following immobilized proteins:
GABL1 (#3232, 1:2000), pGAB1Y3%7 (#3234, 1:2000), FoxO1 (#2880, 1:1000), pFoxO1 (#9461,
1:2000), AKT (#2920, 1:3000), pAKT (#4060, 1:3000), BCLxL (#2764, 1:2000), SYK (#12358,
1:2000), PLCy (#3872, 1:2000), CD79a. (#3351, 1:2000), ERK (#4696, 1:3000) pERK (#4377,
1:3000), B-actin (#4970,1:5000), GAPDH (#2118, 1:4000), or with antibodies obtained from
Abcam - pGAB1Y%?" (ab131458, 1:2000), anti-CD20 antibody (Ab78237, 1:2000). Secondary
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horse-radish peroxidase (HRP)-conjugated anti-mouse or anti-rabbit antibodies (both Cell
Signaling) were used to detect primary antibodies. Immunocomplexes were detected using ECL
(BioRad), and the chemiluminescent signal was digitally detected with UVItec Alliance 4.7
(UVitec).

6.14. ChIP
Chromatin immunoprecipitation (ChIP) was performed as previously described by Carey et

al.?* Briefly, 20x10° MEC1 cells were fixed in 1% paraformaldehyde. The fixation was
quenched by glycine after 10 min. After washing with cold PBS, the fixed cells were lysed in
10ml of ChlP-lysis buffer (5 mM PIPES pH 8.0, 85 mM KCI, 0.5% NP-40) and incubated on
ice for another 10 min. The cell nuclei were pelleted by centrifugation and subsequently lysed
in 1ml of nuclei-lysis buffer (50 mM TRIS-CI pH 8.0, 10 mM EDTA, 1% SDS) containing
protease inhibitors. Sonication was performed by the Covaris S220 sonicator in original glass
tubes. The instrument was set according to manufacturer protocol (PIP:140, DF: 5, CBP: 200,
treatment time: 20 min, temperature min/max: 3/9°C). The cell debris was subsequently
discarded by centrifugation and DNA concentration was measured by Nanodrop 2000 (Thermo
Fisher Scientific). One-hundred pg of chromatin was aliquoted per antibody and diluted with
dilution buffer (16.7 mM TRIS-CI pH 8.0, 167 mM NaCl, 1.2 mM EDTA, 0.01% SDS, 1.1%
TRITON X-100, containing protease inhibitors) to a final volume of 300 pl. Chromatin was
precleared with 50 ul of protein A/G ChIP-grade magnetic beads (Thermo Fisher Scientific).
The magnetic beads were discarded after 2 hrs of incubation, and 10 pl of anti-FOXO1A
antibody (ab39670; ChIP Grade, Abcam) or 10 pul of control rabbit 1gG (#2729; Cell Signaling)
was added to chromatin. The samples were rotated and incubated at 4°C overnight. The next
day, the immunocomplexes were pulled down by 50 ul of A/G ChIP-grade magnetic beads
(Thermo Fisher Scientific) blocked by salmon sperm and BSA. The beads were washed three
times in 1ml of High-salt wash buffer (50 mM HEPES pH 7.9, 500 mM NaCl, 1 mM EDTA,
0.1% SDS, 1% TRITON X-100, 0.1% deoxycholate). The elution was performed in 300 ul of
Elution buffer (50 mM TRIS-CI, 10 mM EDTA, 1% SDS) supplemented with 20 pg of
proteinase K. Samples were incubated for 2 hrs at 55°C and then overnight at 65°C to reverse
crosslinking. The DNA was purified by QlAquick PCR Purification Kit (Qiagen). The gRT-
PCR was performed by using Luna Universal qRT-PCR Master Mix (New England Biolabs),
and three different sets of primers (see supplemental Table 5), which were designed using

Primer3 online tool. The prediction of possible FoxO1-binding sites in the 3.5 kb promotor
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region of the GAB1 gene was performed with ContraVV3 online tool. The non-specific primer-
set was designed into the 2nd intron of GAB1 where there is no predicted binding site for FoxO1
(forward: 5’-CAGTCAGTCTAGTAGGAGGGACAA-3’, reverse: 5-
CTGAAAAGATCACTGCTGCTGCTA-3’). Two sets of primer were designed for the
promotor region with predicted binding sites for FoxOl (TBS no. 4: forward 5’-
TTTGGGGCTTTTTCACAAAT-3’, reverse 5’- TGCCTACTTCCTTGTGTGTTTC-3’; TBS
no.10: forward 5’-ATGCTGCCTATGGGAGAAGA-3’, reverse 5’-
AAACCAAAGCACTTCTTTTTAAGT-3"). The results were calculated as % of input.

6.15. Confocal microscopy
The MEC1 cells were plated on poly-L-lysine coated (0.01%) glass for 30 min. Glass-attached

MEC1 cells or primary CLL cells in suspension were subsequently fixed with 1%
paraformaldehyde for 15 min/room temperature and washed (2x) with TBS-T. The 1 hr long
blocking step in 5% BSA was followed by overnight incubation in primary antibody against
FoxO1 (#2880, 1:100; Cell Signaling). The next day cells were washed (3x) in TBS-T and
incubated in a mixture of secondary antibody (anti-Rabbit, Alexa-647 #4414, 1:250; Cell
Signaling) and Phalloidin-iFLuor488 (1:1000; Abcam) for 90 min/room temperature (in dark).
Subsequently, three wash steps with TBS-T were followed by staining with DAPI (1:1000; 15
min; Abcam), and cells were mounted to glass slides using Vectashield (Vector laboratories),
and visualized on confocal microscope Leica DM5500 Q with TCS SPE confocal laser scanning

system.

6.16. Cell motility by holographic microscopy
Cell motility speed and other measurements were performed as described previously.?8>-287

Briefly, tissue culture treated p-Slide (Ibidi) with 0.8 mm channel height was first filled with
the culture medium to coat the substrate with serum proteins. After several minutes, the medium
was removed and the p-Slide channel was filled with 200 pl of cell suspension containing 10
000 exponentially growing MEC1 cells in a conditioned medium to achieve a subconfluent
culture. Cells were incubated for 1 h at 37°C in a humidified atmosphere enriched with 5% CO..
The p-Slide with cells was then positioned on the stage of our Multimodal Holographic
Microscope Q-PHASE (Tescan/Telight) and subjected to time-lapse recording for 1 h with 10
s lapse-interval using 10x objective lenses 0.3 NA using the holographic mode measuring the

optical thickness of cells with an accuracy of 2 nm. The recording was repeated 3 times for each
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cell type on two different days producing 12 time-lapse sequences which were processed using
in-house developed image processing procedure using Mathematica (Wolfram Research),
which removes background fluctuations, reconstructs and subtracts the background, converts
the optical thickness of cells into their dry mass distributions, segments the cells, calculates
centroids of dry cell mass, and morphometric parameters of Circularity, Elongation, Mass and
Spreading defined as:

(4 A)
p2

Circularity =

where A is cell area in pum? and P is the perimeter length in um;

Width
Length

Elongation =1 — (

)

where Width and Length are the smallest and largest axes of the best fit ellipse respectively;
Spreading = A/Mass
where Mass is the total dry mass of a cell expressed in pg (picogram = 10?2 g).

The software also tracks the cells in time on the basis of the nearest cell with a similar dry mass
in the next frame. Tracked centroids were processed in order to calculate Displacements and
Persistences. Persistence was defined as the ratio of direct translocation in 60 s and the wiggly
track distance was determined as the sum of six 10 s displacements. The Persistence of a cell

moving in a straight line is 1, and bending of the trajectory reduces the Persistence towards 0.

6.17. Immunohistochemistry of paraffin-embedded tissues
Immediately after the tissue of experimental animals was dissected out, it was fixed in 4%

paraformaldehyde pH 7.4 at room temperature overnight. The formalin-fixed paraffin-
embedded (FFPE) tissue sections (1 pum) were automatically processed and stained in
VENTANA BenchMark Ultra system. Universal DAB Detection Kit (Ventana) was used for
staining in combination with UltraView Amplification Kit (Ventana). Counterstaining was
achieved by using Hematoxylin Il (Ventana) and post-counterstaining by using Bluing reagent
(Ventana). Immunostaining was performed using the anti-CD20 (for MECL1 cells; M0701,
DAKO) or anti-CD45 (for primary CLL cells; M0755, DAKO) antibody.

- 48 -



Material and methods

6.18. Immunohistochemistry of cryopreserved tissues
Immediately after the tissue of experimental animals was dissected out, it was fixed in 4%

paraformaldehyde pH 7.4 at 4 °C for 5 hrs. Subsequently, liver and spleen were cryopreserved
in 30% sucrose at 4 °C overnight at and embedded in OCT medium (Tissue-Tek, 4583) on dry
ice. Femurs were decalcified in 10% EDTA pH 7.4 for 7 days at 4 °C prior to cryopreservation
and OCT embedding. Samples were sectioned on a cryostat (Leica CM1850UV) as 14-um thick
slices and collected on SuperFrost Plus Adhesion slides (Thermo Fisher Scientific,
J1800BMNZ). Staining with primary antibody anti-mouse collagen IV (COL4, AbD Serotec,
2150-1470; 1:500) was performed at 4 °C overnight, followed by incubation with Alexa-
conjugated secondary antibody (Invitrogen; 1:1000) at room temperature for 2 hrs. Cell nuclei
counterstaining was performed with DRAQ5 Fluorescent Probe Solution (Thermo Fisher
Scientific, 62251), and slides were mounted with Fluoromount Aqueous Mounting Medium
(Sigma—Aldrich; F4680). Imaging was performed using Zeiss LSM880 laser scanning confocal
microscope. ZEN2.1 (ZEISS) and Imaris (Bitplane) software was used for image processing.

6.19. Statistical analysis
Differences in expression levels between paired samples were compared using paired t-test or

Wilcoxon matched matched-pairs test and differences in non-matched groups were compared
using unpaired t-test or Mann-Whitney U test. The appropriate tests were chosen based on the
results of Shapiro-Wilk test of normality of input data. Statistical analysis of GAB1 inhibitors’
effect on cell viability in comparison to their combination with ibrutinib was analyzed by 2-

way ANOVA including Tukey test. All analysis were performed in GraphPad v8.0.1.
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7. Results

7.1. Validation of CXCR4/CD5 migration model

Seda V, Vojackova E, Ondrisova L, et al. FoxO1-GAB1 Axis Regulates Homing Capacity and Tonic AKT
Activity in Chronic Lymphocytic Leukemia. Blood. 2021.

Pavlasova G, Borsky M, Seda V, et al. Ibrutinib inhibits CD20 upregulation on CLL B cells mediated by the
CXCR4/SDF-1 axis. Blood. 2016;128(12):1609-1613.

CXCR4/CDS5 cell subpopulations have been suggested as a model distinguishing cells ready to
re-enter immune niches (CXCR4P™MCD5™) versus recent emigrants from lymph nodes
(CXCR4YmCpsPrighty 13.122-127 However, this model has not been experimentally proven. To
validate this model, we aimed to perform a direct in vivo competitive migration assay of sorted
subpopulations, however labeling of the cells with an anti-CXCR4 antibody can affect their
responsiveness to CXCR4 ligand SDF1. To overcome this, we used only CD5 antibody and
forward scatter area for sorting since the lower forward scatter area (FSC-A) is typical for
CXCR4P9"CD5YM and higher FSC-A for the CXCR44™CD5 9" subpopulation. Small aliquot
of sorted subpopulations was used to validate the CXCR4/CD5 positivity (Figure 12 A).
Subsequently, the sorted populations were stained by two cell-trace dyes (CFSE or FarRed),
mixed in ratio 1:1, and injected into the tail vein of NOD scid gamma (NSG) mice. After four
hours mice were euthanized and blood, spleen, bone marrow, and liver were analyzed for the
presence of stained cells. In line with the supposed model, the CXCR4PMMCD5Y™ CLL cell
subpopulation was significantly more migrating into the spleen from peripheral blood than
CXCR4YmCD5MM9M cells. The migration of stained subpopulations into the bone marrow or liver
was not statistically different (Figure 12 B), and their numbers were low (data not shown),
which is in line with previously published data.?®® We further confirmed the higher migration
rate of CXCR4P™MCD5%™M subpopulation in an in vitro transwell migration assay towards
microenvironmental cytokines SDF1, CXCL13, and conditioned media produced by primary

human mesenchymal stromal cells (CM"™SC) (Figure 12 C).
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Figure 12. Validation of CXCR4/CD5 migration model. (Ai) Representative example
of a gating strategy for sorting of CLL cells according to CD5 and FCS-A (forward scatter
area). The CD5/FSC-A was used to prevent labeling by an antibody binding to the
CXCR4 receptor, which would interfere with the migration to SDF1. (Aii) Evaluation of
CXCR4 and CD5 expression in cells sorted according to the gating strategy shown in
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[Ai]. Small aliquots of sorted CD5%™FSC-A" and CD5P9"FSC-ANM cells (correspond
to CD5%MCXCR49" and CDS5P'IMCXCRA4Y™ cells, respectively) were stained for
CXCR4 and measured by flow cytometry to validate CXCR4 cell-surface levels and
separation of CXCR4/CD5 subpopulations (this validation was performed in all samples
used for experiments below). The sorting approach using CD5/FSC-A was successful in
separating CXCR4/CD5 subpopulations in approx. 75% of CLL cases and only the
samples with an acceptable profile of CXCR4/CD5 after validation by flow cytometry
were used in further experiments. (B) Competitive migration of CXCR4/CD5 CLL cell
subpopulation into the spleen, bone marrow and liver of NSG mice and their relative
retention in the blood (migration continued for 4 hours, n=6). Cells were sorted according
to FCS-A and CD?5 as described in [Ai]. One sample was excluded from the analysis for
technical reasons. (C) Competitive migration assay of CXCR4/CD5 CLL cell
subpopulations towards SDF1, CXCL13, or conditioned media produced by bone marrow
mesenchymal stromal cells from a healthy donor (CM™SC), Cells were sorted as
described in [Ai], stained with two different CellTrace dyes, mixed in a 1:1 ratio, and
loaded into transwells.

In the next step, we sorted CXCR44™MCD5P19M and CXCR4PMIMCD5Y™ (for sorting strategy see
Figure 13 A) subpopulations and used them for transcriptome analysis (RNA seq). This
identified 1372 differentially expressed genes (fold-change>1.5, P<0.001), which contained
147 genes (fold-change>1.5, P<0.001) annotated in databases as migration-related (Figure
13 B). Several of these randomly selected genes were validated by qRT-PCR (Figure 13 C).
The enrichment of migration/adhesion-related genes was confirmed by Gene Ontology
Analysis (Table 1).

These experiments proved that CXCR4PM9MCD54™ subpopulation exhibits higher migration rate
in spleen or towards microenvironmental cytokines, and exhibits increased expression of

several migration-related genes.
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CXCR4/CD5 subpopulations. (A) Representative gating strategy for CLL cells sorted
according to CXCR4/CD5 expression (each subpopulation gated as ~5% of cells). This sorting,
directly based on CXCR4/CDS5 labeling, was used for RNAseq profiling and all experiments
other than migration assays. (B) Heat map of differentially expressed genes in CXCR4/CD5
subpopulations (fold change >1.5; P<0.001; n=10), subsequently overlapped with a database of
migration-related genes (GO:0016477).2%° Lower expression is indicated in blue, higher
expression in yellow. Gene names marked in bold were validated by real-time gRT-PCR these
data are presented in [C]. (C) gRT-PCR validation of several randomly selected genes from
[B]. The names stand for genes coding: NCK adaptor protein 2 (NCK2), myosin light chain
kinase (MYLK), G-protein coupled receptor 183 (GPR183), Semaforin-4F (SEMAA4F), Serpin
family F member 1 (SERPINF1) and filamin alpha (FLNA).

GO Term Description P-value
G0:0110053 regulation of actin filament organization 6.39E-12
G0:0032956 regulation of actin cytoskeleton organization 8.98E-12
G0:0032970 regulation of actin filament-based process 6.71E-11
G0:0030832 regulation of actin filament length 9.03E-11
G0:0008064 regulation of actin polymerization or depolymerization 2.79E-10
G0:0007015 actin filament organization 3.46E-9
G0:0030833 regulation of actin filament polymerization 1.62E-8
G0:0030029 actin filament-based process 1.52E-7
G0:0030036 actin cytoskeleton organization 1.95E-7
G0:0030838 positive regulation of actin filament polymerization 1.63E-6
G0:0032233 positive regulation of actin filament bundle assembly 3.86E-5
G0:0034314 Arp2/3 complex-mediated actin nucleation 7.41E-5
G0:0008154 actin polymerization or depolymerization 1.01E-4
G0:0045010 actin nucleation 3.41E-4
G0:0030834 regulation of actin filament depolymerization 4.3E-4
G0:0032231 regulation of actin filament bundle assembly 7.97E-4
G0:0040012 regulation of locomotion 1.35E-5
G0:0040017 positive regulation of locomotion 1.21E-4
G0:0040011 locomotion 1.65E-4
G0:2000145 regulation of cell motility 3.78E-6
G0:2000147 positive regulation of cell motility 4.5E-5
G0:0048870 cell motility 3.31E-4
G0:0030334 regulation of cell migration 3.58E-6
G0:0030335 positive regulation of cell migration 2.91E-5
G0:1903039 positive regulation of leukocyte cell-cell adhesion 1.77E-6
G0:0030155 regulation of cell adhesion 4.11E-6
G0:0045785 positive regulation of cell adhesion 1.1E-5
G0:0022409 positive regulation of cell-cell adhesion 1.27E-5
G0:1903037 regulation of leukocyte cell-cell adhesion 7.02E-5
G0:0022407 regulation of cell-cell adhesion 2.55E-4
G0:0032956 regulation of actin cytoskeleton organization 8.98E-12
G0:0051495 positive regulation of cytoskeleton organization 1.55E-6

Table 1. GO term analysis of differentially expressed genes in CXCR4/CD5
subpopulations.
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7.2. ldentification of GABL as a regulator of CLL cell migration

Seda V, Vojackova E, Ondrisova L, et al. FoxO1-GAB1 Axis Regulates Homing Capacity and Tonic AKT
Activity in Chronic Lymphocytic Leukemia. Blood. 2021.

Among these putative migration-related genes we have noticed upregulation of the GAB1 gene
(~1.8-fold) in CXCR4"MCD5YM cells compared to CXCR44™CDS5PM9M cells and this
upregulation was confirmed by immunoblotting, flow cytometry, and qRT-PCR (Figure 14 A-
C). This is of note since the GAB1 was identified as a migration regulator in epithelial, muscle,
and breast cancer cells,?%2%2 and its levels associate with shorter overall survival in CLL.%®
For this reason, we hypothesized that GAB1 upregulation in a CXCR4Prottcpsdim
subpopulation might contribute to CLL cells’ ability to return to immune niches. To examine
this, we created a GAB1 knockout MEC1 cell line (MEC1¢AB1-KO) ysing CRISPR-Cas9
technology (Figure 14 D). The MEC1 wild type (MEC1WT) and MEC1%481KO cells were
labeled with two different colors (CellTrace dyes: CFSE or FarRed), mixed in ratio 1:1,
validated by flow cytometry and injected into the tail vein of NSG mice (Figure 14 E). Mice
were euthanized after 6 hours and infiltration of various organs was examined by flow-
cytometry. This revealed that MEC1%/B1-KO cells were significantly retained in peripheral blood
and relatively less in the spleen in comparison to control cells (Figurel4 F). The infiltration of
bone marrow or liver did not differ and the number of MEC1 in these organs was low (Figure
14 F). Similarly, the silencing of GAB1 by siRNA in primary CLL cells impaired migration to
the spleen of NSG mice (Figure 14 G). In addition, the localization of CLL cells in the spleen
exhibits the tendency for higher accumulation in the trabecular system near the trabecular veins;
however, there was no difference in the localization for control cells and cells with

low/attenuated expression of GABL1 (Figure 14 H).
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Figure 14. ldentification of GAB1 as a regulator of CLL cell migration. (Ai)
Representative immunoblot from primary CLL samples sorted according to CXCR4/CD5
expression (purity 99.9%). (Aii) Densitometric quantification of relative GAB1 protein
level analyzed by immunoblot (n=10). (B) Intracellular flow cytometry staining for
GABL protein in CXCR4/CD5 subpopulations (n=22). Normalized mean fluorescence
intensity (MFI1) was calculated as the ratio between the sample and control sample stained
only with a secondary antibody. (C) Validation of GAB1 mRNA expression (real-time
gRT-PCR) in primary CLL samples sorted according to CXCR4/CD5 expression (n=8).
(D) Representative immunoblot for MEC1WT and MEC1 cells genetically engineered for
GAB1 KO, using CRISPR/Cas9 (MEC14B1KO) cells (top); primary CLL cells
transfected with siRNA against GAB1 (siGAB1) or with the control (siNC; bottom), cells
were harvested after 48 hours post transfection. (E) Schematic design of in vivo
competitive migration assay of MEC1WT vs MEC1®AB1KO_ Cells were stained with CFSE
or FarRed CellTrace dye, and incubated overnight. The next day, an equal number of
CFSE- and FarRed-stained cells (each 50x10°) were mixed in 1:1 ratio (validated by flow
cytometry), and injected into the NSG mice via the tail vein. Organ infiltration was
analyzed by gating on human CFSE*/FarRed" cells. The plot depicts the CFSE*/FarRed*
MECI1 cells present in peripheral blood of NSG mice. (F) Mice (n=9) from the experiment
described in panel [E] were euthanized 6 hours after cell transplantation, and blood,
spleen, bone marrow, and liver were analyzed by flow cytometry to detect the presence
of viable CFSE" or FarRed" cells. The amount of MEC1 cells in each examined organ
site is presented as relative migration of CFSE" vs FarRed* cells. (G) An in vivo
competitive migration assay of primary CLL cells (n=5) transfected with siRNA against
GABL (siGABL1) or negative control (siNC). After 48 hours, cells were stained with Sytox
Blue and sorted for viable cells, and 10x10° of cells from each condition were processed
as described in panel B. In vivo migration continued for 4 hours, and blood, spleen, bone
marrow, and liver were analyzed by flow cytometry to detect the presence of viable
CFSE™ or FarRed" cells. A small aliquot of sorted cells was assayed by immunoblot to
confirm GABL silencing (data not shown). (H) Histological evaluation of spleen of NSG
mice transplanted with CLL cells transfected with siRNA against GAB1 (siRNA-GABL,
bottom) or control siRNA (siRNA-NC, top). Cells were incubated for 48 hrs after
transfection and then stained with Sytox Blue viability dye and sorted according to
viability. Viable CLL cells (10x10° of siRNA-GAB1 or siRNA-NC transfected cells)
were transplanted to individual NSG mice via a tail vein injection and sacrificed after
6 hrs. Tissue sections were stained with anti-human-CD45 antibody (brown signal) and
the post-counterstaining by using Bluing reagent (Ventana).
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7.3.  GABL is activated in response to various cytokines

Seda V, Vojackova E, Ondrisova L, et al. FoxO1-GAB1 Axis Regulates Homing Capacity and Tonic AKT
Activity in Chronic Lymphocytic Leukemia. Blood. 2021.

It is known that B cell migration is regulated by a number of chemokines such as SDF1 or
CXCL13 that are produced in immune niches.'6902942% ndeed, we have confirmed their
presence in CLL patients’ bone marrow and production by primary human mesenchymal
stromal cells, human stromal cell line HS5 (CM"™), and in the tissues of NSG mice
(Figure 15 A-C). However, the involvement of GABL1 in the cytokine-induced signaling
process in B cells remained unresolved. Next, we treated MEC1"T cells with SDF1, CXCL13,
or CM"™SC | this resulted in rapid GAB1 phosphorylation and activation (measured residues:
Y307 and Y627; Figure 16 A), indicating that GAB1 is involved in response to multiple soluble
factors. The involvement of GAB1 protein in the migration process towards cytokines SDF1,
CXCL13, CM™SC or CMMS5 was further validated by competitive transwell migration assay
of MECIWT and MEC1CGABIKO cells. This experiment showed that knock-out of GAB1
significantly impaired cell migration (Figure 16 B). Importantly, similar data were obtained
when GAB1 was silenced by siRNA in primary CLL cells (Figure 16 C-D). Importantly, the
silencing of GABL1 did not affect the surface levels of CXCR4 and cell viability (Figure 16 E).
The treatment with specific CXCR4 inhibitor plerixafor largely blocked GAB1 phosphorylation
induced by SDF1 but did not block the phosphorylation induced by conditioned media (Figure
16 F), indicating that GABL is involved in the signaling of various cytokines. In addition,
MEC16AB-KO cels fail to properly polymerize F-actin, after stimulation with conditioned media
produced by HS5 cells (Figure 16 G). MEC1%A81KO cells’ motility speed was significantly
lower than MEC1"t (P<0.001; Figure 16 H) and GAB1 knock-out also impaired other cell
migration-related characteristics of cells as assessed by holographic microscopy (Table 2).
Altogether, this suggests that GAB1 sensitizes CLL cells to homing signals, and influences

related cytoskeletal organization.
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Figure 15. Measurement of SDF1 and CXCL13 concentrations. (A) Serum isolated
from peripheral blood or bone marrow of CLL patients (n=4) was tested for SDF1 or
CXCL13 levels by enzyme-linked immunosorbent assay (ELISA; R&D Systems). (B)
Conditioned media produced by primary human mesenchymal stromal cells (CM"™SC) or
by human stromal cell line HS5 (CM"°) was analyzed for levels of SDF1 or CXCL13.
The replicates represent analyses of conditioned media from various passages of the cells.
ND stands for “not-detectable”. (C) Relative expression of SDF1 and CXCL13 mRNAs
in different organs of the NSG mice. For this experiment, 3 NSG mice (without
transplantation of malignant cells) were sacrificed, organs homogenized, RNA isolated,
and subjected to gRT-PCR.
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Figure 16. GABL1 is activated in response to various cytokines. (A) Representative
immunoblots of MECL1 cells transfected with siRNA against GAB1 (siGAB1) or the
control (SiINC). After 48 hours, the cells were treated for 10 minutes with SDF1
(250 ng/mL), CXCL13 (500 ng/mL), or CM (100%) produced by primary human
mesenchymal stromal cells (CM™SC), (Bi) An in vitro competitive migration assay of
MEC1IWT vs MEC1CABLKO cells (n=4) stained as described in [Figure 14 E]. Migration
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toward SDF1 (250 ng/mL), CXCL13 (500 ng/mL), and CM"™SC continued for 6 hours
(n=4 for SDF1 and CXCL13; n=3 for CM"SC), (Bii) Competitive migration assay of
MEC1 cells transfected with siRNA against GAB1 (siGAB1) or the control (siNC). After
48 hours, the cells were processed as described in [Figure 14 E]. Migration toward
conditioned media produced by HS5 cells continued for 6 hours (n=3). (C)
Representative immunoblots of primary CLL cells treated for 5 minutes with SDF1
(100 ng/mL), CXCL13 (250 ng/mL), or CM"™SC The immunoblot contained 2
endogenous controls (GAPDH; glyceraldehyde 3-phosphate dehydrogenase) marked by
the index at top, because for technical reasons, pPGAB1Y%%’, tGAB1, tAKT, and tERK
(loading control GAPDH?Y) were analyzed on the first gel and the remaining proteins
(loading control GAPDH?) on the second gel (identical protein loading and conditions).
(D) In vitro competitive migration assay of primary CLL cells transfected by siRNA
against GAB1 (siGAB1) or control siRNA (siNC). Cells were stained as described in
[Figure 14 E] and loaded onto a Transwell 48 hours after transfection. Migration
continued for 6 hours toward SDF1 (100 ng/mL), CXCL13 (250 ng/mL), CMM™SC or
CMHS® (n=10 for SDF1 and CXCL13; n=5 for CM"™SC: n=3 for CM"%5). (E) Analysis of
cell viability and CXCR4 cell-surface expression in primary CLL cells transfected with
SiRNA against GAB1 (siGABL1) or with control scrambled siRNA (siNC). Viability was
measured by DiOC6/PI staining. (F) Representative immunoblot from primary CLL cells
treated with 50% conditioned media produced by human stromal cell line HS5 (CM™),
SDF1 (100 ng/ml), or their combination with CXCR4-inhibitor plerixafor. Plerixafor
(5 pg/ml) was added 2 hours prior to the cell treatment with SDF1 or conditioned media
to ensure full CXCR4 inhibition. The control stands for cells treated with vehicle and
cultured on plastic. (G) Representative image of F-actin polymerization in MEC1" and
MEC1%4B1KO cells after treatment with 50% conditioned media produced by HS5 cells
(15 min). MEC1 cells were subsequently fixed, and polymerized F-actin was visualized
by fluorescent microscopy after Phalloidin-488 staining. (H) Representative rose plots
with 5 min migration trajectories of MEC1"t vs. MEC1%48KO cells in the presence of
conditioned media produced by HSS5 cells (shifted to a common origin, axis in um). The
percentage below the figure indicates the fraction of cells with trajectory >20 um at 5 min
in MEC1"t vs. MEC1%AB1-KO cells (19.2% vs. 7%, respectively; P<0.0001).

MEC1"t cells | MEC1®AB1-KOcells ANOVA

Parameter

(mean =+ s.e.m.) (mean =+ s.e.m.) P-value
Circularity* 0.652 +0.004 0.653 +0.004 n.s.
Elongation* 0.323 +0.008 0.332 +0.008 n.s.
Mass [pg]* 200.6 +5.3 198.7+4.8 n.s.
Spreading [um?/pg]* 1.75+0.02 1.57+0.02 n.s.
Displacement [um/60 s]* 3.75+0.14 2.71£0.10 0.035
Persistence* 0.69+0.01 0.60 +0.01 0.036
Number of movies 6 6
Number of tracked cells 195 186
Number of time point measurements | 11 939 15184

s.e.m. stands for standard error of the mean
* For the description of the categories see chapter 6. Material and Methods

Table 2. Statistical analysis of all measurements for cell motility assay
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7.4. ldentification of FoxO1 as a transcription factor of GAB1

Seda V, Vojackova E, Ondrisova L, et al. FoxO1-GAB1 Axis Regulates Homing Capacity and Tonic AKT
Activity in Chronic Lymphocytic Leukemia. Blood. 2021.

To reveal potential transcriptional regulator of GAB1 expression which will be relevant in the
context of CXCR4/CD5 subpopulations, we compared the list of our differentially expressed
genes (Figure 13 B) with the list of transcription factors.?®® This identified 20 annotated
transcription factors significantly differentially expressed in CXCR4/CD5 subpopulations
(Figure 17 A). We further selected FoxO1 as a potential regulator of GAB1 expression, since it
was previously identified as regulator of T cell homing,** migration of B cells within the
germinal centers,*®”2%! and is involved in malignant B cell biology.'*®2% We have also
identified multiple putative evolutionary conserved binding sites upstream from the GAB1
promotor (Figure 17 B-C). Chromatin immunoprecipitation validated two of these sites as
FoxO1 enriched (Figure 17 D).

Next, we silenced the FoxO1 expression by siRNA which resulted in repression of GAB1
mMRNA and protein levels (Figure 18 A). Similar data were obtained after the treatment with
FoxO1 inhibitor (Figure 18 B). The existence of a FoxO1-GAB1 axis is supported by a general
positive correlation of GAB1 and FoxO1 mRNA levels (n=42) and protein levels (n=22) in
CLL cells (Figure 18 C-D), and the higher levels of both molecules in CXCR4®"CD5%™ cells
(Figure 18 E-G). Moreover, genetically engineered MEC1 cells without FoxO1 (MEC1Fx0!-
KO) exhibited lower GABL1 levels (Figure 18 H), and similarly to GAB1 knock-out, exhibited
impaired migration to immune niches of NSG mice (Figure 18 1). In addition, the migration of
MEC1F*O1KO cells or primary CLL cells with silenced FoxO1 towards SDF1, CXCL13 or
CMM™MSC was also impaired (Figure 18 J-K), which also mimics the MEC16AB1KO cg|

phenotype.
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Figure 17. FoxO1 binds to a promotor region in GAB1 promotor. (A) Heat map of
differentially expressed transcription factors (RNAseq; Illumina) in 10 primary CLL
samples sorted according to CXCR4/CDS5 expression (fold change, >2; P<0.001). The list
of all known human transcriptional factors was obtained from Lambert et al.?*® (B) Map
of predicted transcription binding sites of FoxO1 protein in 3.5 kb promoter region of the
GABL1 gene (ContraV3). Predicted transcription binding sites are number 1-11 (at the top),
and their genomic position is indicated. (C) The predicted evolutionary conserved
transcription factor binding sites (TBS) for FoxO1 in 3.5 kb upstream region from the
transcriptional start site of the GAB1 gene. Different colors refer to different FoxO1
binding motives depicted in bottom right corner (ContraV3 online tool, 2017).%%" (D)
Chromatin immunoprecipitation analysis of FoxO1 binding upstream of the transcription
start site of GAB1 gene (n=5; numbering of binding sites correspond to [B]). The results
TBSs number 4 and 10 are represented as the DNA input percentage, and error bars
indicate the standard error of the mean. Control samples (Ctrl: a-IgG; Ctrl: a-FoxO1)
were analyzed by primers that amplified a region in the GAB1 second intron, which does
not contain any predicted binding site for FoxO1. Data for other predicted TBSs were not
analyzed or were inconclusive (not shown).

We further investigated the mechanisms ensuring the GAB1 and FoxO1 upregulation in
CXCR4PMCD5IM CLL cells and their lower levels in CXCR49MCD5P9M cells. It is known
that FoxO1 levels are negatively regulated by active AKT, which provides phosphorylation at
S256, leading to loss of FoxO1 interaction with DNA, translocation to the cytoplasm, and
subsequent degradation.?®®2% Indeed, the crosslinking of BCR or co-culture of primary CLL
cells with stromal cells resulted in strong AKT activation, FoxO1 degradation, and concurrent
decrease of GAB1 mRNA and protein levels (Figure 19 A-B).

On contrary, the selective inhibition of AKT resulted in FoxO1 dephosphorylation and ~2-fold
increase in GAB1 mRNA and protein levels (Figure 19 C). The expression of other selected
BCR/microenvironment-related proteins such as SYK, PLCy, or CD79a was not affected by
AKT inhibition (Figure 19 D). These data suggest that AKT is a crucial negative GAB1 level
regulator acting via reducing its transcriptional activator levels, FoxO1. On the other hand,
relatively low AKT activity in CXCR4P"CD5™ cells (Figure 19 E) allows for an increase in
FoxO1 and induction of GAB1.
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Figure 18. FoxO1 modulation affects GABL1 levels and migration of CLL cells. (Ai)
The effect of siRNA against FoxO1 (siFoxO1) on GAB1 mRNA expression in MEC1
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cells compared with cell transfection with a control scrambled siRNA (siNC; 48 hours
after transfection, n=>5). (Aii) Representative immunoblot of FoxO1 silencing by siRNA
(siFoxO1) and its impact on GABL1 protein level in MEC1 cells (48 hours). The siRNA
against GAB1 (siGABL1) serves as a positive control and control scrambled siRNA (siNC)
as a negative control. (Bi) Statistical analysis of FoxO1 inhibitor’s effect (inhFoxOl;
1 uM) on GAB1 mRNA expression in primary CLL (n=3; 48 hours) and MEC1 (n=6;
48 hours) cells. GAB1 mRNA expression in each control sample (dimethyl sulfoxide
[DMSQ] treated) was set at 1. (Bii) Representative immunoblot of GABL1 levels in
primary CLL cells treated in vitro with various doses of FoxO1 inhibitor (inhFoxO1, 0.6-
10 uM; 48 hours). CD20 induction was used as a positive control, because FoxO1 acts as
a transcriptional repressor of CD20.3° (C) GAB1 and FoxOl mRNA expression
correlation analysis in primary CLL cells (n=42; real-time qRT-PCR). (D) Correlation of
GABL1 and FoxOl1 intracellular protein levels assessed by flow cytometry (n=22). (E)
Representative immunoblot from intraclonal CLL cell subpopulations sorted according
to CXCR4/CD5 expression (purity >99.9%). Subpopulation sorting was performed
according to the gating strategy in [Figure 13 A]. The levels of B-cell lymphoma extra-
large (BCLxL) served as a positive control for microenvironmental interactions. (F, G)
Protein and mRNA levels of FoxOl in CXCR4/CD5 subpopulations. Protein
quantification was assessed by intracellular staining (n=22; flow cytometry). As a control,
an identical CXCR4/CD5-stained sample was incubated with a secondary antibody only.
FoxO1 mRNA levels in CXCR4/CD5 sorted subpopulations were measured by gRT-PCR
(n=9). (H) Representative immunoblot for the effect of FoxO1 attenuation by CRISPR-
Cas9 knock-out in MEC1 cells (MEC1WT vs MEC17*O1KO ce|ls). (1) In vivo competitive
migration assay of MEC1WT vs. MEC1F*01KO cells, Cells were processed as described
in [Figure 14 E] and injected in tail vein of NSG mice for competitive migration assay.
Mice were sacrificed after 6 hrs, and blood, spleen, bone marrow, and liver were analyzed
by flow cytometry for the presence of viable CFSE or FarRed positive cells. The amount
of MEC1 cells in each examined site is presented as relative migration between CFSE vs.
FarRed positive cells. (J) In vitro competitive migration assay of MECIWT wvs.
MEC1F*O1KO Cells were stained as described in [Figure 14 E] and loaded on transwell.
Migration (n=4) towards SDF1 (250 ng/ml), or CXCL13 (500 ng/ml), or conditioned
media produced by human bone mesenchymal stromal cells (CM"™S®) was allowed for
6 hrs, and the ratio of passed cells was assessed by flow cytometry. The number of
migrated cells was normalized to the migration of cells applied to transwell without
chemokines in the bottom chamber. (K) Competitive migration assay of CLL cells after
FoxO1 silencing by siRNA (siFoxO1) compared to cells transfected with control sSiRNA
(SINC). Cells were incubated for 48 hrs and then stained as described in [Figure 14 E] and
loaded on transwell. Migration (n=6) towards SDF1 (100 ng/ml), or CXCL13
(250 ng/ml), or conditioned media produced by human bone mesenchymal stromal cells
(CM"MSC) was allowed for 6 hrs, and the ratio of migrated cells was assessed by flow
cytometry.
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Figure 19. FoxO1 is downregulated in response to B cell activation. (A)
Representative immunoblot for FoxO1 and GABL1 levels in primary CLL cells stimulated
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with anti-IgM (10 pg/ml) for 5 min or 48 hrs. And GAB1 mRNA expression from CLL
cells (n=4) treated with anti-IgM for 48 hrs. Ctrl stands for cells incubated in culture
media only. (B) Representative immunoblot of GAB1 and FoxO1 protein levels after
coculture of MEC1 cells or primary CLL cells with HS5 stromal cells for 48 hrs. Primary
CLL cells were seeded on a confluent layer of HS5 cells in an approx. 5:1 ratio
(CLL:HS5). After 48 hrs cell suspension was stained with antibody against CD105 (a
specific marker of stromal cells) and sorted by FACS (purity >99,9% of CD19+CD5+
cells). And GAB1 mRNA expression after coculture of primary CLL cells (n=4) with HS5
stromal cells for 48 hrs. (Ci) Representative immunoblot from MEC1 cells treated with a
selective inhibitor of AKT (inhAKT; MK-2206 2HCI; 1 uM) or vehicle (DMSO). The
primary antibody against pFoxO1 detected phosphorylation on S256, which led to
inhibition of FoxO1 activity. (Cii) GAB1 mRNA expression in MEC1 cells treated with
a selective AKT inhibitor [treated as in Ci] for 24 hours (n=8). (D) Densitometric
quantification of tGABI1, pFoxO1, tFoxO1, pAKT, tAKT, tSYK, tPLCy, tCD79a protein
levels in MECL cells treated with 1 uM inhibitor of AKT (iAKT) or vehicle (DMSO) for
12-48 hours. MEC1 cells were used in this experiment, since primary CLL cells have
relatively very low basal AKT phosphorylation levels to be inhibited (data not shown).
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7.5.  GABI increases the ,,tonic*“ AKT activity

Seda V, Vojackova E, Ondrisova L, et al. FoxO1-GAB1 Axis Regulates Homing Capacity and Tonic AKT
Activity in Chronic Lymphocytic Leukemia. Blood. 2021.

It has been previously published that GABL1 is activated after BCR crosslinking and serves as
an important docking protein allowing for propagation of the ERK or PI3K/AKT
signaling.t’>1/%2% In line with this, we observed that GAB1 silencing impaired AKT
phosphorylation after BCR cross-linking (Figure 20 A). Interestingly, we noticed that the GAB1
level modulation also affected the basal AKT phosphorylation levels irrespective of BCR cross-
linking (Figure 20 A), hinting at a possible role in “tonic” AKT signaling. To investigate this
further, we transiently over-expressed GABL1 by a plasmid construct which resulted in induced
AKT phosphorylation (Figure 20 B). Analogically, the silencing of GAB1 by siRNA reduced
AKT phosphorylation (Figure 20 C). This was further validated on MEC1 and OSU-CLL cell
lines with tetracycline-inducible sShRNA against GAB1 (Figure 20 D). In these experiments, we
also looked at the phosphorylation of the p85 subunit of PI3K, which serves as a link between
GABL1 and PI3K-dependent AKT phosphorylation.’®® In line with our results, the p85 was
activated after GAB1 over-expression and reduced after GABL1 silencing (Figures 20 B-C). This
indicates that GAB1-induced p85 phosphorylation increase is a possible mechanism behind the
observed increase in AKT phosphorylation.

Next, we tested the growth capacity of MECIWT versus MEC1C6AB1KO cells after their
engraftment in mice for three weeks. Similarly to the short-term migration assay, the MEC1"T
and MEC1CABL-KO cells (each traced with green fluorescent protein [GFP] or Azurite) were
mixed in ratio 1:1 and injected into the tail vein of NSG mice. This experiment revealed a higher
proliferation rate of MEC1WT in comparison to MEC1%481KO cells (Figure 20 E), suggesting
that GAB1 knock-out negatively affects general cell fitness.

The functionality of the proposed FoxO1l-GABL-pAKT axis was further investigated by
analyzing the MEC1FoX0-KO cells, which exhibited reduced GABL1 levels and impaired AKT
phosphorylation compared to MEC1WT (Figure 20 Fi). A similar phenotype was also obtained
after FoxO1 silencing by siRNA in primary CLL cells (Figure 20 Fi) and MEC1 cells or primary
CLL cells treatment with FoxO1 inhibitor (Figure 20 Fii). Altogether, this suggests that
increased FoxO1/GABL1 levels in CXCR4YMINCD5YM CLL cells are contributing to “tonic”
pAKT activity.
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Figure 20. GABI increases the ,,tonic* AKT activity. (A) Representative immunoblots
of primary CLL cells transfected with siRNA against GAB1 (siGAB1) or the negative
control (siNC). Cells were harvested after 48 hours, divided into equal aliquots, and
exposed to vehicle (control samples) or anti-lgM for 5minutes (10 mg/mL). *pAKT
(S473) is the same immunoblot as pAKT but was developed for a prolonged time.
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(B) Representative immunoblot of MEC1 cells transfected with a plasmid for GAB1
protein overexpression tagged with MYC sequence (GABIMYC, top band) or with an
empty vector (empty), and cultured for 48 hours. *B-actin was the endogenous control for
p-p85 and t-p85 assayed on a separate gel with identical loading. (C) Representative
immunoblot of MEC1 cells transfected with siRNA against GAB1 (siGAB1) or the
negative control (siNC) and harvested 48 hours after transfection. *B-actin, as in panel
[B]. (D) Representative immunoblot of MEC1 and OSU-CLL cells (CLL-derived cell
line) with downmodulated GAB1 levels. MEC1 and OSU-CLL cells were infected with
a lentiviral construct (permanent cell line) for tetracycline-inducible shRNA against
GABL1 (shGABL1). shRNA expression was induced by adding tetracycline to medium
(tet™) for 48 hours, and control cells were treated with vehicle (tet). (Ei) Effect of GAB1
KO on MEC1 cell growth in vivo. MEC1WT and MEC1C®AB1KO cells were transduced with
vectors expressing GFP or Azurite, mixed 1:1, and injected via tail vein into NSG mice
(n=3). Mice were euthanized 3 weeks after injection, and organs were analyzed by flow
cytometry for the presence of MEC1WT and MEC1%4B1KO ce||s labeled by GFP or Azurite
in blood, spleen, bone marrow, and liver. We also performed a switch of fluorescent labels
to exclude any potential effect of a specific fluorescent proteins on the cells (not shown).
(Eii) Representative images from fluorescence microscopy of the spleen, bone marrow,
and liver of NSG transplant recipients, as described in panel [Ei] (original magnification,
x20). (Fi) Representative immunoblot for the effect of FoxO1 attenuation by KO in
MEC1 cells (MEC1WT vs MEC1F™©-KO ce|ls) or by siRNA in primary CLL cells. Primary
CLL cells were transfected with sSiRNA against FoxO1 (siFoxO1) or with control (siNC)
and analyzed by immunoblot 48 hours later. (Fii) Representative immunoblots for MEC1
cells and primary CLL cells treated with FoxO1 inhibitor (inhFoxO1; 0.5 uM, 24 hours).
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7.6.  lbrutinib treatment induces compensatory GAB1-mediated AKT
activation

Seda V, Vojackova E, Ondrisova L, et al. FoxO1-GAB1 Axis Regulates Homing Capacity and Tonic AKT
Activity in Chronic Lymphocytic Leukemia. Blood. 2021.

Ibrutinib therapy inhibits CLL cells homing,*?*°! and we hypothesized that this could affect
the FoxO1-GAB1-pAKT axis. To investigate this, we treated MECL1 cells with ibrutinib in vitro
which resulted in increased FoxO1 and GAB1 protein and mRNA accumulation (Figure 21 A),
albeit the kinetics of mMRNA and protein induction is not identical, and the GAB1 protein levels
are sustained for longer. Similarly, treating CLL patients with ibrutinib in vivo leads to
increased FoxO1 and GABL1 protein and mRNA levels (Figure 21 B). Notably, after an initial
drop in AKT phosphorylation, we observed restoration of AKT phosphorylation following
several days of continuous MEC1 cell exposure to ibrutinib in vitro (Figure 21 Ai) or after
several days or weeks of ibrutinib therapy in CLL patients in vivo (Figure 21 Bi). Importantly,
this ibrutinib-induced AKT phosphorylation did not lead to FoxO1 translocation into the
cytoplasm and FoxO1 remained in the nucleus, allowing its function as a transcriptional factor
(Figure 21 C). This is in line with already published data suggesting that the translocation of
FoxO1 into cytosol upon AKT activation is impaired in B cell lymphomas,®® and the FoxO1
activity is not mutually exclusive with low-level pAKT. Importantly, the GAB1 knock-down
prevented the restoration of AKT phosphorylation in ibrutinib treated cells (Figure 21 D).

Altogether this suggests that increasing GABL levels in CLL cells during ibrutinib therapy
provides “tonic” pAKT activity and might compensate for the lack of AKT activation via

BCR/microenvironmental interactions during ibrutinib therapy.

- 72 -



Results

i ii £=0.031 i o5 P=0.009
AI 1 day 3 days 5days AI | a5 003 Al ] I
ibrutinib: - + - + -+ P=0.026 —

PGAB1™7 [ -

tGAB1

e = mw-

tFoxO1
pBTK | = = ]
tBTK [ o, o . -
pAKT [ — — —

tAKT -----i

o
(3]
1

0

Relative FoxO7 mRNA expression
o
1

Relative GABT mRNA expression

B-actin [N e

o-

o
o

QN 9 5 & O N9 9% o
0'5\0""*0'2’*0"’*0'5\ 0'3\00*06\0@0@\

ibrutinib ibrutinib

Bii

P=0.003
= n=11 —
" s, P=0.03
c
S
17
% 8
3 2
£3 b
238 =
o T
Q3 E A
2E 2
&= s
C i &
. ] N
Ibrutinib T —
C L RO € RO
CFFE X (S
ibrutinib ibrutinib
D MECIWT  MEC16A81-K0
o & o ¥
Actin S S ¢
tGAB1 Pr——
pBTK =
tBTK*

PAKT | oo e

FoxO1

cE—
AKT | " o o oy
-

B-actin | = S

merge

Figure 21. lbrutinib treatment induces compensatory GABl-mediated AKT
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or vehicle (DMSO) for the indicated time points. Ibrutinib and DMSO were freshly
supplemented every 24 hours, and the cells were sampled at the indicated time points for
immunoblot analysis. (Aii, Aiii) FoxO1 and GAB1 mRNA expression in MEC1 cells
treated with ibrutinib or DMSO, as described in panel A (n=5). (Bi) Representative
immunoblot for primary CLL cells isolated from peripheral blood of patient before (Pre)
and during ibrutinib therapy. *p-actin was the endogenous control for p-p85 and t-p85,
assayed on a separate gel with identical loading. (Bii) Statistical analysis of normalized
densitometric data from immunoblots of CLL samples (h=11) obtained from patients
before (Pre) and during ibrutinib therapy. The data are relative to expression before
ibrutinib administration (set at 1). (Biii) GAB1 and FoxO1 mRNA expression in primary
samples isolated from patients with CLL before (Pre) and during ibrutinib therapy (n=11).
The data are relative to expression before ibrutinib (set as 1). (C) Representative confocal
microscopy picture of primary CLL sample isolated from the patient before (pre) and
during ibrutinib therapy (week 2). In control sample (CTRL) no anti-FoxO1 primary
antibody was used. Blue staining (DAPI) represents the nucleus, green represents the
cytoskeleton (actin), and red staining represents FoxO1. (D) Representative immunoblot
of MEC1WT and MEC16AB1-KO cells treated with ibrutinib (1 pM) or vehicle (DMSO) for
7 days. *Decrease in total BTK protein level is a common effect of ibrutinib, as described
previously.3%2
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7.7. GABL inhibitors suppress migration and induce cell apoptosis

Seda V, Vojackova E, Ondrisova L, et al. FoxO1-GAB1 Axis Regulates Homing Capacity and Tonic AKT
Activity in Chronic Lymphocytic Leukemia. Blood. 2021.

Mraz M, Seda V, Ondrisova L. Inhibitors for Treatment of Hematological Malignancies. Applicant 1: Masaryk
University, Brno, CZ; Applicant 2: The University Hospital Brno, CZ. Application Number: 16920831; Approved
for use through 11/30/2020. OMB 0651-0032, U.S. Patent and Trademark Office.

In the previous part, we showed that GAB1 upregulation during ibrutinib therapy might act as
a mechanism to compensate for the lack of pAKT levels. Here we hypothesized that this could
be targeted therapeutically by recently synthesized GABL inhibitors targeting the PH-
domain.!® We observed that these compounds led to dose-dependent inhibition of GAB1
phosphorylation, AKT, and ERK inhibition (Figure 22 A), and decreased CLL cell viability
(Figure 22 B). Because of the need to use high micromolar concentrations, we tested their
specificity on MECIWT and MEC1C6ABKO cells. This treatment demonstrated larger
PERK/pAKT repression and apoptosis in MEC1WT cells than in MEC14B1KO cells (Figure
22 C-D). Next, we observed that these inhibitors also inhibited CLL cells’ migration towards
SDF1, CXCL13, CM™SC CcMHS5 (Figure 22 E) in a fashion similar to ibrutinib (Figure 22 F).
GABL inhibition impaired BCR-induced (anti-lgM) AKT phosphorylation (Figure 22 G) and
Ca?* influx induced by SDF1 chemokine (Figure 22 H).

In the next part, we tested the possible use of novel GABL1 inhibitors to block processes like
migration, AKT activation, and compensatory activation of AKT during ibrutinib therapy.
Importantly, the GAB1 inhibitor was able to block the “compensatory” AKT phosphorylation
induced by ibrutinib (Figure 23 A) and increased apoptosis of MECL1 cells exposed to ibrutinib
for an extended time (Figure 23 B). To test this in primary CLL cells undergoing spontaneous
apoptosis within days, CLL cells were cultured in media containing interleukin 4 (IL4), which
partially prevented their spontaneous apoptosis. We used this condition to treat them with
vehicle or ibrutinib for 6 days to allow FoxO1-GABL1 induction. Subsequently, these cells were
treated with GAB1 inhibitors (or vehicle) for additional 48 hours and examined for cell
viability. This experiment showed that CLL cell killing was increased by GABL1 inhibitors
combined with ibrutinib compared to ibrutinib or GAB1 inhibitor alone (P<0.001; Figure 23 C).
In addition, the cultivation without IL4 allow only short-term experiments. Under these
conditions the GABL inhibitors show an ability to kill primary CLL cells within 48 hours,
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however, this is not synergistic with ibrutinib (Figure 23 D). This is an expected result since in
such a short time of ibrutinib exposure, the GABI1 inhibitor acts very similarly to a “BCR
inhibitor” in terms of inhibiting “tonic* pAKT levels, and ibrutinib does not yet induce
compensatory AKT phosphorylation via GAB1. Altogether, GABL1 inhibition can be used to
inhibit CLL migration, basal or BCR-induced AKT activity, and adaptive AKT activation
during ibrutinib therapy. In addition, despite the need to use high micromolar concentrations,
the GABL inhibition represents a novel concept that targets an adaptor protein required for
multiple cellular processes like migration or ERK and AKT activation. And this may represent
a promising therapeutic strategy not only in the treatment of CLL but also in other blood

malignancies like mantle cell lymphoma or acute myeloid leukemia (Figure 23 E).
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Figure 22. GABL inhibitors suppress migration and AKT activity. (A) Representative
immunoblots from primary CLL cells treated for 6 hours with various doses (10, 25, and
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50 uM) of 2 GABI1 inhibitors or with the same volume of vehicle (DMSO) or with culture
medium only (CTRL). This short-term treatment (6 hours) did not significantly impact
cell viability (data not shown). (B) The effect of various doses of GABL1 inhibitors on
CLL cells viability after 48 hours (n=5). The primary CLL cells were treated as described
in panel [A]. (C) Immunoblot for MEC1WT and MEC1AB1-KO cells treated for 6 hours
with 50 uM inhibitor GAB1-001 (left) or GAB1-004 (right). (D) The effect of various
doses (2.5-50 uM) of inhibitor GAB1-001 (Di) or GAB1-004 (Dii) on the viability of
MECIWT and MEC1%4B1KO cells (72 hours, n=7 replicates). (E) Effect of a GAB1
inhibitors on primary CLL cells migration (n=6). Cells were treated with inhGAB1-001
(25 uM) or inhGAB1-004 (25 uM) for 12 hours. Cells were subsequently stained with
CellTrace dye and loaded into a transwell, and migration continued for 4 hours toward
SDF1 (100 ng/mL), CXCL13 (250 ng/mL), 50% CM (produced by HS5 stroma cells), or
100% CM produced by primary human bone marrow MSCs (CM"™SC). (F) GAB1
inhibitor effect on primary CLL cell migration (n=7). Cells were treated with inhGAB1-
001 (25 puM) or inhGAB1-004 (25 puM) or ibrutinib (1 uM) or their combination for 12
hours. Cells were subsequently stained with CellTrace dye and loaded into a transwell,
and migration continued for 4 hours toward 50% CM (produced by HS5 stroma cells).
(G) Representative immunoblot from primary CLL cells treated with GABL1 inhibitors
(inhGAB1-001 or inhGAB1-004; 25 uM) and stimulated with anti-lgM. Primary CLL
cells were treated as described in panel A, and cells were divided into equal aliquots and
exposed to vehicle (CTRL) or anti-IgM (10 pg/mL, 5 minutes). (H) Effect of GAB1
inhibitors (6 hours pretreatment; 25 uM) on calcium influx in primary CLL cells after
SDF1 stimulation (100 ng/mL; arrow). lonomycin (indicated by + ionom arrow) was
added as a positive control.
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Figure 23. GABL1 inhibitors induce CLL cell apoptosis. (A) Representative
immunoblots of MECL cells pretreated with ibrutinib (1 uM) for 24 hours or 7 days and
subsequently exposed to vehicle (DMSO) or GABL1 inhibitors for 6 hours (inhGAB1-001
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or inhGAB1-004; 25 uM). (B) Statistical analysis of MEC1 cells’ viability (n=6). Cells
were pretreated for 7 days with ibrutinib (1 uM; fresh ibrutinib added every 48 hours) or
vehicle (DMSO; added every 48 hours), and subsequently exposed to GABL inhibitor
(inhGAB1-001; 25 uM) for another 48 hours. (Ci) Representative immunoblot of primary
CLL cells treated with 1 uM ibrutinib (ibru.) or equal volume of DMSO for 6 days. Cells
were incubated in media containing 5 ng/ml IL4. (Cii, Ciii) Effect of GABL1 inhibitors
GAB1-001 (Cii) or GAB1-004 (Ciii), alone or in combination with ibrutinib on the
viability of primary CLL cells (n=14). CLL cells were cultured in medium with IL4
(5 ng/mL) and simultaneously treated with ibrutinib (ibr; 1 uM) or vehicle (DMSO) for
6 days. Subsequently, the cells were treated with a combination of GABL1 inhibitors (2.5-
50 uM) and ibrutinib (1 uM), vehicle (DMSO), ibrutinib alone (1 uM), or GABI1 inhibitor
alone for an additional 48 hours. The color of the numbers below the graphs indicates the
combination of drugs for each column. Viability was assessed by DiOC6/PI staining. The
statistical significance of differences between the escalating doses of GABL1 inhibitor and
GABL inhibitor plus ibrutinib was evaluated by 2-way analysis of variance with the
Tukey test (both P<0.001); the combination for individual columns was evaluated by
paired Student t test (all P<0.05). Ctrl, negative control treated only with equal volume of
DMSO. (D) Statistical analysis of primary CLL cells’ viability (n=7) after 48 hours
treatment with ibrutinib (1 uM) or two different GAB1 inhibitors (inhGAB1-001 or
iINhGAB1-004; 25 uM) or their combinations. (E) Statistical analysis of JEKO (derived
from mantle cell lymphoma) or ML2 (derived from acute myeloid leukemia) cells’
viability (n=3) after 48 hours treatment with ibrutinib (1 uM) or two different GAB1
inhibitors (inhGAB1-001 or inhGAB1-004; 25 uM) or their combinations.
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8. Discussion

In the presented thesis and published manuscript Seda et al.,* we show that GAB1 is
upregulated by FoxO1 in the CXCR4M9MCD5YM subpopulation, which exhibits higher
migration potential towards immune niches. We observed that GAB1 increases the homing
capacity of CLL cells via influencing chemokine responsiveness and F-actin polymerization.
The increased GAB1 levels were demonstrated to positively regulate basal AKT activity, which
was underscored in the context of ibrutinib therapy. This kind of treatment induced the FoxO1-
GABL axis which resulted in the adaptive restoration of AKT phosphorylation. We have also

demonstrated that GAB1 activity can be blocked by novel inhibitors targeting its PH domain.

It has been hypothesized that the CLL cell recirculation can be studied by analyzing
CXCR4/CDS5 intraclonal subpopulations. The original experiments with blood samples from
patients who consumed heavy water (?H20) identified that CXCR49™CD59" cells represent
a fraction of cells that exhibited the highest proportion of incorporated ?H.1?2 And since the
proliferation of B cells and CLL cells occurs predominantly inside the lymphoid organs,®® it is
believed that CXCR4%MCD59" cells represent recent emigrants from immune niches. On the
contrary, CXCR4®9"CD5YM cells should be more responsive to microenvironmental
chemoattractant SDF1 due to higher CXCR4 levels.?22124126 |ndeed, the CXCR4PMCD5IM
subpopulation had a significantly higher capacity to migrate into the spleen from peripheral
blood of NSG mice than CXCR44MCD59 cells. And the similar pattern was observed in vitro
in transwell competitive migration assay towards chemoattractants such as SDF1, CXCL13,

and conditioned media produced by human mesenchymal stromal cells.

We have previously analyzed CXCR49MCD5"9" cells to understand the pathways activated in
the microenvironment.’312127 Here we hypothesized that analyzing the “resting” non-
proliferative CXCR49"MCD5%M sybpopulation could help to understand the factors influencing
their return back to immune niches. RNA sequencing of 20 sorted subpopulations (paired
samples from 10 CLL patients) identified 147 genes differentially expressed in CXCR4/CD5
subpopulations which were annotated in databases as migration-related. Among them, we
noticed the upregulation of GAB1 in the CXCR4"""CD5%M subpopulation, which we further
identified as a CLL cell migration-regulator. The genetic ablation of GABL1 in CLL cell line
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MEC1 largely inhibited their migration towards SDF1, CXCL13, conditioned media produced
by primary human mesenchymal stromal cells, and similar results were obtained with sSIRNA
against GABL in primary CLL cells. This was further supported by an in vivo competitive
migration assay in NSG mice showing that GAB1 knock-out cells or cells after GAB1 silencing
by siRNA exhibit impaired migration of malignant B cells to the spleen. This is in line with
data from muscle progenitor cells,?®® where genetic ablation of either GAB1 or CXCR4 resulted
in highly similar (but not identical) defects in migration to specific tissue locations, suggesting
that GAB1 has a non-redundant role in the CXCR4 pathway, but also in other cell-migration
mechanisms. Indeed, we further observed that CXCR4 ligand SDF1, induced GAB1
phosphorylation within minutes, and similar activation was observed after treatment with
CXCL13 or conditioned media produced by primary human mesenchymal stromal cells.
Importantly, the treatment of MEC1 cells with specific CXCR4 inhibitor plerixafor largely
blocked GABL1 activation induced by SDF1 but did not block the phosphorylation induced by
conditioned media, indicating that GABL1 is involved signal integration of various chemokine-
receptors. We further demonstrated that GABL1 levels positively affect F-actin polymerization
and cell motility in response to chemokines. This could be functionally linked to the GAB1
acting as a cell-membrane docking site for multiple proteins involved in migration such as
PI13K 169185 ERK %% PLCy, Crk, or CrkL proteins.®® Indeed, we have shown here that GAB1
positively affects the activity of PI3K, a known regulator of F-actin polymerization and CLL
and T cell migration.18:3%8307 Taken together, the data show that GAB1 positively regulates the
response of CLL cells to multiple chemokines, and its accumulation in cells increases their

homing capacity.

To reveal potential transcriptional regulator that regulates GAB1 overexpression in
CXCR4P9MCD5YM cells, we overlapped our list of genes differentially expressed in
CXCR4/CD5 subpopulations with the list of known transcriptional factors.?®® We further
selected FoxO1 (from 20 candidates) as a potential regulator of GAB1 expression, since it was
previously identified as a regulator of T cell homing,** migration of B cells within the germinal
centers,**”2% and has multiple putative evolutionary conserved binding sites upstream from the
GAB1 promotor. Our further experiments identified that FoxOl is accumulated in
CXCR4P9MCD5YM cells and directly transcriptionally activates GAB1. It is known that AKT
activity negatively regulates FoxO1 by mediating inhibitory Fox0152%¢ phosphorylation,
resulting in its subsequent translocation from the nucleus to the cytoplasm and further

degradation.'%>1% In the context of migration, the long-term circulating cells usually exhibit
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just weak activation of AKT,'? which allows for FoxO1 stabilization and subsequent
upregulation of GAB1 and increased cell homing capacity to immune niches. Whereas in the
microenvironment AKT is robustly phosphorylated which leads to FoxO1 degradation and
subsequent GAB1 down-modulation. Indeed, a strong AKT phosphorylation induction in CLL
cells after adhesion or BCR activation led to FoxO1 degradation and concurrent GAB1 down-
modulation. In addition, FoxO1’s genetic ablation or its silencing by siRNA also resulted in
decreased B cell migration capacity in a fashion similar to GAB1 knock-out. The positive role
of FoxO1 in migration was previously demonstrated during migration of dendritic cell,?® T
cell,** and normal B cell migration within the germinal centers.'®"?%! In our data, several
migration-related genes (such as ITGB2, PIK3CA, NF1, ETS1, ST14, LRRK2, APBB2), which
are putative FoxOl1 targets, were differentially expressed in CXCR4/CD5 subpopulations
(P<0.001). This suggests that FoxO1 might contribute to the regulation of CLL migration by

inducing GAB1 and also other genes.

In B cells GAB1 function was originally linked to BCR activation, as it contains multiple
binding sites for SH2 domain-containing proteins,}’? which is crucial especially in PI3K
docking to the B cell membrane connecting BCR-activation with AKT phosphorylation.'6®
Surprisingly, here we have identified another GAB1 function by describing its role in increasing
the so-called “tonic” PI3K/AKT signaling. Constitutive PI3K activity was previously observed
in most peripheral blood CLL samples,®3!! but here we identified that this basal
phosphorylation of PI3K subunit p85 is regulated by GAB1 levels. This is of note since “tonic”
PI3K/AKT signaling was demonstrated to be essential for B cell survival > In the context of
CXCR4/CD5 subpopulations, the upregulated GAB1 in CXCR4PMMCD5Y™ CLL cells in
peripheral blood not only contributes to higher migration capacity but also supports “tonic”
PI3K/AKT activity. This might help to explain the previously noted association of higher GAB1
levels with unfavorable prognosis in CLL.2 Altogether, these data suggest an interdependent
balance of AKT activity and the FoxO1-GABI1 axis, which maintains “tonic” pAKT in CLL
cells that do not have access to microenvironmental interactions.

This is important in the context of ibrutinib therapy since this kind of treatment prevents CLL
cells from homing.?63% Lack of activation factors in peripheral blood thus strengthens the
FoxO1 transcriptional activity, leading to GAB1 upregulation and compensatory activation of
AKT. This mechanism of AKT activation is surprising since FoxO1 activity was shown to be
mutually exclusive with PI3K activity.32 However, we have shown here that weak or moderate

AKT activity is not mutually exclusive with FoxO1 nuclear localization in CLL. A similar trend

- 83 -



Discussion

was observed in some B cell lymphomas that tend to gain an oncogenic constitutive FoxO1
nuclear activity even in the presence of robust AKT activity.’®® Interestingly, FoxO1 was
described as a positive regulator of proteins arresting the cell cycle. Therefore it is plausible
that in the CXCR4MMCD5Y™ subpopulation FoxO1 has a dual role — on one hand, it
upregulates proteins involved in the cell cycle arrest,3!2 to prevent the proliferation of misplaced
cells, and on the other hand, it upregulates GAB1 to increase CLL cell homing and sustain their
survival by maintaining “tonic” AKT activity.

Recently, new GABL inhibitors targeting its PH domain were synthetized and we demonstrated
that they can suppress CLL cell migration towards microenvironmental cytokines like SDF1,
CXCL13, or conditioned media produced by primary human mesenchymal stromal cells.
Importantly, GABL1 inhibitors also impaired BCR induced AKT activity, and compensatory
AKT phosphorylation during ibrutinib treatment, which was accompanied by decreased
viability of treated cells. We also observed that targeting of GAB1 PH domain negatively
affected ERK phosphorylation, which is in line with previously published data demonstrating
that ERK activation in an SHP2-dependent manner is highly dependent on the NH»-terminal
PH domain of GAB1.179304313 | addition, GAB1 might represent a promising therapeutic target
whose inhibition exhibit a different toxicity profile to commonly used drugs targeting PI3K or
CXCR4 proteins. This will, however, require further development of more potent GAB1
inhibitors since their effect on CLL cell migration, pAKT suppression, and cell viability was
observed only at higher concentrations.

In summary, in this thesis we described a novel FoxO1-GAB1-dependent mechanism of CLL
cell homing and maintaining of “tonic” AKT activity. We showed that CLL cells isolated from
patients undergoing ibrutinib treatment exhibit compensatory activation of AKT and that this
could be targeted by novel GABL inhibitors (Figure 24). In the end, we showed that targeting
of GAB1 may represent a promising strategy also in other hematological malignancies such as

mantle cell lymphoma or acute myeloid leukemia.
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Figure 24. GAB1 regulation by FoxO1 and its role in CLL migration and tonic AKT
activity: a novel therapeutic target. GAB1 is upregulated by FoxO1 during the
transition of intraclonal CLL cell subpopulation from CXCR4YMCD519 jnto
CXCR4ProntCp5Ym cells, This increases the homing capacity of CXCR4PMIMCD5Y™ cells
and also sustains pro-survival tonic AKT activity. During microenvironmental
interactions (reflected in CXCR4Y™CD5P9" cells) GABL is involved in signaling from
BCR and other cell surface receptors, and subsequent AKT activation represses GAB1
transcription via FoxO1l. GABL1 inhibitors impair cell migration, inhibit tonic or BCR-
induced AKT phosphorylation, and block compensatory AKT activity during ibrutinib
therapy.
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9. Conclusion

The results presented in this thesis are explaining the largely unknown mechanism of how CLL
cells regulate their decision to return to the immune niches and how they balance their survival
in peripheral blood. We have shown that the CXCR4"CD5%™ cell subpopulation exhibits
higher migration capacity towards microenvironmental cytokines like SDF1 or CXCL13 and
into immune niches of NSG mice. The sequencing of CXCR4/CD?5 intraclonal subpopulations
revealed differential expression of dozens of migration-related genes, including GAB1, which
was upregulated in the CXCR4PM9MCD54™ subpopulation. This is of note since GAB1 protein
was demonstrated to act as a migration regulator in non-immune cells.?®*?! However, its role
in lymphocyte migration was not investigated. Our experiments in CLL cells demonstrated that
GABL protein is activated in response to various chemoattractants, and its expression positively
affects cell migration towards cytokines such as SDF1 or CXCL13 or towards immune niches
of NSG mice. We found that gradual GAB1 accumulation in CLL cells outside of immune
niches is mediated by FoxO1, given that it transcriptionally activates the GAB1 gene. We have
also demonstrated that GAB1 upregulation takes a role in increasing basal AKT
phosphorylation, which is required to sustain CLL cell survival.®'! This is important in the
context of ibrutinib therapy since this kind of treatment prevents CLL cells from homing. The
analysis of primary CLL samples collected before and during ibrutinib therapy demonstrated
the induction of the FoxO1-GAB1 pathway and subsequent compensatory activation of the
AKT signaling. We have further shown that novel inhibitors targeting the GAB1 PH domain
suppress cell migration, tonic AKT activity, and compensatory activation of AKT during
ibrutinib treatment. The treatment of primary CLL cells with GABL1 inhibitors reduced their
viability and this was synergic in combination with ibrutinib. Despite the necessity to improve
attributes of GAB1 inhibitor, our proposed model represents a novel and promising strategy not
only for the treatment of CLL but possibly also for the treatment of other hematological

malignancies such as mantle cell lymphoma or acute myeloid leukemia.
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16. Summary of the thesis

The results presented in this thesis are explaining the largely unknown mechanism of how CLL
cells regulate their decision to return to the immune niches and how they balance their survival
in peripheral blood. We have experimentally validated that the CXCR4PMotCpsdim
subpopulation exhibits significantly higher migration capacity towards microenvironmental
cytokines like SDF1 or CXCL13 and mouse spleen in comparison to CXCR44™CD5P9", The
sequencing of these two populations further revealed 147 differentially expressed genes
annotated in databases as migration-related and among them, we noticed upregulation of GAB1
mRNA in the CXCR4™"CD5M sybpopulation. Subsequent in vitro and in vivo experiments
proved that GABL1 is activated in response to microenvironmental cytokines and controls the F-
actin polymerization, cell motility, and migration. We further demonstrated that the whole
mechanism responsible for GABL stabilization in long-term circulating cells is dependent on
the FoxO1 transcription factor. Next, we observed that GAB1 levels positively correlate with
basal AKT phosphorylation, and we demonstrated that the modulation of GAB1 levels in vivo
may show significant consequences on malignant CLL cell line growth. Our observations were
further discussed in the context of targeted therapy by ibrutinib, given that the CLL cells are
utilizing the mechanism FoxO1-GABL1 upregulation to compensatory activate the AKT
signaling in a relatively short period of time. In the final chapters of this thesis, we demonstrated
that this adaptation mechanism can be targeted by novel GABL1 inhibitors. Such treatment
inhibited not only AKT activation, but also migration of CLL cells and contributed to increased
apoptosis of not only CLL but also other blood cancers such as mantle cell lymphoma or acute

myeloid leukemia.
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Abstract

The physiology of B cells is intimately connected with the function of their B-cell receptor (BCR). B-cell
lymphomas frequently (dys)regulate BCR signalling and thus take advantage of this pre-existing pathway
for B-cell proliferation and survival. This has recently been underscored by clinical trials demonstrating that
small molecules (fosfamatinib, ibrutinib, idelalisib) inhibiting BCR-associated kinases (SYK, BTK, PI3K) have
an encouraging clinical effect. Here we describe the current knowledge of the specific aspects of BCR
signalling in diffuse large B-cell lymphoma (DLBCL), follicular lymphoma, chronic lymphocytic leukaemia
(CLL) and normal B cells. Multiple factors can contribute to BCR pathway (dys)regulation in these
malignancies and the activation of ‘chronic’ or ‘tonic” BCR signalling. In lymphoma B cells, the balance of
initiation, amplitude and duration of BCR activation can be influenced by a specific immunoglobulin
structure, the expression and mutations of adaptor molecules (like GAB1, BLNK, GRB2, CARD11), the
activity of kinases (like LYN, SYK, PI3K) or phosphatases (like SHIP-1, SHP-1 and PTEN) and levels of
microRNAs. We also discuss the crosstalk of BCR with other signalling pathways (NF-xB, adhesion
through integrins, migration and chemokine signalling) to emphasise that the ‘BCR inhibitors’ target
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multiple pathways interconnected with BCR, which might explain some of their clinical activity.
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It is known that the pathogenesis of B-cell lymphomas is
connected with the differentiation stage of B cell which
gives rise to the malignant clone. The proliferation and dif-
ferentiation of B cells is closely connected with the function
and maturation of their B-cell receptor (BCR). It is the vari-
ability of the immunoglobulin component of the BCR and
the ability of a selected B cell to clonally proliferate in
response to infection, which is the stem of adaptive immu-
nity. This defence mechanism includes steps like DNA
strand breaks, DNA mutations, loss of genetic material (dur-
ing rearrangement of immunoglobulin subgenes) and clonal
cell proliferation (to produce large amounts of antibodies).
This provides essential protection for the organism but is
also coupled with risk of this unique molecular pathway’s
deregulation. The germinal centres in lymph nodes play a
central role in these processes and is also a source of many
Ilymphoma types, especially follicular lymphoma (FL), dif-

© 2014 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd

fuse large B-cell lymphoma (DLBCL) and Burkitt’s lym-
phoma (BL). Recently, the application of RNA interference
screens and genomewide sequencing have provided a funda-
mental insight into the pathogenesis of these B-cell malig-
nancies. It has been revealed that malignant B cells not only
frequently translocate a part of the immunoglobulin gene to
upregulate proto-oncogenes (like BCL2, cMYC, BCL6), but
also harbour mutations that turn-on the BCR signalling and
thus take advantage of this pre-existing ‘programme’ for B-
cell proliferation and survival. These observations have
recently been underscored by clinical trials demonstrating
that small molecules inhibiting various BCR-associated kin-
ases have encouraging clinical effect. BCR pathway is not
only central to the onset of B-cell malignancies, but they
retain dependence on its functionality, which is providing a
therapeutic target. However, this is only the beginning of an

evolving field of research, as better understanding is needed
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to reveal (i) how and why malignant B cells are dependent
on BCR signalling, (ii) how BCR-signalling crosstalks with
other molecular pathways like NF-«B and B-cell adhesion/
migration, and (iii) how to identify patients who would ben-
efit from BCR inhibitors and design combinatorial therapeu-
tic approaches. In this review we will discuss these
questions and describe the current knowledge of BCR regu-
lation in normal and (dys)regulation in malignant B cells.

BCR signalling in normal B cells

B-cell receptor is a transmembrane protein complex that con-
trols B-cell fate from the beginning of its expression in the
form of pro-BCR and pre-BCR and thus guides cell matura-
tion, survival, anergy and the production of antibodies in
plasma B cells [reviewed in (1, 2)]. Each normal mature B
cell has a pair of heavy- and light-chain immunoglobulins
which are the result of random rearrangement of immuno-
globulin subgenes, creating a unique antigen-binding site.
This BCR surface component is connected to a network of
kinases and phosphatases that tune and amplify its activa-
tion. Surface immunoglobulin (Ig) itself does not have
kinase activity. This is ensured by non-covalent coupling
with the heterodimer of Iga and Igp (CD79A, CD79B) pro-
teins. Each of the CD79A and CD79B subunits contain a
single immunoreceptor tyrosine-based activation motif
(ITAM), which is composed of two conserved tyrosine resi-
dues. Antigen-induced BCR aggregation and its conforma-
tion changes lead to LYN-mediated phosphorylation of
ITAMs, which is the moment of BCR cascade activation.
The phosphorylation of ITAMs creates docking sites for
SH-2-domain-containing proteins, such as spleen tyrosine
kinase (SYK) and further recruitment of more LYN kinase
(3). Other tyrosine kinases like FYN and BLK also contrib-
ute to this process.

The SYK and Bruton tyrosine kinase (BTK) act as crucial
components to couple BCR to more distal signalling, largely
via the activation of and interaction with B-cell linker pro-
tein (BLNK). Proper BCR signalling requires the presence
of BTK, whose inactivation by mutations in mice or humans
lead to the absence of mature B cells and agammaglobulin-
emia due to defects in B-cell development (4). The B cells
with non-functional BTK fail to recognise that Ig was suc-
cessfully rearranged at the pro-B-cell stage due to a lack of
BCR signalling and therefore do not proliferate and die of
apoptosis. The activation of BTK depends on the ability of
SYK to phosphorylate phosphoinositide 3-kinase (PI3K),
which is needed to bind PI3K in the proximity of its sub-
strate in the plasma membrane (5). PI3K-binding is mediated
by its association with multiple proteins that serve as dock-
ing sites, namely CD19, B-cell adaptor for phosphoinositide-
3-kinase (BCAP), GRB2-associated-binding protein 1 and 2
(GAB1/2) (6, 7). These adaptor molecules serve in recruiting
and assembling BCR signalosome and the amplification of
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its signal. The functional significance of this apparent redun-
dancy in PI3K recruitment is largely unknown, but probably
defines the amplitude and duration of PI3K activity (8).
PI3K recruitment can bypass SYK by LYN binding directly
to PI3K, which however, creates only a weak increase in
PI3K activity (9). Activated PI3K phosphorylates phosphati-
dylinositol biphosphate (PIP2) resulting in second messenger
PIP3, which serves as a docking site to recruit other effector
proteins like BTK and AKT, phospholipase Cy (PLCy) and
protein kinase C f (PKCp) (10). Furthermore, BCR activa-
tion affects other signalling pathways, such as Janus kinases,
ERK/MAPK, NF-xB, and mammalian target of rapamycin
(mTOR) (Fig. 1) (9, 11).

It is interesting to note that LYN plays a dual role in
BCR signalling by triggering an important negative regula-
tory feedback reaction mediated by phosphatases that limit
the BCR activation. This is best illustrated by LYN-deficient
mice which, in contrary to an intuitive expectation, have
enhanced BCR signalling (12). The function of LYN in
ITAM phosphorylation is somehow redundant, but its nega-
tive regulatory action is indispensable. The readiness of
LYN to perform its function is regulated by a well-known
surface molecule present on B cells, namely CD45. This
phosphatase removes an inhibitory phosphorylation on LYN
(Y508) which is provided by CSK, a C-terminal src tyrosine
kinase (13). This is necessary to maintain a balanced amount
of ‘ready to act’ LYN to initiate BCR signalling (14). As
mentioned previously, LYN kinase counteracts its own activ-
ity to limit BCR pathway by phosphorylating immunorecep-
tor tyrosine-based motifs (ITIMs) in CD22 and FCyRIIB.
CD22 and FCyRIIB serve as a docking sites for PTEN and
SHIP-1 and 2. These remove the 3’ phosphate of phosphati-
dylinositol (3,4,5)-triphosphate (PIP3) and thus attenuate and
balance signalling downstream of PI3K (Fig. 1) (15-17)
[reviewed in (18)]. This inhibitory pathway dependent on
LYN is also activated by prolonged exposure to autoantigens
and is the basis of eliminating auto-reactive B cells.

Taken together, BCR signal transduction is a labyrinth of
regulatory cascades working together with other stimuli to
control the highly specialised functions of B cells. The
above-described process of BCR pathway activation is a
very general model which does not take into account that
this process can be modulated in the context of lymphatic
tissue or peripheral blood and differs based on the matura-
tion stage of the B cell. It is likely that class switching of
immunoglobulin and/or its somatic hypermutations might
change the nuances in BCR signalling. A key feature of
immunological memory is the production of high affinity, is-
otype-switched antibodies in response to antigenic challenge.
In antigen-experienced B cells with class switched Ig from
IgM/IgD to IgG, the BCR signalling is not only propagated
through CD79A/B but also through the extended cytoplas-
mic tail of IgG (19). IgG BCRs are enhanced in driving
early antigen-dependent events as compared to IgM BCRs
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Pro-proliferative, anti-apoptotic pathways

Figure 1 B-cell receptor transduction cascade. BCR signalling is triggered after its engagement by antigens or by self Ig-binding. On the right side
of the figure is displayed a possible mechanism of ‘tonic’ BCR signalling mediated by recruitment of PI3K via TC21. In B cells, the balance of initi-
ation, amplitude and duration of BCR activation can be influenced by a specific immunoglobulin structure, adaptor molecules (like GAB1, BLNK,
GRB2, CARD11), the activity of kinases (like LYN, SYK, PI3K) or phosphatases (like SHIP-1, SHP-1 and PTEN) and levels of microRNAs (miR-155,
miR-150). BCR activates downstream pathways such as PI3K/AKT, NF-kB or ERK/MAPK, which were described as regulators of B-cell survival
and proliferation.

(20). Additionally, Batista and colleagues recently reported
differences in the steady-state behaviours of IgM, IgG and
IgD in the absence of antigen (21). These differences were
influenced by the cytoskeleton-defined network affecting
BCR movement by creating boundaries that restrict its diffu-
sion. It has been also proposed that mature B cells have a
qualitatively distinct BCR signalling.

It is the mature B cell which has already passed through
the checkpoints of pro- and pre-BCR receptor, elimination
of auto-reactivity, and thus needs to be maintained as a pool
for future selection of antibody-producing clones. It seems
logical that in the absence of antigen the BCR signal is not
fully turned off but retains a basal activity that could be
termed ‘tonic’. This has been elegantly demonstrated in mice
with conditional deletion of IgM in mature B cells, which
resulted in their rapid apoptosis (22). The most straightfor-
ward interpretation of this observation is that the BCR pro-
vides a survival signal to these cells. Such a signal could be
B cell-autonomous and depend upon the assembly of the
BCR complex as such or its interaction with other molecules
on the B-cell surface. Alternatively, B-cell survival could be
mediated by low-level signals generated by a low affinity
interaction of BCR with self or environmental antigens. The
idea of autonomous tonic signalling is supported by the

© 2014 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd

observation that all B cells in BCR-less mice were elimi-
nated, irrespective of their individual immunoglobulin
heavy/light chain (IGHV/IGL) rearrangements and BCR
structure. The B-cell elimination in these mice was based on
apoptosis and was relatively rapid (within approx. 3 wks).
This would suggest the existence of ‘tonic’ BCR signalling;
however, this is still debated. It has been shown that intro-
ducing PI3K may rescue BCR-less mature B cell from
apoptosis by directly associating with non-phosphorylated
CD79A (23, 24). The rescue of BCR-less B cells cannot be
achieved upon activation of the canonical NF-kB pathway
(23). How PI3K signalling without a ligand binding to BCR
is initiated in resting mature B cells is not understood. In
some recently proposed models (25), the antigen receptors
are connected to the PI3K pathway by GTPase TC21, which
directly recruits the catalytic subunit of PI3K to the non-
phosphorylated ITAMs of these receptors (Fig. 1). In this
scenario, the PI3K-mediated survival signal is independent
of BCR engagement by an external ligand. It is interesting
in this context that in T cells lacking T-cell receptor (TCR)
expression, the inactivation of a negative regulator of tyro-
sine kinases, c-src tyrosine kinase (CSK) results in a normal
compartment of peripheral blood T cells and analogically
inhibition of PTEN can rescue BCR-less B cells (23, 26).
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The rapid response to BCR stimulation would in general
suggest that there is a pre-existing complex on the mem-
brane, and this could be the basis for ‘tonic’ signalling.
Additionally, it is not clear if the LYN kinase, as the first
BCR-responsive kinase, is pre-recruited to the BCR/ITAMs
or its recruitment is based on BCR aggregation. The data
indicate that once expressed on the surface, the BCR orga-
nises protein tyrosine phosphatases, kinases and their sub-
strates into a transducer complex. The tyrosine phosphatases
in this complex do not permit strong or constant activation
of the signalosome but might allow for some signalling (27).
This indirect evidence suggests that alterations in critical
BCR features which promote its oligomerisation may lead to
spontaneous activation in B cells. Microscopic analysis of
BCR organisation on cell membranes led to the observation
that cells derived from more aggressive subtypes of DLBCL
and cultured in vitro more frequently have spontaneously
organised clusters of BCRs (28, 29).

These observations are not conclusive but indicate that in
malignant B cells, BCR signalling can be initiated by BCR
clustering after their engagement by self IGHV binding
(Fig. 1) (30). However, it is well accepted that classical anti-
gen-induced BCR signalling plays an important role in lym-
phomas coupled with infections like mucosa-associated
lymphoid tissue lymphoma (MALT) and Helicobacter pylori,
or splenic marginal zone lymphoma (SMZL) and hepatitis C
virus. Additionally, recognising autoantigens and/or aberrant
activation of BCR pathway by genetic aberrations are pres-
ent in other lymphomas.

BCR signalling in lymphomas

The germinal centre reaction in response to antigen is
orchestrated by a number of transcription factors [reviewed
in (31)] and also turns on activation-induced cytidine deami-
nase (AID), responsible for somatic hypermutations of
DNA. This modifies the specificity of Ig and also allows
class switch recombination to IgG/A/E. The germinal centre
B cells therefore undergo significant DNA modifications/
damage, they have to be naturally resistant to it to a certain
extent, and this might be the reason why they are a founding
cell for multiple types of lymphomas (FL, DLBCL, BL).
AID can create mutations outside Ig and introduce double-
strand breaks which lead to chromosomal translocations.
Such cells acquire translocations of the heavy chain immu-
noglobulin gene (IgH) with proto-oncogenes like BCL2 and
c¢cMYC, which allows them to avoid cell death. It is impor-
tant to note that lymphoma B cells retain a second produc-
tively rearranged Ig allele allowing them to potentially
receive antigen-stimulation or antigen-independent signalling
from BCR.

Lymphomas like BL, FL and subtypes of DLBCL typi-
cally utilise the IgM constant region in formation of the
BCR, although most of these cells are derived from germinal
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centre with typical isotype switched Ig to IgG (32). There is
a preference to maintain IgM expression on malignant B
cells, which is evidenced by the isotype switch of their
translocated IgH (like IgH-BCL6 or IgH-cMYC), but no iso-
type switch of the productively rearranged IgH forming the
BCR (33). An explanation for this might be their qualita-
tively distinct signalling outputs. The IgM membrane pos-
sesses only two amino acids on its cytoplasmic end, thus
most signals from IgM-BCR emanate from CD79A and
CD79B, which trigger pro-survival pathways such as NF-
kB. Whereas IgM BCRs initiate signals exclusively through
CD79A/B, IgG-containing BCRs also use other conserved
tyrosine residues in the cytoplasmic segments of their immu-
noglobulin heavy chains. When phosphorylated, these tyro-
sines recruit the adaptor protein growth factor receptor-
bound protein 2 (GRB2), resulting in sustained protein
kinase activation and prolonged generation of second mes-
sengers, which together culminate in enhanced B cell prolif-
eration (19, 34, 35). IgG-BCR signalling is further mediated
via ERK/MAPK and other MAPK pathways, which play an
important role in plasmacytic differentiation and cell prolif-
eration (Fig. 1) (36, 37). This indirectly indicates that the
preferential presence of IgM on many lymphomas relates to
the as yet unknown nature of the antigen and/or signalling
which can be provided by IgM rather than IgG.

The presence of IgM vs. IgG also associates with two sub-
types of DLBCL, which were described based on gene
expression profiling, and further prognostically stratify these
patients (38). Germinal centre B-cell-like (GCB) DLBCL
subtype is characterised by the expression profile of germi-
nal centre B cells, including the presence of somatic hyper-
mutation and class switching to IgG. Activated B-cell-like
(ABC) subtype resembles in vitro activated B cells or plas-
matic cells, which are dependent on BCR signalling. In these
cells, IgM expression is probably maintained as a conse-
quence of genetic deletions within IgH switch regions,
resulting in the blocking of class switch recombination to
other isotypes (33).

The pioneering work of Dr. Staudt’s group took advan-
tage of RNA interference technology and investigated
which molecular pathways are most intimately connected to
survival and proliferation of ABC- vs. GC B-cell lines.
This showed that ABC DLBCL cells rely on the anti-apop-
totic NF-kB pathway for survival, and especially on the
presence of its organising complex CBM built from an
adaptor molecule CARDI11, BCL10 and MALT1. Addition-
ally, the analysis of primary material from patients revealed
the presence of mutant forms of CARDII in ~10% of
cases. This was a typical feature of ABC DLBCL and is in
line with gene expression analysis which previously pointed
to the NF-jB pathway activation in these cells (38).

CARDI11 mutation induces spontaneous aggregation of
CBM complex and activates NF-kB constitutively (39).
The addiction to the CARD11 pathway is a phenotype that
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is positively selected during the evolution of these lympho-
mas (39). CARDI1 mutations may allow the lymphoma
cells to engage the NF-kB pathway in the absence of anti-
gen receptor signals, however, might also sensitise the cells
to natural modes of its activation (39). In most ABC
DLBCL cells, the CARDI11 is not mutated, but the tumour
cells’ survival still depends on CARDI11 and NF-kB. The
activation of NF-kB can be delivered by multiple signals,
but in B cells, it is known to be largely and directly depen-
dent on BCR and BTK (40). The knockdown of any BCR
components (IgH, CD79A and CD79B) or proximal effec-
tors (SYK, PLCy2, PI3K, PKCB, BTK, BLNK) causes
apoptosis in ABC DLBCL (29).

Compelling evidence for the importance of BCR in
lymphomas came from targeted sequencing of BCR-involved
genes. The sequence and structure of the Ig itself is
‘suspicious’ in lymphomas, especially in chronic lympho-
cytic leukaemia (CLL). Most cases of CLL express IgM and
IgD, and it was an unexpected observation that the presence
or absence of somatic hypermutations in IGHV variable
region genes is a robust determinant of patient’s prognosis
(41). The subsequent identification of quasi-identical BCR
Igs among unrelated patients with CLL suggests that either
common antigen or common feature of such BCR is
involved in CLL pathogenesis. These ‘stereotypy’ BCRs are
present in ~30% of CLL cases and can be further categor-
ised into ‘subsets’ according to shared Ig structural charac-
teristics (42, 43). The biased BCR repertoire was also
observed in mantle cell lymphoma (MCL) (44). However,
the functional significance of these subsets and stereotype
BCRs is still elusive. In the majority of CLLs with IGHVs
lacking somatic hypermutations, these are polyreactive anti-
bodies, recognising self- and exo-antigens, such as DNA,
lipopolysaccharides, oxidised low-density lipoprotein and the
cytoskeletal antigens myosin and vimentin (45-49). A poten-
tial antigen bound by a subset of CLL BCRs was recently
discovered, namely a yeast/fungi cell wall component (50),
and antigens that are found on apoptotic cells and inflamma-
tory tissues were described for other BCRs expressed in
CLL (51). A controversial study also provided evidence for
autonomous antigen-independent BCR signalling in CLL
(30). It was proposed that this is based on the recognition of
an epitope in the BCR itself and was specifically observed
for CLL derived Ig. It seems unlikely this would be a sole
direct mechanism for CLL onset, but it is noteworthy that
mutations in BCR-associated proteins are uncommon in
CLL (52, 53). It is tempting to speculate this is because
BCR signalling is already activated sufficiently in these
malignant cells by either antigen or autonomous signalling.
An alternative explanation could be that CLL cells would
not tolerate BCR activation by mutations present in some
lymphomas, due to their developmental stage. Importantly,
BCR-signalling responses in CLL cells are heterogeneous,
being more active in cases without somatic hypermutations
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in IGHV, and these associate with the clinical outcome (54,
55). Interestingly, the BCR-signalling propensity in CLL can
be directly affected by microRNAs and thus influence dis-
ease aggressivity (56-58).

Similar to CLL, indolent FL cells rarely harbour muta-
tions in BCR—associated proteins. Their resistance to apop-
tosis is ensured by SYK expression. In contrast to normal
B cells or CLL cells, FL cells have a higher SYK expres-
sion, and it is also mostly expressed as its phosphorylated
form (59). This event is critical for the activation of the
PI3K/AKT pathway and other pro-survival signalling such
as mTOR (59, 60). But the mechanism underlining the
increase in SYK activity still remains elusive, and it is
unclear if it is through upstream deregulation of BCR sig-
nalling. Upregulation of SYK has also been observed in
MCL, where amplifications of its locus are sometimes
present and constitutive activation of NF-kB and AKT is
common (61, 62).

On the contrary, in DLBCL BCR signalling is directly
affected by frequent mutations in CD79A/B, an indispens-
able component of BCR signalling. Mutations in ITAM
motifs occur in ~20% of patients with the aggressive ABC
subtype primarily affecting tyrosine residue in CD79B either
by deletion or by substitution with another amino acid (29).
Mutations in CD79A occur rarely as well as complete dele-
tion of CD79B or CD79A (29). Importantly, cells always
retain one fully intact CD79A or CD79B ITAM, which
enables full activation of SYK and downstream BCR signal-
ling (63). The significance of mutations in CD79B was
described in a mouse model, in which the signalling tails of
CD79B were mutated. These mice were able to develop
mature B lymphocytes, but in contrast to normal mice,
enhanced BCR signalling was detected in mutant cells. This
may be due to reduced BCR internalisation as well as the
elevated expression of surface IgM. Moreover, stimulation
of B cells with CD79B mutation evokes longer and stronger
activation of AKT signalling pathway (64). Similar results
were observed in human B lymphocytes (29, 65-67). In con-
trast to normal cells, the cells with mutated CD79B are more
resistant to the negative effects of protein tyrosine kinase
LYN, for example, BCR internalisation (29, 66—69). Thus,
mutations in CD79A and B probably might positively affect
the amplitude and duration of BCR signalling and/or allow a
premalignant B cell to escape anergy via impairing LYN
kinase activity (66, 67). In CLL, the balance of BCR signal-
ling shifts through a permanent activation of LYN. This is
responsible for the anomalously high cellular tyrosine phos-
phorylation in CLL. Because CSK, a negative regulator of
LYN, is similarly expressed in normal and CLL cells, the
constitutive activity of LYN could be due to the fact that the
amount of CSK is insufficient to inactivate LYN. As Ig
expression is anomalous in CLL cells, a possible explanation

of this observation might also be that ongoing BCR activa-
tion leads to LYN upregulation (70). As a consequence, high
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levels of LYN mediate procaspase 8 dimerisation, which
blocks apoptotic signalling in CLL (71).

In another subgroup of ABC DLBCL, the mutation of
myeloid differentiation primary response gene 88 (MYDS88)
is present in ~30% of cases (72). In normal cells, MYD88
works as an adaptor protein that in response to stimuli cou-
ples Toll/interleukin-1 receptor (TIR) homology domain-con-
taining proteins such as the toll-like receptors (TLRs) or
some cytokine receptors. Subsequently, MYDS88 interacts
through its own death domains with interleukin-1 receptor-
associated kinase (IRAK) family kinases and activates differ-
ent downstream-signalling pathways such as NF-kB and p38
or other MAPKs (72, 73). It is interesting to note that it is
again a deregulation of an adaptor molecule, and this seems
to be a recurrent theme in B-cell lymphomas. In the malig-
nant cells, substitution in the TIR domain of MYD88 was
described, which replaces leucine at position 265 with pro-
line (L265P) (72). Cells with the MYD88 L265P mutation
secrete greater amounts of chemokines and cytokines, for
example, interleukin-6 and interleukin-10. These cells repre-
sent possible positive regulators of autocrine signalling and
thereby promote the survival of malignant cells (53, 74).
This mutation is rare or absent in other lymphomas such as
GCB DLBCL but occurs in ~5% of CLL cases with mutated
IGHV (53). Furthermore, genetic and functional analysis
suggests chronic active BCR signalling and MYD88-depen-
dent signalling cooperate in the survival of ABC DLBCL.
This is supported by evidence of the fact that more ABC
DLBCL has both MYDS88 L265P and CD79A/B ITAM
mutations than would be expected by coincidence. Besides,
knockdown of MYDS88 and CD79A acts in synergy in
case of cell killing, indicating these two pathways are not
redundant (72).

The activity of the BCR-signalling pathway and its ability
to protect cells from apoptosis is dominantly dependent on
PI3K. The connection of PI3K to BCR is mediated by
redundantly acting adaptor molecules like GAB1. We have
recently shown that GAB1 levels determine the propensity
of BCR signalling in CLL (56). GAB1 serves as an adaptor
protein for important components of BCR pathway (75).
GABI is activated upon B-cell stimulation after its recruit-
ment to the plasma cell membrane and is phosphorylated by
different PTKs such as SYK, LYN or FYN (76-78). Its acti-
vation results in the recruitment and activation of PI3K,
which triggers the major pro-survival pathways in the B cell
as described previously. GABI1 is also involved in other
pathways where it serves as a docking/scaffolding for PLCry,
CRK and CRKL proteins (79). Interestingly, GAB1 can also
serve as mediator of positive feedback for PI3K activation.
Non-phosphorylated GAB1 in cytoplasm is able to bind via
its PH domain to the product of PI3K—PIP3 in the plasma
cell membrane, which brings it to the proximity of protein
tyrosine kinases (PTKs). GAB1 phosphorylation results in
the stronger activation of PI3K-signalling pathways (Fig. 1)
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(80). Silencing GABI1 directly downmodulates the calcium
flux after BCR crosslinking on the B-cell membrane. We
have shown GABI1 expression is regulated via microRNA
miR-150, which represents the first case of non-coding
RNAs role in BCR signalling (56). This resembles miRNA’s
known role in balancing TCR-signalling strength and PI3K
signalling in T cells (81).

This is not the only example of BCR regulation by adap-
tors in lymphomas as one of the most commonly used prog-
nostic markers in CLL, namely zeta-chain (TCR)-associated
protein kinase 70 kDa (ZAP-70) is also a debated adaptor
protein. This protein was originally identified in T cells,
where it is involved in TCR signalling occupying a similarly
important role to SYK kinase in B lymphocytes (82, 83).
Normal B cells generally lack ZAP-70, but studies showed
that CLL B cells expressing unmutated IGHV are often posi-
tive for ZAP-70 (84). Currently, the cause of ZAP-70
expression in these cells is unknown. Perhaps it reflects a
particular stage of B-cell differentiation, and it is a conse-
quence of signalling and/or disease progression (85). On the
other hand, the clinical and physiological outcome of ZAP-
70 expression in CLL is clearer: patients with higher levels
of ZAP-70 displayed an enhanced signal transduction via
BCR and worse survival (86, 87). CLL cells with ectopically
overexpressed ZAP-70 showed a greater intracellular cal-
cium flux and a significant increase in phosphorylated SYK,
BLNK and PLCy levels in response to BCR crosslinking
with anti-IgM antibodies (88). Although the mechanism of
ZAP-70 action in CLL is still debated, there is evidence that
ZAP-70 may be affecting BCR signalling in several ways.
Firstly, it has been reported ZAP-70 may reconstitute BCR
signalling in SYK-deficient B cells, which suggests the con-
tribution of ZAP-70 kinase activity (89). In SYK-positive B
cells, ZAP-70 might mediate phosphorylation of ITAMs
resulting in the recruitment of SYK (88, 90). However, stud-
ies have shown ZAP-70 has approximately a 100-fold lower
kinase activity than SYK (91), as such it is conceivable that
ZAP-70 may enhance BCR signalling not only via its kinase
activity, but also by another mechanism, for example, it may
serves as an adaptor protein (88, 90). It is also assumed
ZAP-70 could compete with the SYK to bind to the E3
ubiquitin ligase c-CBL protein and thus sequester its prote-
osomal degradation (92-95).

Altogether, inhibiting BCR signalling seems to be a logi-
cal, and in some lymphoma cases, a true targeted therapeutic
approach.

BCR inhibition and its crosstalk with other
pathways

Bruton tyrosine kinase inhibitor ibrutinib received a break-
through designation and was approved by the F.D.A. to treat
MCL in 2013 and CLL in 2014. PI3K inhibitor idelalisib is
expected to be approved soon. The clinical trials with inhibi-
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tors for SYK (fosfamatinib), BTK (ibrutinib) and PI3Kd
(idelalisib) are likely to lead to a major shift in the treatment
of B-cell malignancies. We would not review the exciting
clinical activity of these molecules, as this has already been
elegantly carried out by others (96-98). However, we would
like to touch on some of the interesting consequences of
BCR inhibition in malignant B cells.

First of all, none of the targeted molecules (BTK, PI3KSJ,
SYK) are exclusively involved in BCR signalling, and none
of the inhibitors are exclusively targeting one kinase. One of
the hallmarks of CLL patients treated with BCR inhibitor like
ibrutinib is a prolonged lymphocytosis (99). This is believed
to be a consequence of the redistribution of leukaemic cells
from lymph node compartment to circulation. A straight for-
ward explanation of this could be that BTK inhibition inter-
feres with malignant B cells’ ability to reside in the
microenvironment or recirculate from the periphery to the
lymph nodes. Indeed, BTK is known to be expressed in many
haematopoietic cell types and participate in multiple pathways
in B cells (100). BCR signalling happens in the context of
microenvironmental interactions, and this involves B-cell
adhesion, migration and TLR signalling. It is intuitive that a
B cell should be prepared for BCR signalling and costimula-
tory interactions once it enters the lymph node compartment.

Migration and in vivo homing to lymphoid organs was
impaired in BTK-deficient B cells in mice. The chemokine
C-X-C motif ligand (CXCL)12 (also known as SDF-1) stim-
ulates the migration of B cells to the lymph nodes by inter-
acting with its receptor CXCR4, which induces BTK
activation (101). It is the SYK kinase that was postulated to
activate BTK after CXCL12 ligation (101). PI3K inhibition
has a less prominent effect on CXCL12-1-induced B-cell
migration (102-104). BTK inhibition can disrupt the adhe-
sion and migration of malignant B cells controlled by stimu-
lated BCR signalling (105). Another interesting aspect is

Figure 2 B-cell receptor (BCR) crosstalks with
chemokine- and integrin- signalling. Activation
of BTK and/or PI3K via chemokine receptors
signalling contribute to migration of the B cell
to  microenvironmental  niches. Integrin-
dependent adhesion is affected through
cytoskeletal reorganisation, which occurs after
BCR and BTK activation and vice versa. '‘BCR
inhibitors’ affect BCR signalling and also its
crosstalk with cell migration and adhesion of B
cells.

© 2014 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd

BCR signalling in B-cell lymphomas

related to the chemokines CCL3 and CCL4, which are
secreted by CLL B cells in response to BCR activation, pre-
sumably to promote interactions with T cells. Ibrutinib inhib-
its CCL3/4 expression by CLL cells and rapidly reduces
CCL3 and CCL4 plasma levels in ibrutinib-treated patients
(105). Therefore, BCR inhibition also targets chemokine sig-
nalling, which is known to be very important in drug resis-
tance and survival of malignant B cells (Fig. 2) (97, 106).
The activation of BTK by BCR signalling also affects
adhesion through integrins, especially the integrin VLA-4
(also known as: alfa-4-beta-1), which is expressed on B cells
(101). BTK-deficient mice have been reported to display not
only a pre-B cell block in proliferation, but also a defect in
the retention of immature B cells in the bone marrow (107).
BTK mediates adhesion through cytoskeletal re-organisation
(Fig. 2) (108). Interestingly, many of the B-cell defects in
mice deficient in CXCL12-CXCR4, CXCL13-CXCRS, vas-
cular cell adhesion molecule 1 (VCAM-1) or alfa-4 inte-
grins, such as impaired development and retention of B cell
precursors in the bone marrow (109-116), are similar to the
defects observed in the immunodeficiency diseases caused
by loss-of-function mutations in BTK (107, 117-122).
Despite the important role of chemokine-controlled integrin-
mediated migration in B-cell development the underlying
signal transduction mechanisms are as yet poorly defined.
Interestingly, alfa-4 integrin-deficient pre-B cells also display
a proliferation defect, and CXCL12 was originally identified
as a pre-B-cell growth-stimulating factor (111). This intimate
molecular connection between BCR and cell adhesion regu-
lation allows B cells to interact more strongly with other
immune cells, marrow stromal cells and receive additional
stimulatory signals. Indeed, VLA-4 facilitates B-cell activa-
tion following the recognition of an antigen (123). VCAMI,
the major ligand for VLA-4, is highly expressed on the sur-
face of follicular dendritic cells and their interaction pro-
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motes tight adhesion of B cells to dendritic cells. In lympho-
mas, such signalling can protect cells from chemotherapy
and immunotherapy, providing yet another therapeutic target
(106, 124). It is tempting to speculate that ‘BCR inhibitors’
are so successful thanks to their lack of specificity to inhibit
solely BCR signalling. Additionally, the previously observed
activity of adhesion/migration inhibitors like CXCR4 inhibi-
tor plerixafor or VLA-4 inhibitor natalizumab could be an
effect on BCR pathway (124-126).

The off-target effects of ibrutinib could also potentially
affect the functions of T cells in the immune microenviron-
ment. In T cells, ibrutinib inhibits ITK kinase, which medi-
ates TCR-controlled actin polymerisation and the activation
of beta-1 integrins (127, 128). ITK binding by ibrutinib in T
cells leads to the inhibition of Ty,-cell activation after TCR
stimulation, while Ty;- and CD8 T-cell activation seems to
be retained (128). In CLL, T cells provide IL-4, IL-6 and
CD40L stimulation, driving the expansion of the disease,
and the immunomodulatory potential of ibrutinib might also
affect this component of the microenvironment (129). The
effects of ibrutinib on natural killer T (NKT) cells and mast
cells, both of which express ITK, remain unclear. One could
envision the potential interference of ibrutinib effect on the
NKT functions for the antibody-induced cellular cytotoxicity
(ADCC), which is an important component of the mecha-
nism of action for therapeutic antibodies like rituximab.

It is not clear if clinically used BCR inhibitors fully
block BCR signalling in vivo. B cells taken from ibruti-
nib-treated patients can still be activated by BCR and
TLR stimulation, although the response is weaker than
CDA40L stimulation which bypasses BTK (130). Ibrutinib
treatment also leads to AKT upregulation, which is proba-
bly compensatory to the inhibition of BCR signalling and
supports cell survival. It was shown that in mice, total
depletion of BCR signalling in mature B cells leads to a
relatively rapid apoptosis, while BCR inhibition using ibr-
utinib in patients with CLL allows high B-cell counts for
many months. Why are malignant B cells able to tolerate
its inhibition for so long? It is tempting to speculate BTK
inhibition still allows some level of BCR signalling which
might be based on its ‘tonic’ component. Moreover, the
presence of a large number of circulating malignant B
cells under the constant selective pressure of ibrutinib is a
window of opportunity for cells with a pre-existing or
novel mutation which interferes with ibrutinib binding.
Indeed, a recent analysis of patients that relapsed on ibr-
utinib revealed the presence of mutations in BTK which
impair ibrutinib binding and the development of activating
mutations in PLCy2 that overcome BTK inhibition (131).
These observations suggest for combination of BCR inhibi-
tors with cytoreductive therapy like monoclonal antibodies
or classical chemotherapy. Although acquired resistance to
ibrutinib has developed in only a small proportion of
patients with CLL, data suggest that patients with
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increased genomic instability, including those with P53
and ataxia-telangiectasia-mutated (ATM) aberrations, may
be at risk of relapse (99). Such patients seem to be the
most rational choice for combination therapies designed to
avoid the development of resistance.

The use of ibrutinib or idelalisib alone has great single
agent activity; however, it does not cure patients (99, 132).
Correlative studies in patients with CLL demonstrate that sim-
ilar to ibrutinib, idelalisib impairs BCR signalling, cell inter-
actions and chemokine production (Fig. 2) (133). It would be
very interesting to know whether some lymphoma/CLL
patients have malignant B cells that are more addicted to the
PI3K- vs. BTK signalling. Currently, it is not clear which
patients would benefit more from PI3K inhibition or BTK
inhibition or their combination. There is an emerging clinical
need to identify predictive markers for these novel agents.
The combination of idelalisib and anti-CD20 monoclonal anti-
body rituximab in CLL limits the disease for only a relative
short period (~40% of patients progressed during the first
12 months of treatment) (132). This is somehow disappoint-
ing and underscores the need for a better understanding of
molecular pathways in malignant B cells which could be tar-
geted in combination to obtain durable disease control or cure
with low risk of disease transformation and/or drug resistance.

Concluding remarks

The encouraging results of recent clinical trials with ‘BCR
inhibitors’ are boosting BCR-signalling studies in lympho-
mas. BCR signalling represents an integration of multiple
pathways, which are balanced and tuned, and this needs to
be studied in detail. The clinical use of drugs targeting differ-
ent members of the BCR signalosome will require the under-
standing of compensatory pathways activated in response in
malignant B cells to design smart combinatorial treatment.
Additionally, the application of next generation sequencing
tools is providing an overwhelming amount of new informa-
tion. It is clear that novel mutations will be identified in lym-
phomas, and their functional significance and implication for
therapy (and BCR signalling) needs to be tested.
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FoxO1-GABI axis regulates homing capacity and tonic
AKT activity in chronic lymphocytic leukemia
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Recirculation of chronic lymphocytic leukemia (CLL) cells between the peripheral blood and
o GAB1 upregulation in !ymphmd niches p!ays a crltlca.ll role in dls.ease pathophysiology, and |nh|f)|t|.ng. this process
an intraclonal is one of the major mechanisms of action for B-cell receptor (BCR) inhibitors such as
subpopulation of ibrutinib and idelalisib. Migration is a complex process guided by chemokine receptors and

peripheral blood CLL integrins. However, it remains largely unknown how CLL cells integrate multiple migratory
cells leads to tonic AKT

activity and increased
homing capacity. mune niches. Our study provided evidence that CXCR4/CDS5 intraclonal subpopulations can

be used to study the regulation of migration of CLL cells. We performed RNA profiling of
¢ ::i); C;:;G;\e B:;f:ef: d CXCR44mCD5"right ys CXCR4PrightCD5m CLL cells and identified differential expression of
therapeutically by dozens of molecules with a putative function in cell migration. GRB2-associated binding

novel GAB1 inhibitors, protein 1 (GAB1) positively regulated CLL cell homing capacity of CXCR41istCD5™ cells.
alone or in

combination with BTK . . . .. . .
inhibition. induced transcriptional GAB1 activation. Upregulation of GAB1 also played an important

_/ role in maintaining basal phosphatidylinositol 3-kinase (PI3K) activity and the “tonic” AKT

phosphorylation required to sustain the survival of resting CLL B cells. This finding is
important during ibrutinib therapy, because CLL cells induce the FoxO1-GAB1-pAKT axis, which represents an ad-
aptation mechanism to the inability to home to immune niches. We have demonstrated that GAB1 can be targeted
therapeutically by novel GAB1 inhibitors, alone or in combination with BTK inhibition. GAB1 inhibitors induce CLL cell
apoptosis, impair cell migration, inhibit tonic or BCR-induced AKT phosphorylation, and block compensatory AKT
activity during ibrutinib therapy. (Blood. 2021;00(00):1-15)

signals while balancing survival in the peripheral blood and the decision to return to im-

Gradual GAB1 accumulation in CLL cells outside immune niches was mediated by FoxO1-

Introduction CXCR4PrightCD59m cells correspond to resting cells circulating in
peripheral blood for an extended time before they return back to
the immune niches.' CLL cell migration to immune niches is
known to be regulated by selectin CD62L">¢; integrin VLA417:8;
and chemokine receptors, such as CXCR4, CXCRS5, and CCR7
that guide cells toward gradients of ligands.'®"7.19-23 Migration is
a highly complex process, and CXCR4 levels in CLL subpopu-
lations were shown to reflect the history of microenvironmental
interactions, since binding of SDF1 chemokine to CXCR4 leads
to its lower levels on the CLL cell surface, whereas CXCR4 up-
regulation sensitizes cells to SDF1-guided migration.7-2
However, it remains largely unknown how precisely CLL cells
integrate multiple migratory signals while balancing survival in
peripheral blood and the decision to return to the immune

Chronic lymphocytic leukemia (CLL) cell recirculation to and
from immune niches has been proposed as a feature of CLL
biology,'” although it has not been entirely experimentally
proven. Inside the immune niches, CLL cells obtain various
prosurvival and proproliferative signals leading to activation of
the B-cell receptor (BCR), phosphatidylinositol 3-kinase (PI3K)/
AKT, and NFkB pathways.28"" Inhibiting CLL cell homing to
immune niches represents an important mechanism of action for
BCR inhibitors and a possible therapeutic strategy.’>'* One
proposed model for the study of CLL cell recirculation is to use
CXCR4/CDS5 intraclonal subpopulations. It has been postulated
that CXCR44mCD5Prist cells represent a proliferative fraction of
cells that have recently exited the microenvironment, whereas
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niches. It has been described that CLL cells or normal B cells
outside the immune niches can use “tonic” PI3K activation?*28 or
autonomous BCR signaling to sustain their survival?®’; however,
factors regulating this or their interplay with homing capacity are
largely unclear. It is also unclear whether PI3K activation plays a
role in adaptation/resistance to BCR signaling inhibition and
impaired homing during ibrutinib therapy.®*® We hypothesized
that analyzing the “resting” nonproliferative CXCR4PrightCD5¢im
cells could help to understand the factors determining the return
of these cells to immune niches and/or factors that balance the
survival of peripheral blood CLL cells. This may have implications
for CLL cell adaption to therapeutic inhibition of homing by BCR
inhibitors.

In this study, we have shown that the CXCR4®rishCD5™ cell
subpopulation has a higher capacity to home into immune
niches. Analysis of this subpopulation revealed differential ex-
pression of dozens of migration-related genes, including up-
regulation of GAB1, which is known to act as a migration
regulator in nonimmune cells.?'32 However, its role in lympho-
cyte migration is unknown. It has been demonstrated that GAB1
serves as an adaptor protein that integrates signals from different
receptors and affects signaling cascades, such as PI3K/AKT,33-35
MAPK/extracellular signal-regulated kinase (ERK),3¢-3¢ PLCy,*
and Crk/CrkL.%® The results of our study show that GAB1 posi-
tively affects CLL cell migration in response to various chemo-
attractants. Gradual GAB1 accumulation in CLL cells outside
immune niches is mediated by FoxO1-induced transcriptional
activation of the GAB1 gene. We also found that GAB1 up-
regulation has a role in maintaining the basal tonic AKT phos-
phorylation required to sustain CLL cell survival. This is important
during ibrutinib therapy since CLL cells induce the FoxO1-
GAB1-pAKT axis in this context, which can be targeted thera-
peutically by the GAB1 inhibitors tested in this study.

Methods

CLL samples and cell lines

The study was approved by the institutional review board, and
samples were obtained with written informed consent. CLL
samples were purified to contain =95% of CD5%19" cells (see
supplemental Methods, available on the Blood Web site). MEC1
and HS5 cell lines were obtained from the German Collection of
Microorganisms and Cell Cultures GmbH, and American Type
Culture Collection, respectively, and the OSU-CLL was a gift
from John Byrd (The Ohio State University, Columbus, OH).*’

Gene expression

For RNAseq analysis, freshly isolated CLL cells were sorted
according to CXCR4/CD5 expression (purity =99.9%), as de-
scribed previously.” Libraries were prepared using the TruSeq
Stranded messenger mRNA (mRNA) LT Sample Prep Kit (lllu-
mina) and sequenced with the NextSeq 500/550 High Output
v2.5 Kit (supplemental Methods).

Migration assays and cell treatments

Cells transfected with siRNA against GAB1, or GAB1/FoxO1
knockout (KO) cells, or control cells were labeled with carbox-
yfluorescein succinimidyl ester (CFSE) or FarRed CellTrace dye
(Thermo Fisher Scientific) or were traced with a plasmid
encoding GFP or Azurite, and an equal number of the cells was
mixed in a 1:1 ratio (validated by flow cytometry) and injected

2 € blood® mmm mmm 2021 | VOLUME 00, NUMBER 00

into the tail vein of NSG mice.*? For a description of the in vitro
competitive migration assay, see the supplemental Methods.
Cells were treated with ibrutinib (1 wM), MK-2206 2HCI (1 uM),
AS1842856 (0.5 wM), plerixafor (5 pwg/mL; all from Selleckchem),
or GAB1 pleckstrin homology (PH) domain-targeting inhibitors
(GAB-001, GAB-004).** The cells were treated by goat F(ab’),
anti-human IgM (10 pg/mL; Southern Biotech), SDF1, or CXCL13
(Peprotech), as described previously.444>

Statistical analysis

Apart from NGS analysis (supplemental Methods), all statistical
analyses were performed with Prism v8.0.1 (GraphPad). Values of
P < .05 were considered significant.

Results

GAB1 is accumulated in CXCR4PrishtCD5dim
intraclonal CLL cell subpopulation

CXCR4/CD5 cell subpopulations have been suggested as a
model distinguishing cells ready to reenter immune niches
(CXCR4PrishtCD5m) vs recent emigrants from lymph nodes
(CXCR44mCD5krign) 17 We aimed to first test each subpopula-
tion’s migration potential in NSG mice; however, labeling cells
with an anti-CXCR4 antibody could affect their responsiveness to
the CXCR4 ligand SDF1. To overcome this problem, we used
CD5 and forward scatter area (FSC-A reflecting cell size) for cell
sorting, because lower FSC-A is typical for CXCR4®ristCD5dm
and higher FSC-A for the CXCR44mCD5Prsht subpopulation
(supplemental Figure 1). Subsequently, the sorted subpopula-
tions were stained with 2 cell-tracing dyes, and their 1:1 mixture
was injected into the tail vein of NSG mice for a 4-hour com-
petitive migration analysis. In line with the model, the
CXCR4PrigntCD59m CLL cell subpopulation migrated significantly
more into the spleen from the peripheral blood than the
CXCR44mCD5®rsht cells (Figure 1A). CLL cell migration into bone
marrow or the liver was the same, and the number of CLL cells
infiltrating these organs was low (supplemental Figure 2), as
reported previously.* The higher CXCR4*rishCD59m cell mi-
gration was also confirmed in an in vitro Transwell cell migration
assay toward SDF1 (CXCL12), CXCL13, or conditioned medium
(CM) derived from primary human mesenchymal stromal cells
(CMMMSE: supplemental Figure 2). This finding suggested that it is
possible to identify homing-related genes by analyzing CXCR4/
CDS5 subpopulations. We further performed transcription anal-
ysis (RNA sequencing [RNAseq]) of the CXCR44mCD5b19"t vs the
CXCR4brishtCD59m cell subpopulations (a sorting strategy for
CXCR4/CD5  subpopulation in Figure 1B, as detailed
previously?’). This process identified 1372 differentially
expressed genes in CXCR4/CD5 subpopulations (fold change,
>1.5; P < .001). The CXCR4brightCD59m cells were characterized
by BCR/NFkB signature gene downregulation (eg, MYC, CD83,
FOS, CCND2, BCL2A1, DUSP2, CCL3, and CLL4), corre-
sponding to a resting nonactivated B-cell phenotype (for the list
of genes and principal component analysis, see supplemental
Figure 3 and 4; supplemental Table 2). The differentially
expressed mRNAs included 147 genes annotated in databases
as migration-related (Figure 1C; fold change, >1.5; P < .001;
supplemental Table 3), and Gene Ontology analysis confirmed a
significant enrichment of migration/adhesion-related genes
(supplemental Table 4). Several such randomly selected genes
were validated by real-time quantitive polymerase chain reaction
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Figure 1. Accumulation of GAB1 in CXCR4*"'s"*CD5<™ intraclonal CLL cell subpopulation. (A) Competitive migration of CXCR4/CD5 CLL cell subpopulation into the spleen
of NSG mice and their relative retention in the blood (migration continued for 4 hours, n = 6). Cells were sorted according to FCS-A and CD5 (FCS9mCD5<™ correspond to
CXCR4PrigMCD5™ cells and FCSPris CD5P9" correspond to CXCR4A9™MCDS59M cells; for cell-sorting strategy, see supplemental Figure 1). CXCR4 labeling was not used for cell
sorting because it would block CXCR4 interaction with SDF1. One blood sample was excluded from the analysis for technical reasons. (B) Representative gating strategy for CLL
cells sorted according to CXCR4/CD5 expression (each subpopulation gated as ~5% of cells). This sorting, directly based on CXCR4/CD5 labeling, was used for RNAseq
profiling and all experiments other than migration assays. (C) Heat map of differentially expressed genes in CXCR4/CDS5 subpopulations (fold change, >1.5; P < .001; n = 10),
subsequently overlapped with a database of migration-related genes (GO:0016477).¢” Lower expression is indicated in blue, higher expression in yellow. Gene names marked in
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(gPCR; supplemental Figure 5). Among these putative
migration-related genes, we noticed a GABT upregulation
(~1.8-fold) in CXCR4PiehCD59m cells compared with
CXCR44mCD5Prisht cells. In a previous study, we showed that
higher GAB1 levels are associated with shorter overall survival in
CLL,* and GAB1 was identified as a migration regulator in
epithelial and muscle cells*"* and regulator of BCR
responsiveness.®*3*  The  higher =~ GAB1 levels in
CXCR4PrightCD59m were confirmed by real-time gPCR at the
mRNA level (Figure 1D) and by flow cytometry and immunoblot
analysis at the protein level (Figure 1E-G; supplemental Fig-
ure 6). On the contrary, GAB1 was downmodulated in CLL cells
exposed to microenvironmental signals, such as stromal cell
coculture or BCR activation (see below). Altogether, this shows
that GAB1 expression is induced in CXCR4®risCD59m CLL cells
that have a relatively increased homing capacity.

GAB1 increases CLL cell migration

We  hypothesized that GAB1 upregulation in a
CXCR4PprigitCD59m subpopulation may contribute to the return of
the CLL cells to the immune niches. To examine cell homing, we
created a GAB1 KO MECT1 cell line, using CRISPR-Cas9 tech-
nology (Figure 2A). The wild-type MEC1 (MECTYT) and
MEC1GAB1KO cell lines were labeled with 2 cell-tracing dyes
mixed in a 1:1 ratio, and injected into the tail vein of NSG mice
(Figure 2B). The result revealed that MEC16481KO cells were
significantly retained in peripheral blood and were relatively less
able (~30% reduction) to migrate to the spleen than were the
control cells (Figure 2C). Bone marrow or liver infiltration by
MEC1WT vs MEC1G4B1-KO did not differ, and the number of MEC1
cells infiltrating these organs was low (Figure 2C; immunohis-
tology in supplemental Figure 7). Similarly, silencing GAB1 by
siRNA in CLL cells impaired their migration to the spleens of
NSG mice (Figure 2D; immunohistology in supplemental Fig-
ure 8; silencing efficiency in supplemental Figure 9). B-cell mi-
gration is known to be regulated by several chemokines, such as
SDF1 and CXCL13, produced by cells in immune niches.'0-1-23
Indeed, we confirmed their presence in the bone marrow of
patients with CLL, production by primary human bone marrow
mesenchymal stromal cells, or the human stromal cell line HS5,
and in the tissues of NSG mice (supplemental Figure 10).
Treating MEC1IWT cells with SDF1, CXCL13, or CMMSC |ed to
rapid (within minutes) GAB1 phosphorylation at activating ty-
rosines Y307 and Y627 (Figure 2E), suggesting that GAB1 is
involved in response to multiple soluble factors. Indeed, in vitro
MEC16481KO cell migration toward SDF1, CXCL13, or CMhMsC
was impaired compared with MEC1"T cells (Figure 2F). Similar
data were obtained when GAB1T was silenced by siRNA in MEC1
cells, and CM from HS5 cells was used as an attractant (sup-
plemental Figure 11). The specific CXCR4 inhibitor plerixafor
largely blocked the GAB1 phosphorylation induced by
recombinant SDF1 (CXCR4 ligand) but did not block the
phosphorylation induced by the CM, also confirming that sig-
naling by multiple soluble factors involves GAB1 activation

(supplemental Figure 11). In primary CLL cells, silencing GAB1
by small interfering RNA (siRNA) also reduced phosphorylation
of kinases activated after cell stimulation with SDF1, CXCL13, or
CMMMSC (Figure 2G; supplemental Figure 12A) and impaired
migration toward SDF1, CXCL13, or CM"MSC in vitro, compared
with cells transfected with the negative control (Figure 2H). Cell
viability and CXCR4 levels were not affected by siRNA against
GABT1 (supplemental Figure 12B-C). Moreover, MEC16AB1-KO
cells failed to properly polymerize F-actin (a process required for
effective migration) after stimulation with CM from HS5 cells
(supplemental Figure 13A). MEC164B1KO cell motility speed was
significantly (P < .001) lower than MECT"T (supplemental
Figure 13B). GAB1 KO also impaired other migration-related
characteristics of the cells, as assessed by holographic micros-
copy (supplemental Table 5). Altogether, findings suggest that
GAB1 sensitizes CLL cells to homing signals and influences the
related cytoskeletal organization.

FoxO1 serves as a transcriptional activator of GAB1
To reveal potential GAB1 expression regulators, we identified 20
annotated® transcription factors significantly differentially
expressed in CXCR4/CD5 subpopulations (Figure 3A; supple-
mental Table 6). We further studied FoxO1 as a potential GAB1
regulator because of the presence of multiple putative evolu-
tionary conserved binding sites upstream from the GAB1 pro-
motor (supplemental Figures 14 and 15; supplemental Table 7).
We also focused on FoxO1 because it has been identified as a
regulator of T-cell homing*® and normal B-cell migration within
the germinal centers®**® and is involved in malignant B-cell
biology.>*2 Chromatin immunoprecipitation identified FoxO1
binding at 2 sites upstream from the GAB1 transcription start
sites (Figure 3B; supplemental Table 8). In addition, FoxO1
downmodulation by siRNA or treatment with FoxO1 inhibitor
significantly repressed GAB1 at the mRNA and protein levels
(Figure 3C-D; supplemental Figure 16A-B). The existence of a
FoxO1-GAB1 axis is supported by a general positive correlation
of GAB1 and FoxO1 mRNA levels (n = 42) and protein levels (n =
22) in CLL cells (Figure 3E-F), and the higher levels of both
molecules in CXCR4*1eCD54™ cells (Figure 3G-I; supplemental
Figure 6). Moreover, MEC1 cells without FoxO1 (MEC1Fex©1-KO)
had lower GAB1 levels (supplemental Figure 16C) and had
impaired migration to immune niches in NSG mice in compar-
ison with MEC1T cells (supplemental Figure 17A). The migra-
tion of MEC17F©1© cells or CLL cells with silenced FoxO1
toward SDF1, CXCL13, or CM"MSC was also impaired in vitro
(supplemental Figure 17B-C), which mimics the MEC1G4B™-O cel|
phenotype.

To understand the GAB1 regulation via FoxO1, we further an-
alyzed the mechanisms resulting in their relatively higher levels
in  CXCR4brightCD54m  CLL cells and lower levels in
CXCR449mCD5Pright cells. In normal B cells, FoxO1 is known to be
negatively regulated by its phosphorylation at position 5256 in
the context of BCR activation. This regulatory process is

Figure 1 (continued) bold were validated by real-time gPCR (see Figure 1D and supplemental Figure 5). Lists of top differentially expressed genes, differentially expressed
migration-related genes, and Gene Ontology Term analysis are provided in supplemental Tables 2-4. For the volcano plot, sample correlation, and principal component analysis,
see supplemental Figures 3 and 4. For patient characteristics, see supplemental Table 1. (D) Validation of GABT mRNA expression (real-time gPCR) in primary CLL samples sorted
according to CXCR4/CDS5 expression (n = 8). (E) Intracellular flow cytometry staining for GAB1 protein in CXCR4/CD5 subpopulations (n = 22). Normalized mean fluorescence
intensity (MFI) was calculated as the ratio between the sample and control sample stained only with a secondary antibody. (F) Representative immunoblot from primary CLL
samples sorted according to CXCR4/CD5 expression (purity >99.9%). (G) Densitometric quantification of relative GAB1 protein level analyzed by immunoblot (for individual
immunoblots, see Figure 3G and supplemental Figure 6A; for densitometric quantification of other proteins, see supplemental Figure 6B-C).
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Figure 2. GAB1 increases CLL cell homing capacity. (A) Representative immunoblot for MECTVT and MEC1 cells genetically engineered for GABT KO, using CRISPR/Cas9
(MEC16481K9) cells (top); primary CLL cells transfected with siRNA against GAB1 (siGAB1) or with the control (siNC; bottom), cells were harvested after 48 hours posttransfection.
(B) In vivo competitive migration assay of MECT"T vs MEC164810, Cells were stained with CFSE or FarRed CellTrace dye, and incubated overnight. The next day, an equal
number of CFSE- and FarRed-stained cells (each 50 X 10%) were mixed in 1:1 ratio (validated by flow cytometry), and injected into the NSG mice via the tail vein. Organ infiltration
was analyzed by gating on human CFSE/FarRed™ cells. The plot depicts the CFSE/FarRed* MEC1 cells present in peripheral blood of NSG mice. (C) Mice (n = 9) from the
experiment described in panel B were euthanized 6 hours after cell transplantation, and blood, spleen, bone marrow, and liver were analyzed by flow cytometry to detect the
presence of viable CFSE* or FarRed* cells. The amount of MEC1 cells in each examined organ site is presented as relative migration of CFSE* vs FarRed* cells. (D) An in vivo
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mediated by active AKT, leading to loss of FoxO1 interaction
with  DNA, translocation to cytoplasm, and subsequent
degradation.>*%* Indeed, in CLL cells, strong AKT activation by
BCR cross-linking or stromal cell coculture induced inhibitory
FoxO1 phosphorylation with its subsequent degradation, and
concurrently, GAB1 mRNA and protein levels were decreased
(supplemental Figure 18). On the contrary, selective AKT in-
hibitor induced dephosphorylation of FoxO1, and upregulation
of GAB1 mRNA and protein levels (~twofold increase; Figure 3J).
The expression of other selected BCR/microenvironment-re-
lated proteins such as SYK, PLCy, or CD7%«, was not affected by
AKT inhibition (Figure 3J; supplemental Figure 19). These data
suggest that AKT is a crucial, negative GAB1 regulator acting via
reducing its transcriptional activator levels, FoxO1. On the other
hand, relatively lower AKT activity in CXCR4®rshCD54™ cells
(supplemental Figure 21) allows for an increase in FoxO1 and
induction of GAB1. Altogether, the data show that FoxO1
transcriptionally regulates GAB1, and both proteins are upre-
gulated in the CXCR4®risMCD59™ intraclonal cell subpopulation
contributing to increased cell migration capacity.

GAB1 increases tonic AKT phosphorylation

We and others have shown that GAB1 is phosphorylated after
BCR activation and serves as an important docking protein,
allowing for propagation of the signal to PI3K and AKT.3335 |n
line with this, we observed that silencing of GAB1 impaired
AKTS#7® phosphorylation after BCR cross-linking (Figure 4A). In
this respect, we noted that modulation of the GAB1 level also
affected basal AKT phosphorylation levels, irrespective of BCR
cross-linking (Figure 4A), hinting at a possible role in tonic AKT
activity. Indeed, GAB1 overexpression by a plasmid construct
induced AKT phosphorylation (Figure 4B). Analogically, silenc-
ing endogenous GAB1 by siRNA reduced AKT phosphorylation
(Figure 4C). The effect of GAB1 on AKT activation was validated
on MEC1 and OSU-CLL cells with tetracycline-inducible shRNA
against GAB1 (Figure 4D). GAB1 overexpression led to the in-
duction of phosphorylation of the PI3K subunit p85, whereas
GAB1 silencing by siRNA had the opposite effect (Figure 4B-C),
which indicates that a GAB1-induced increase in p85 phos-
phorylation is a possible mechanism behind the observed in-
crease in AKT phosphorylation. We have also tested MEC1648-
KO vs MEC1WT cell growth capacity after engraftment in mice for
3 weeks. Similar to the short-term migration assays, the MECTWT
and MEC16A81-KO ce| lines (each traced with GFP/Azurite) were
mixed in a 1:1 ratio and injected into the tail vein of NSG mice.
This revealed approximately twice as many MECT"T cells as
MEC164B1KO cells in the spleen, bone marrow, and liver, a
difference slightly larger than in the migration experiments
(Figure 4E; immunohistology in supplemental Figure 22), sug-
gesting that GAB1 KO also negatively affects general cell fitness.

To further investigate the FoxO1-GAB1-pAKT axis, we analyzed
MEC1FoxO1KO cells and observed diminished GAB1 levels and
reduced AKT phosphorylation compared with MEC1WT cells
(Figure 4F). A similar phenotype was obtained after FoxO1 si-
lencing by siRNA in primary CLL cells, after MEC1 cells, or CLL-
cell treatment with FoxO1 inhibitor (Figure 4F; supplemental
Figure 16). Altogether, this suggests that increased FoxO1/
GAB1 levels in CXCR4brishtCD5<im CLL cells contribute to tonic
PAKT activity.

Ibrutinib leads to compensatory GAB1-mediated
AKT activation

lorutinib therapy inhibits CLL cell homing,**® and we hypoth-
esized that this could affect the FoxO1-GAB1-pAKT axis. In-
deed, treating MEC1 cells with ibrutinib in vitro led to FoxO1
and GAB1 protein and mRNA accumulation (Figure 5A-C), albeit
the kinetics of mRNA and protein induction were not identical,
and the GAB1 protein levels were sustained for longer. Similarly,
treating CLL patients with ibrutinib in vivo leads to increased
FoxO1 and GAB1 protein and mRNA levels (Figure 5D-E).
Notably, after an initial drop in AKT phosphorylation, we ob-
served restoration of AKT4”® phosphorylation after several days
of continuous MEC1 cell exposure to ibrutinib in vitro (Figure 5A)
or after several days or weeks of ibrutinib therapy in CLL patients
in vivo (Figure 5D; supplemental Figure 23). Idelalisib, as a single
agent, also increased GAB1 and FoxO1 protein levels, but the
induction of pAKT was less prominent (supplemental Figure 24).
This result corresponds to the PI3K involvement in inducing AKT
phosphorylation after GAB1 upregulation (Figures 4B-C and
Figure 5D). Importantly, the AKT phosphorylation in response to
ibrutinib did not lead to FoxO1 localization into the cytoplasm,
and FoxO1 remained in the nucleus, enabling it to function as a
transcription factor (supplemental Figure 25). This finding is in
line with the data of another study suggesting that transport of
FoxO1 from the nucleus upon AKT activation is impaired in B-cell
lymphomas,®' and the FoxO1 activity is not mutually exclusive
with low-level pAKT. Importantly, the GAB1 knockdown pre-
vented the restoration of AKT phosphorylation in ibrutinib-
treated cells (Figure 5F). Altogether, this result suggests that
increasing GAB1 levels in CLL cells during ibrutinib therapy
provides tonic pAKT activity and may compensate for the lack of
AKT activation via BCR/microenvironmental interactions during
ibrutinib therapy.

GAB1 inhibitors reduce migration and induce cell

apoptosis alone and in combination with ibrutinib
We hypothesize that GAB1 upregulation during ibrutinib ther-
apy acts as a mechanism to compensate for the lack of pAKT
levels and that this effect can be targeted therapeutically. Re-
cently, the first GAB1 inhibitors targeting the PH-domain

Figure 2 (continued) competitive migration assay of primary CLL cells (n = 5) transfected with siRNA against GAB1 (siGAB1) or negative control (siNC). After 48 hours, cells were
stained with Sytox Blue and sorted for viable cells, and 10 X 10° of cells from each condition were processed as described in panel B. In vivo migration continued for 4 hours, and
blood, spleen, bone marrow, and liver were analyzed by flow cytometry to detect the presence of viable CFSE* or FarRed* cells. A small aliquot of sorted cells was assayed by
immunoblot to confirm GAB1 silencing (supplemental Figure 9). (E) Representative immunoblots of MEC1 cells transfected with siRNA against GAB1 (siGAB1) or the control
(siNC). After 48 hours, the cells were treated for 10 minutes with SDF1 (250 ng/mL), CXCL13 (500 ng/mL), or CM (100%) produced by primary human mesenchymal stromal cells
(CMPMSC) (F) An in vitro competitive migration assay of MECTVT vs MEC 16481 cells (n = 4) stained as described in panel B. Migration toward SDF1 (250 ng/mL), CXCL13 (500 ng/
mL), and CM"™MSC continued for 6 hours. (G) Representative immunoblots of primary CLL cells treated for 5 minutes with SDF1 (100 ng/mL), CXCL13 (250 ng/mL), or CMMSC, The
immunoblot contained 2 endogenous controls (GAPDH) marked by the index at top, because for technical reasons, p GAB17¢?7, tGAB1, tAKT, and tERK (loading control GAPDH')
were analyzed on the first gel and the remaining proteins (loading control GAPDH?) on the second gel (identical protein loading and conditions). (H) In vitro competitive
migration assay of primary CLL cells transfected by siRNA against GABT (siGAB1) or control siRNA (siNC). Cells were stained as described in panel B and loaded onto a Transwell
48 hours after transfection. Migration continued for 6 hours toward SDF1 (100 ng/mL), CXCL13 (250 ng/mL), or CM"MSC (n = 10 for SDF1 and CXCL13; n = 5 for CM"Vsc),
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Figure 3. FoxO1 serves as a transcriptional activator of GAB1. (A) Heat map of differentially expressed transcription factors (RNAseg; lllumina) in 10 primary CLL samples
sorted according to CXCR4/CD5 expression (fold change, =2; P < .001). The list of all known human transcriptional factors was obtained from Lambert et al.#’ (B) Chromatin
immunoprecipitation analysis of FoxO1 binding upstream of the transcription start site of GAB1 gene (n = 5; binding sites are numbered as in supplemental Figure 14). The
results for transcription binding sites (TBSs) 4 and 10 are represented as the DNA input percentage, and error bars indicate the standard error of the mean. Control samples (Ctrl,
a-1gG; Ctrl, a-FoxO1) were analyzed by primers that amplified a region in the GAB1 second intron, which does not contain any predicted binding site for FoxO1. Data for other
predicted TBSs were not analyzed or were inconclusive (supplemental Table 8). (Ci) The effect of siRNA against FoxO1 (siFoxO1) on GABT mRNA expression in MEC1 cells
compared with cell transfection with a control scrambled siRNA (siNC; 48 hours after transfection, n = 5). (Cii) Representative immunoblot of FoxO1 silencing by siRNA (siFoxO1)
and its impact on GAB1 protein level in MEC1 cells (48 hours). The siRNA against GAB1 (siGAB1) serves as a positive control and control scrambled siRNA (siNC) as a negative
control. (Di) Representative immunoblot of GAB1 levels in primary CLL cells treated in vitro with various doses of FoxO1 inhibitor (inhFoxO1, 0.6-10 wM; 48 hours). CD20
induction was used as a positive control, because FoxO1 acts as a transcriptional repressor of CD20.% (Dii) Statistical analysis of FoxO1 inhibitor’s effect (inhFoxO1; 1 wM) on
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necessary for GAB1's docking function have been developed.*
We observed that these compounds led to a dose-dependent
inhibition of GAB1 phosphorylation, AKT inhibition (Figure 6A;
supplemental Figure 26) and decreased CLL cell viability at
higher micromolar concentrations after 48 hours (Figure 6B). To
test GAB1 inhibitor specificity, MEC1WT and MEC16/B™© cells
were treated with various doses of the inhibitors. This demon-
strated a greater induction of apoptosis and pERK/pAKT re-
pression in MEC1WT cells by GAB1 inhibitor than in MEC1GAB1-<O
cells (supplemental Figure 27). GAB1 inhibitors also inhibited
CLL cell migration toward HS5 CM, SDF1, CXCL13, or CM"Msc
(Figure 6C-E). GAB1 inhibition impaired Ca?* influx induced by
SDF1 chemokine (Figure 6F) and BCR-induced (anti-lgM) AKT
phosphorylation (Figure 6G). Importantly, the GAB1 inhibitor
blocked the “compensatory” AKT phosphorylation induced by
ibrutinib (Figure 6Hi) and increased the apoptosis of MEC1 cells
exposed to ibrutinib for an extended time (Figure 6Hii). To test
this in primary CLL cells undergoing spontaneous apoptosis
within days, CLL cells were cultured in medium with interleukin 4
(IL4), which partially prevented their spontaneous apoptosis, and
were simultaneously treated with ibrutinib or vehicle for 6 days,
to allow time for FoxO1-GAB1 induction (supplemental
Figure 28A). Subsequently, these cells were treated with GAB1
inhibitors (or vehicle) for an additional 48 hours. CLL cell killing
was increased by GAB1 inhibitors combined with ibrutinib,
compared with ibrutinib or GAB1 inhibitor alone (Figure 6I-J; P <
.001). In culture conditions without IL4, allowing for only a short-
term experiment, GAB1 inhibitors showed an ability to kill pri-
mary CLL cells within 48 hours, but this was not synergistic with
ibrutinib (supplemental Figure 28B). This result was expected
because in a brief time of ibrutinib exposure, the GAB1 inhibitor
acts similarly to a BCR inhibitor in inhibiting tonic pAKT levels,
and ibrutinib does not yet induce compensatory AKT phos-
phorylation via GAB1. Altogether, GAB1 inhibition can be used
to inhibit CLL migration, basal or BCR-induced AKT activity, and
adaptive AKT activation during ibrutinib therapy.

Discussion

In this study, FoxO1 transcriptionally induced GAB1 in CLL cells,
which increased their homing capacity by influencing chemokine
responsiveness and F-actin polymerization. FoxO1-induced
GAB1 also increased the basal/tonic AKT activity, which is
underscored in the context of ibrutinib therapy. lbrutinib leads to
FoxO1-GAB1 axis induction and adaptive restoration of AKT
phosphorylation. We have demonstrated that GAB1 can be
targeted therapeutically by novel GAB1 inhibitors, alone or in
combination with BTK inhibition.

It has been hypothesized that CLL cell recirculation can be
studied by analyzing CXCR4/CD5 intraclonal CLL subpopula-
tions, given that CXCR4°MCD59m cells should be more

responsive to SDF1 because of higher CXCR4 levels.” Indeed,
the CXCR4PrietCD5m subpopulation showed a significantly
higher tendency to migrate into the spleen from the peripheral
blood of NSG mice than did CXCR44mCD5krsht cells and, in vitro,
toward chemokines. We have previously analyzed
CXCR44mCD5Pr9" cells to understand the pathways activated in
the microenvironment.237:5¢ |n the current study, we hypothe-
sized that analyzing the “resting” nonproliferative
CXCR4PrightCD59™ cells could help to understand the factors
influencing their return to immune niches. RNA sequencing
identified 147 genes differentially expressed in CXCR4/CD5
subpopulations and annotated in databases as migration re-
lated. We further demonstrated that one of the genes upre-
gulated in CXCR4PrigtCD59m cells (namely, GABT) is a regulator
of CLL cell migration. The genetic ablation of GABT in malignant
MEC1 cells largely inhibited their migration capacity toward
SDF1, CXCL13, or CM produced by bone marrow stromal cells,
and a similar result was obtained with siRNA against GABT in
primary CLL cells. This inhibitory action was confirmed by an
in vivo competitive migration assay in mice, showing that GAB1
KO or GAB1 downmodulation by siRNA leads to impaired mi-
gration of malignant B cells to the spleen. This result is in line
with data from muscle progenitor cells,*? where genetic ablation
of either GAB1 or CXCR4 leads to highly similar (but not
identical) defects in migration to specific tissue locations, sug-
gesting that GAB1 has a nonredundant role in the CXCR4
pathway, but also in other cell-migration mechanisms. In line
with this notion, we observed that cytokines produced by cells in
immune niches, including CXCR4 ligand SDF1 and CXCR5 li-
gand CXCL13, induced GAB1 phosphorylation within minutes,
and GAB1 positively regulated F-actin polymerization and cell
migration in response to chemokines. This effect could be
functionally linked to GAB1's acting as a cell-
membrane—docking site for multiple proteins involved in mi-
gration such as PI3K,**57 ERK,** PLCy, Crk, or CrkL proteins.>®
Indeed, we have observed that GAB1 positively affects the
activity of PI3K, a known regulator of F-actin polymerization, and
CLU/T lymphocyte migration.>=%€0 Altogether, the data show
that GAB1 accumulation in CLL cells increases their homing
capacity by influencing responsiveness to chemokines and in-
tegrating signals, resulting in actin reorganization.

We further studied the mechanism that leads to GAB1 accu-
mulation in CXCR4PightCD59m cells, showing that the tran-
scription  factor FoxO1 accumulates in these cells and
transcriptionally activates GABT. It is known that AKT activity
negatively regulates FoxO1 by mediating inhibitory FoxO152%
phosphorylation, resulting in its subsequent translocation from
the nucleus to the cytoplasm and degradation.’“? Indeed, a
strong AKT phosphorylation induction in CLL cells after adhesion
or BCR activation leads to FoxO1 degradation and concurrent
GAB1 downmodulation. We also tested whether miR-150, a

Figure 3 (continued) GABT mRNA expression in primary CLL (n = 3; 48 hours) and MEC1 (n = 6; 48 hours) cells. GABT mRNA expression in each control sample (dimethy!
sulfoxide [DMSO)] treated) was set at 1. (E) GABT and FoxOT mRNA expression correlation analysis in primary CLL cells (n = 42; real-time gPCR). (F) Correlation of GAB1 and
FoxO1 intracellular protein levels assessed by flow cytometry (n = 22). (G) Representative immunoblot from intraclonal CLL cell subpopulations sorted according to CXCR4/CD5
expression (purity >99.9%). Subpopulation sorting was performed according to the gating strategy in Figure 1B. BCLy,_ levels served as a positive control for microenvironmental
interactions. For other immunoblots and densitometric quantification, see supplemental Figure 6. (H) FoxO1 expression in CXCR4/CD5 subpopulations was assessed by
intracellular staining (n = 22; flow cytometry). As a control, an identical CXCR4/CD5-stained sample was incubated with a secondary antibody only. () Validation of FoxOT mRNA
expression in primary CLL samples. CLL cells were sorted according to CXCR4/CD5 expression and analyzed by real-time gPCR (n = 9). (Ji) Representative immunoblot from
MEC1 cells treated with a selective inhibitor of AKT (inhAKT; MK-2206, 2HCI; 1 wM) or vehicle (DMSO). The primary antibody against pFoxO1 detected phosphorylation on S256,
which led to inhibition of FoxO1 activity. (Ji) GABT mRNA expression in MEC1 cells treated with a selective AKT inhibitor (as in Ji) for 24 hours (n = 8).
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Figure 4. GAB1 increases tonic AKT phosphorylation. (A) Representative immunoblots of primary CLL cells transfected with siRNA against GABT (siGAB1) or the negative
control (siNC). Cells were harvested after 48 hours, divided into equal portions, and exposed to vehicle (control samples) or anti-IgM for 5 minutes (10 pwg/mL). *pAKT (S473) is the
same immunoblot as pAKT but was developed for a prolonged time. (B) Representative immunoblot of MEC1 cells transfected with a plasmid for GAB1 protein overexpression
tagged with MYC sequence (GAB1™YC, top band) or with an empty vector (empty), and cultured for 48 hours. *B-Actin was the endogenous control for p-p85 and t-p85 assayed on
a separate gel with identical loading. (C) Representative immunoblot of MEC1 cells transfected with siRNA against GAB1 (siGAB1) or the negative control (siNC) and harvested
48 hours after transfection. *B-Actin, as in panel B. (D) Representative immunoblot of MEC1 and OSU-CLL cells (CLL-derived cell line) with downmodulated GAB1 levels. MEC1
and OSU-CLL cells were infected with a lentiviral construct (permanent cell line) for tetracycline-inducible shRNA against GABT (shGAB1). shRNA expression was induced by
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Figure 5. GAB1 levels and AKT phosphorylation is increased during ibrutinib therapy. (A) Representative immunoblot of MEC1 cells treated with ibrutinib (2 uM) or vehicle
(dimethyl sulfoxide [DMSQ]) for the indicated time points. Ibrutinib and DMSO were freshly supplemented every 24 hours, and the cells were sampled at the indicated time
points for immunoblot analysis. (B-C) FoxOT and GABT mRNA expression in MEC1 cells treated with ibrutinib or DMSO, as described in panel A (n = 5). (Di) Representative
immunoblot for primary CLL cells isolated from peripheral blood of patient before (Pre) and during ibrutinib therapy. For the patients’ characteristics, see supplemental Table 1.
*B-Actin was the endogenous control for p-p85 and t-p85, assayed on a separate gel with identical loading. (Dii) Statistical analysis of normalized densitometric data from
immunoblots of CLL samples (n = 11) obtained from patients before (Pre) and during ibrutinib therapy. The data are relative to expression before ibrutinib administration (set at
1). For additional immunoblots, see supplemental Figure 23. (E) GABT and FoxOT mRNA expression in primary samples isolated from patients with CLL before (Pre) and during
ibrutinib therapy (n = 11; for patients’ characteristics, see supplemental Table 1). The data are relative to expression before ibrutinib (set as 1). (F) Representative immunoblot of
MECTWT and MEC16AB1KC cells treated with ibrutinib (1 wM) or vehicle (DMSO) for 7 days. *Decrease in total BTK protein level is a common effect of ibrutinib, as described
previously.®”

known regulator of GAB1, affects GAB1 levels, but we did not
find anticorrelation of the miR-150 levels with GAB1 levels in
CXCR4/CD5 subpopulations (supplemental Figure 29), sug-
gesting that posttranscriptional regulation by miR-150 is not
relevant in this context, but more likely contributes to the
interpatient differences, as proposed previously.*® Altogether,
the data indicate that FoxO1 upregulation in the
CXCR4brishtCD5¢™ CLL subpopulation is permitted by relatively
low-level AKT activity (related to the absence of BCR/
adhesion—-mediated signals) and leads to transcriptional GAB1

activation and supports cell homing back to “signal-rich” niches.
Similar to GAB1 KO, FoxO1's genetic ablation or its silencing by
siRNA also resulted in decreased B-cell migration capacity.
FoxO1's role in influencing genes involved in cell migration
corresponds to observations describing its involvement in
dendritic cell homing,®® T-cell homing,*® and normal B-cell mi-
gration within the germinal centers.**° In our data, several
migration-related genes (such as ITGB2, PIK3CA, NF1, ETS1,
ST14, LRRK2, and APBB2), which are putative FoxO1 targets,
were differentially expressed in CXCR4/CD5 subpopulations.

Figure 4 (continued) adding tetracycline to medium (tet*) for 48 hours, and control cells were treated with vehicle (tet”). (Ei) Effect of GAB1 KO on MEC1 cell growth in vivo.
MECTWT and MEC16AB1KO cells were transduced with vectors expressing GFP or Azurite, mixed 1:1, and injected via tail vein into NSG mice (n = 3). Mice were euthanized 3 weeks
after injection, and organs were analyzed by flow cytometry for the presence of MEC1WT and MEC164B14© cells labeled by GFP or Azurite in blood, spleen, bone marrow, and
liver. We also performed a switch of fluorescent labels to exclude any potential effect of a specific fluorescent proteins on the cells (not shown). (Eii) Representative images from
fluorescence microscopy of the spleen, bone marrow, and liver of NSG transplant recipients, as described in panel Ei (original magnification, X20). (Fi) Representative im-
munoblot for the effect of FoxO1 attenuation by KO in MEC1 cells (MEC1WT vs MEC17x©™© cells) or by siRNA in primary CLL cells. Primary CLL cells were transfected with siRNA
against FoxOT (siFoxO1) or with control (siNC) and analyzed by immunoblot 48 hours later. (Fii) Representative immunoblots for MEC1 cells and primary CLL cells treated with
FoxO1 inhibitor (inhFoxO1; 0.5 uM, 24 hours).
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Figure 6. GAB1 inhibitors impair CLL migration and induce cell apoptosis, alone and in combination with ibrutinib. (A) Representative immunoblots from primary CLL cells
treated for 6 hours with various doses (10, 25, and 50 pM) of 2 GAB1 inhibitors or with the same volume of vehicle (dimethyl sulfoxide [DMSO)]) or with culture medium only (CTRL).
This short-term treatment (6 hours) did not significantly impact cell viability (supplemental Figure 26). (B) The effect of various doses of GAB1 inhibitors on CLL cell viability after
48 hours (n = 5). The primary CLL cells were treated as described in panel A. (C) GAB1 inhibitor effect on primary CLL cell migration (n = 7). Cells were treated with inhGAB1-001
(25 uM) or inhGAB1-004 (25 wM) or ibrutinib (1 wM) or their combination for 12 hours. Cells were subsequently stained with CellTrace dye and loaded into a Transwell, and
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Figure 7. GAB1 regulation by FoxO1 and its role in
CLL migration and tonic AKT activity: novel thera-
peutic target. GAB1 is upregulated by FoxO1 during
the transition of intraclonal CLL cell subpopulation from
CXCR44mCD5Pr s into CXCR4P9MCD54m cells. This in-
creases homing capacity of CXCR4°9"CD59™ cells and
also sustains prosurvival tonic AKT activity. During mi-
croenvironmental interactions (reflected in
CXCR4<mCD5Prish cells) GAB1 is involved in signaling
from BCR and other cell surface receptors, and sub-
sequent AKT activation represses GAB1 transcription via
FoxO1. GAB1 inhibitors impair cell migration, inhibit
tonic or BCR-induced AKT phosphorylation, and block
compensatory AKT activity during ibrutinib therapy.
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This finding suggests that FoxO1 contributes to regulating CLL
migration by inducing GAB1 and other genes. Notably, the Fox
family has been suggested to be one of the 3 transcription
factors responsible for CLL cell identity.>2 In addition, FoxO1 is
known to be aberrantly transcriptionally active in B-cell lym-
phomas®' and to be activated by mutations in some cases.**

We also identified another GAB1 function by describing its role
in increasing the so-called tonic PI3K/AKT signaling by affecting
the phosphorylation of the PI3K subunit p85 and AKTS473. It has
been shown that GAB1 contains multiple binding sites for
SH2 domain-containing proteins® and has a crucial role in PI3K
docking to the B-cell membrane connecting BCR-activation with

AKT phosphorylation.3* However, the role of GAB1 in tonic AKT
activity was not anticipated. It is known that normal B cells
depend on constant tonic signaling to maintain their basal PI3K/
AKT for their survival®; however, the proteins that mediate this
tonic signaling remain poorly understood. Constitutive PI3K
activity was observed in most peripheral blood CLL
samples.?4#2628 Qur data show that upregulated GAB1 in
CXCR4prightCD59m CLL cells in peripheral blood contributes to
their higher migration capacity and also supports tonic PI3K/AKT
activity, which may help to explain the previously noted asso-
ciation of higher GAB1 levels with unfavorable prognosis in
CLL.* The data suggest an interdependent balance of AKT
activity and the FoxO1-GAB1 axis, which maintains tonic pAKT

Figure 6 (continued) migration continued for 4 hours toward 50% CM (produced by HS5 stroma cells). (D-E) Effect of a GAB1 inhibitors on primary CLL cell migration (n = 6).
Cells were pretreated, stained, and loaded into a Transwell as described in panel C. Cell migration continued for 6 hours toward SDF1 (100 ng/mL), CXCL13 (250 ng/mL), or
50% CM produced by HS5 cells or 100% CM produced by primary human bone marrow MSCs (CMPMSC). (F) Effect of GAB1 inhibitors (6 hours pretreatment; 25 wM) on calcium
influx in primary CLL cells after SDF1 stimulation (100 pg/mL; arrow). lonomycin (indicated by + ionom arrow) was added as a positive control. (G) Representative immunoblot
from primary CLL cells treated with GAB1 inhibitors (inhGAB1-001 or inhGAB1-004; 25 uM) and stimulated with anti-IlgM. Primary CLL cells were treated as described in panel A,
and cells were divided into equal portions and exposed to vehicle (CTRL) or anti-IgM (10 pwg/mL, 5 minutes). (Hi) Representative immunoblot of MEC1 cells pretreated with
ibrutinib for 24 hours or 7 days and subsequently exposed to vehicle (DMSO) or GAB1 inhibitors for 6 hours (inhGAB1-001 or inhGAB1-004; 25 wM). (Hii) Statistical analysis of
MEC1 cells' viability (n = 6). Cells were pretreated for 7 days with ibrutinib (1 wM; fresh ibrutinib added every 48 hours) or vehicle (DMSO; added every 48 hours), and
subsequently exposed to GAB1 inhibitor (inhGAB1-001; 25 uM) for another 48 hours. (I-J) Effect of GAB1 inhibitors GAB1-001 (1) or GAB1-004 (J), alone or in combination with
ibrutinib on the viability of primary CLL cells (n = 14). CLL cells were cultured in medium with IL4 (5 ng/mL) and simultaneously treated with ibrutinib (ibr; 1 wM) or vehicle (DMSO)
for 6 days. Subsequently, the cells were treated with a combination of GAB1 inhibitors (2.5-50 M) and ibrutinib (1 wM), vehicle (DMSO), ibrutinib alone (1 wM), or GAB1 inhibitor
alone for an additional 48 hours. The color of the numbers below the graphs indicates the combination of drugs for each column. Viability was assessed by DiIOC6/P! staining. The
statistical significance of differences between the escalating doses of GAB1 inhibitor and GAB1 inhibitor plus ibrutinib was evaluated by 2-way analysis of variance with the Tukey
test (both P < .001); the combination for individual columns was evaluated by paired Student t test (all P < .05). Ctrl, negative control treated only with equal volume of DMSO.
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above a certain minimal level in CLL cells that do not have access
to microenvironmental interactions. This balance is important
during ibrutinib therapy, because CLL cells induce the FoxO1-
GAB1-pAKT axis and thus partially compensate for the lack of
microenvironmental interactions that normally strongly induce
PAKT levels. FoxO1's role in maintaining tonic pAKT*#72 levels is
surprising, given that FoxO1 activity was shown to be mutually
exclusive with PI3K activity, and FoxO1 was shown to inhibit
B-cell proliferation by inducing genes such as p27.¢° However,
we have shown that moderate pAKT activity is not mutually
exclusive with FoxO1 nuclear localization in CLL. This finding is in
line with data from some B-cell lymphomas that tend to gain an
oncogenic constitutive FoxO1 nuclear activity to circumvent
negative feedback regulation by strong pAKT activity.®' It is
plausible that in the nonproliferative CXCR4P"shtCD5%™ sub-
population, FoxO1 induces genes involved in cell cycle arrest
(indeed, these cells have higher p27 levels), but also upregulates
GAB1 to increase homing of CLL cells and sustain their survival
by maintaining tonic pAKT levels.

We have further shown that an inhibitor targeting GAB1 PH
domain suppresses BCR-induced and tonic AKT phosphoryla-
tion during ibrutinib treatment, and GAB1 inhibition combined
with ibrutinib increases cell killing in vitro. Moreover, GAB1
inhibitors also impaired ERK phosphorylation, which is in line
with GAB1's role in ERK activation.?¢%¢ |In addition, GAB1 in-
hibitors impaired CLL cell migration to an extent similar to
ibrutinib. GAB1 may represent a promising therapeutic target
the inhibition of which may have a different toxicity profile
compared with those of PI3K inhibitors or the CXCR4 agonists
such as plerixafor. However, development of this inhibitory
therapy will require more potent and selective GAB1 PH-domain
inhibitor(s) because their effect on CLL migration and viability
was observed only at higher concentrations. It is likely that the
tested inhibitors also have off-target effects by inhibiting other
PH-domain-containing proteins.** We have, for example, noted
that these GAB1 inhibitors have an effect on cell migration
similar to that of GABT silencing or KO, but a stronger impact on
cell viability. This similarity could be caused by incomplete GAB1
silencing by siRNA or selection of single-cell clones tolerating
GAB1 KO during its genomic editing, but could also be caused
by the off-target effects of the inhibitors.

In summary, we have described a novel FoxO1/GAB1-de-
pendent regulatory mechanism of CLL homing and maintenance
mechanism for tonic AKT signaling (summarized in Figure 7). We
have shown that during ibrutinib therapy, CLL cells sustain AKT
activity via the FoxO1-GAB1 axis and this can be therapeutically
targeted with novel GAB1 inhibitors.
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1) Supplemental Methods

CLL samples

Primary CLL samples were collected with written informed consent, and the Institutional
Review Board approved the study. Peripheral blood samples were obtained from patients who
did not receive any therapy for at least six months (except the ibrutinib/idelalisib treated
patients). The samples from ibrutinib/idelalisib-treated patients were collected at a day before
the drug administration and during therapy at the time points indicated in the figure legend. All
primary CLL samples were purified by negative selection with RosetteSep Human B Cell
Enrichment Cocktail (Stemcell Technologies) and RosetteSep Human CD3 Depletion Cocktail
(Stemcell Technologies) and Ficoll-Paque PLUS (Sigma Aldrich) according to manufacturer’s
protocol and the final purity was >95% of CD5+19+ cells. In some cases PBMCs (Fig. 5E,
samples CLL_113-118) were isolated and subsequently purified by magnetic separation using
anti-CD3 MicroBeads (Miltenyi Biotec). Final purity was 295% of CD5+19+ cells in all cases
(evaluated by flow cytometry). Purified primary CLL cells were cultivated in RPMI-1640
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(Sigma-Aldrich) supplemented with 10% fetal bovine serum (Biosera) and 100 U-mlI* / 100
ug-ml? of penicillin/streptomycin (Sigma Aldrich) and in 5% CO, at 37°C.

Cell culture

MECL1 cell line was obtained from the German Collection of Microorganisms and was cultivated
in Iscove’s Modified Dulbecco’s Medium (IMDM, Biosera) supplemented with 10% fetal bovine
serum (Biosera) and 100 U-ml* / 100 pg-ml?! penicillin/streptomycin (Sigma Aldrich) and
further cultivated in 5% CO; at 37°C. OSU-CLL cell line was a kind gift from Dr. Byrd (The Ohio
State University) and was cultivated in RPMI-1640 media (Biosera) supplemented with 10%
fetal bovine serum (Biosera) and 100 U-mlt / 100 pg-ml?t penicillin/streptomycin (Sigma
Aldrich) and further cultivated in 5% CO; at 37°C. HS5 cell line as well as HEK293-FT cell line
were obtained from the German Collection of Microorganisms and both were cultivated in
Dulbecco’s Modified Eagle’s Medium (DMEM, Biosera) supplemented with 10% fetal bovine
serum (Biosera) and 100 U-ml* / 100 ug-ml? penicillin/streptomycin (Sigma Aldrich) and
further cultivated in 5% CO, at 37°C.

Gene expression analysis

Total RNA was isolated by TRIzol (Molecular Research Center) as described previously.
Protein-coding gene expression analyses was performed using TagMan Gene Expression
Assays (Thermo Fisher Scientific) and normalized to an endogenous control (GAPDH, HPRT),
as described previously.? Probes used in this study: GAB1 (Hs00157646_m1), FoxO1
(Hs00231106_m1), NCK2 (Hs02561903 sl1), MYLK (Hs00364926_m1l1), GPR183
(Hs00270639_s1), FLNA (Hs00924645 m1l1), SERPINF1 (Hs01106937_m1l), SEMA4F
(Hs01586592_m1), HPRT1 (Hs02800695 m1l), GAPDH (4333764F), mouse CXCL12
(Mm00445553 m1), mouse CXCL13 (Mm00444534 _m1), mouse HPRT (Mm03024075_m1).

MRNA-seq and data analysis
The sequencing of poly(A) transcriptome of CXCR49MCD5PM9M and CXCR4iaMCD5Y™ CLL
intraclonal subpopulations was performed as described previously.® Briefly, libraries were
prepared using TruSeq Stranded mRNA LT Sample Prep Kit (lllumina) according to the
manufacturer instructions. The final libraries were diluted to the desired concentration of 2 pM
and were used to prepare a paired-end flow cell using a cBot System (lllumina) and then
sequenced with lllumina NextSeq 500/550 High Output v2.5 kit (lllumina) generating 75-bp
paired-end sequences.

The quality of the sequencing data was checked using the FastQC* (v0.11.3) and
Kraken package® (v13-274). The presence of adapters was scanned using Minion and Swan

(Kraken package,® v13-274). Pre-processing of the raw reads was done using Trimmomatic®
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(v0.36) in the following steps (i) N and very low-quality bases (Phred < 3) from both 5' and 3'
ends were removed, (ii) Poly(A) and poly(T) tails were removed, (iii) Sequencing adapters were
removed, (iv) Reads were trimmed to a maximal length of 75 bp, (v) Low quality ends with
average Phred score < 5 of 4 consecutive bases were trimmed using the sliding window
approach, (vi) Reads shorter than 15 bp and without a proper pairing after the pre-processing
were removed. The pre-processed reads were then mapped to the Homo sapiens reference
genome (Ensembl’ release 84, primary assembly) together with corresponding Ensembl
genome annotation (Ensembl release 84) using STAR® (v2.5.2a) in 2-pass mapping approach.
Exon-mapped reads were summarized to genes using STAR (a similar approach to the
HTSeq-count® 'union’) . Only uniquely mapped reads were used. Strandedness of the
sequencing protocol was taken into account and 'reverse' counts were used. Differential gene
expression was analyzed using DESeq2'° (v1.13.8) Bioconductor!! package for genes with a
base mean count >200 per million. P-values were adjusted for multiple testing using the
Benjamini-Hochberg method. The fold change was calculated as
CXCR49mCD5P1M/CXCR4PIMCD5Y™ cells. The heatmap visualization was created using the
Heatmapper tool.!!

SiRNA transfection

MEC1 cells or freshly isolated primary CLL cells (5x10°) were electroporated (Neon
Transfection System, Thermo Fisher Scientific (program for MEC1 cells: 1500 V /20 ms/ 2
pulses; program for primary CLL cells: 1900V / 30ms / 1 puls) with a short interfering RNA
(siRNA) against GAB1, or againt FoxO1 (both On-Target Plus Smartpool siRNAs, 1000 nM,
Dharmacon), or by On-Target Plus Smartpool Negative Control (1000 nM, Dharmacon). The

cells were harvested 48 hrs after transfection for further analyses.

Flow cytometry and cell sorting

The primary CLL cells or cell lines were labeled with one or combination of these antibodies:
CD5 (FITC, UCHTZ2; Sony), CD184 [CXCR4] (PE, 12G5; Sony), CD19 (PECy7, JC-119,
Beckman Coulter), CD45 (BV510, HI30; SONY), CD105 (A647, 43A3; SONY) and labeled with
SYTOX-BLUE (Invitrogen) for viability. For intracellular staining, the cells were further fixed
using 4% paraformaldehyde (PFA) and 50% methanol and stained with primary rabbit
antibodies against GAB1 (#3232, 1:100; Cell Signaling) or FoxO1l (#2880, 1:100; Cell
Signaling) and secondary anti-rabbit antibody conjugated with Alexa-647 (#4414, 1:500; Cell
Signaling). Data were collected from at least 20,000 events using BD FACSVerse and
analyzed using FlowJo software (version 10). Normalised expression of intracellular proteins

was calculated as MFI of the protein of interest relative to MFI for secondary antibody only.
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Cell viability was investigated by DIOC6 (3,3'-dihexyloxacarbocyanine iodide) together
with Pl (propidium iodide) staining (Thermo Fisher Scientific). All measurements were
performed on FACS Verse (BD Biosciences-US) and cell sorting on BD FACSAria Fusion (BD

Biosciences-US).

Calcium flux assay

The primary CLL cells (1x10%ml) were incubated in Hanks Balanced Salt Solution (HBSS)
containing 2 mM Fluo-4AM (Molecular Probes) for 30 min at 37°C. We established a baseline
fluorescence threshold for each sample (by acquiring samples for 60 seconds without any
stimulus). We then calculated the peak Fluo-4AM signal and fluorescence intensity above

baseline Fluo-4AM signal following stimulation.

HSS5 coculture and conditioned media
HS5 cells were seeded at 2x10° in 75 cm? culture flasks in DMEM with 10% FBS. The next
day, DMEM medium was replaced by IMDM or RPMI media containing 10% FBS and
2,5x10%/ml of MEC1 cells (in IMDM) or 5x10%ml primary CLL cells (in RPMI). The HS5
coculture was allowed for the specified time and then harvested and stained with Sytox blue
and CD105 antibody. The purity of B cells after sorting was validated by anti-CD19 antibody.
The conditioned media was harvested after cultivating confluent HS5 cells in DMEM with 10%
FBS for 48 hrs.

To prepare conditioned media, 3.5x10° of HS5 cells was seeded in T75 cultivation flask
(TPP) in 12 ml of DMEM media. The next day, original media was discarded, and the cells
attached to the bottom of the flask were washed once with 10 ml of PBS. Subsequently, 25 ml
of RPMI media was added to the attached HS5 cells. The conditioned media was collected
after 48 hrs, separated from cell-debris by 10 minutes centrifugation at 2000 RCF and diluted
with fresh RPMI media containing 10% FBS and 100 Uml* / 100 pg-ml?
penicillin/streptomycin to the final concentration of 50% conditioned media. This media was

immediately used for experiments.

Primary human mesenchymal stromal cells and conditioned media

Human bone marrow was obtained from a healthy male donor with a written consent. Cells
were resuspended in osmolysis buffer and spinned (300g for 10 min). This step was repeated
till all erythrocytes were removed. Cells were subsequently washed with PBS and plated in
alphaMEM media (Sigma-Aldrich) containing 10% FBS and 100 U-mlt / 100 ug-ml?t of
penicillin/streptomycin  (Sigma-Aldrich). Cells were cultured at 37°C for 48 hrs and
subsequently washed (3x) with PBS in order to remove non-adherent cells. Adherent cells

were resupplemented in fresh media, and incubated for another 48 hrs. For all experiments
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only cells within 2nd-6th passage were used. To prepare conditioned media, 4x10° of the
primary human bone marrow mesenchymal stromal cells were seeded in T75 cultivation flask
(TPP) in 12 ml of full alpha-MEM media. The next day, original media was discarded, and the
cells attached to the bottom of the flask were washed once with 10 ml of PBS and
supplemented with fresh 12 ml of alpha-MEM media. The conditioned media was collected
after 72 hrs, separated from cell-debris by 10 min centrifugation at 2000 RCF and immediately

used for experiment or directly frozen at -80°C.

Chemokine concentration measurements by ELISA

The levels of chemokines SDF1 (CXCL12) and CXCL13 (BLC/BCA-1) were measured in
conditioned media produced by HS5 or by primary human bone marrow mesenchymal stromal
cells (for conditioned media preparation see above), or in serum from CLL peripheral blood or
paired serum sample from sternal punction in CLL patients. All measurements were performed
according to manufacturer's protocol (Quantikine, R&D Systems, Minneapolis, MN). The
absorbance at 450 and 570 nm was measured by TECAN SPARK.

In vitro migration assay and F-actin polymerization

The competitive migration assay was performed by staining of MECL1 cells or primary CLL cells
with CFSE or FarRed CellTrace dye according to manufacturer protocol and incubated
overnight. The next day, the stained control cells and GAB1-KO cells were analyzed for viability
(stained with Sytox Blue; Thermo Fisher Scientific). The paired samples with low viability
(<80%) were excluded from further experiments as well as samples where the difference in
viability between paired samples was higher than 5%. To compare the migration, the stained
cells were mixed in ratio 1:1 and loaded to transwell inserts with 5 ym pores (Falcon) according
to manufacturer protocol. The migration towards SDF1 (100 ng/ml for CLL cells or 250 ng/mi
for MEC1 cells), CXCL13 (250 ng/ml for CLL cells or 500 ng/ml for MEC1 cells), 100%
conditioned media produced by primary human bone marrow mesenchymal stromal cells, or
50% conditioned media produced by HS5 cells was allowed for the indicated time and
subsequently analyzed by flow cytometry. The F-actin polymerization was performed by
staining with Phalloidin-iFLuor488 (Abcam) and visualized by EVOS Cell Imaging Systems

(Thermo Fisher Scientific).

Plasmid transfections, CRISPR/Cas9, transduction of sShRNAs

The GABIM'C plasmid was kindly provided by Armelle Yart'? and empty control plasmid was a
gift from Adam Antebi (Addgene plasmid #52535). pSpCas9(BB)-2A-GFP (PX458) was a gift
from Feng Zhang (Addgene plasmid #48138;).
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The gRNA sequences targeting the second exon of the GAB1 gene or first exon of
FoxO1 gene were designed in Benchling (Biology Software, 2019) online tool. The sequence
5-CTACTTGGTAGCAGACAGCG-3’ for GAB1-gRNA or 5-ATCCACATCGAGGCTCCTCG-3’
for FoxO1-gRNA was cloned into pSpCas9(BB)-2A-GFP vector (#48138, Addgene). To obtain
the mutant variant, the MEC1 wild-type cells (MEC1"T) cells were electroporated as described
above for siRNAs. After 48 hrs viable cells were sorted according to GFP-positivity, expanded,
and validated for absence of GAB1 or FoxO1 .

To perform inducible shRNA expression, the sequence 5-
CCGGAGTTAACACACTCGTAGTATTCTCGAGAATACTACGAGTGTGTTAACTTTTTTG-3
was purchased from Sigma Aldrich and subsequently cloned into the empty plasmid Tet-pLKO-
puro for shRNA expression.'® This plasmid was purchased from Addgene (Addgene plasmid
#21915) as well as the envelope plasmid pCMV-VSV-G (Addgene plasmid #8454). The
packaging plasmid dR8.91 was kindly provided by M. Smida (Masaryk University). Virus
particles were produced in HEK-293-FT (obtained from ATCC) after plasmids transfection by
Dharmacon (Horizon) and added to desired B cell lines. The transduced cells were
subsequently selected by puromycine (3 pg/ml, Sigma Aldrich) for 5 days. The expression of
shRNA in B cell lines was induced by adding tetracycline (1 ug/ml; Sigma Aldrich) into media
(tet+) for 48 hrs, and control cells were treated with vehicle (tet-).

For in vivo growth assay MEC1VT and MEC1CGAB1KO cell lines were transduced by GFP
or Azurit encoding vectors (both obtained from Addgene; #36083 and #36086, respectively)

as described above. Cells were subsequently sorted for GFP or Azurit positive cells.

Immunoblotting

Cells were lysed in lysis buffer (1% SDS, 50 mM TRIS-HC pH 6.8, 10% glycerol) with
phosphatase and protease inhibitors (Sigma Aldrich) and protein concentration was
determined using DC Protein Assay (BioRad). Equal amounts of protein were separated by
SDS-PAGE and transferred to the PVDF membrane (0.45 pym pore size, Millipore). The
membranes were incubated with the Cell Signaling antibodies specific for the following
immobilized proteins: GAB1 (#3232, 1:2000), pGAB1Y3" (#3234, 1:2000), FoxO1 (#2880,
1:1000), pFoxO1 (#9461, 1:2000), AKT (#2920, 1:3000), pAKT (#4060, 1:3000), BCLx.
(#2764, 1:2000), SYK (#12358, 1:2000), PLCy (#3872, 1:2000), CD79a (#3351, 1:2000), ERK
(#4696, 1:3000) pERK (#4377, 1:3000), B-actin (#4970,1:5000), GAPDH (#2118, 1:4000), or
with antibodies obtained from Abcam - pGAB1Y%?" (ab131458, 1:2000), anti-CD20 antibody
(Ab78237, 1:2000). Secondary horse-radish peroxidase (HRP)-conjugated anti-mouse or anti-
rabbit antibodies (both Cell Signaling) were used to detect primary antibodies.
Immunocomplexes were detected using ECL (BioRad), and the chemiluminescent signal was
digitally detected with UVItec Alliance 4.7 (UVItec).
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ChiP

Chromatine immunoprecipitation was performed as previously described by Carey et al.}*
Briefly, 20x10° MEC1 cells were fixed in 1% paraformaldehyde. The fixation was quenched by
glycine after 10 min. After washing with cold PBS, the fixed cells were lysed in 10ml of ChIP-
lysis buffer (5 mM PIPES pH 8.0, 85 mM KCI, 0.5% NP-40) and incubated on ice for another
10 min. The cell nuclei were pelleted by centrifugation and subsequently lysed in 1ml of nuclei-
lysis buffer (50 mM TRIS-CI pH 8.0, 10 mM EDTA, 1% SDS) containing protease inhibitors.
Sonication was performed by the Covaris S220 sonicator in original glass tubes. The
instrument was set according to manufacturer protocol (PIP:140, DF: 5, CBP: 200, treatment
time: 20 min, temperature min/max: 3/9°C). The cell debris was subsequently discarded by
centrifugation and DNA concentration was measured by Nanodrop 2000 (Thermo Fisher
Scientific). One-hundred ug of chromatin was aliquoted per antibody and diluted with dilution
buffer (16.7 mM TRIS-CI pH 8.0, 167 mM NacCl, 1.2 mM EDTA, 0.01% SDS, 1.1% TRITON X-
100, containing protease inhibitors) to a final volume of 300 ul. Chromatin was precleared with
50 pl of protein A/G ChIP-grade magnetic beads (Thermo Fisher Scientific). The magnetic
beads were discarded after 2 hrs of incubation, and 10 pl of anti-FoxO1A antibody (ab39670;
ChIP Grade, Abcam) or 10 ul of control rabbit IgG (#2729; Cell Signaling) was added to
chromatin. The samples were rotated and incubated at 4°C overnight. The next day, the
immunocomplexes were pulled down by 50 ul of A/G ChlP-grade magnetic beads (Thermo
Fisher Scientific) blocked by salmon sperm and BSA. The beads were washed three times in
1ml of High-salt wash buffer (50 mM HEPES pH 7.9, 500 mM NaCl, 1 mM EDTA, 0.1% SDS,
1% TRITON X-100, 0.1% deoxycholate). The elution was performed in 300 ul of Elution buffer
(50 mM TRIS-CI, 10 mM EDTA, 1% SDS) supplemented with 20 ug of proteinase K. Samples
were incubated for 2 hrs at 55°C and then overnight at 65°C to reverse crosslinking. The DNA
was purified by QlAquick PCR Purification Kit (Qiagen). The gRT-PCR was performed by using
Luna Universal gPCR Master Mix (New England Biolabs), and three different sets of primers
(see supplemental Table 5), which were designed using Primer3 online tool. The prediction of
possible FoxO1-binding sites in the 3.5 kb promotor region of the GAB1 gene was performed
with ContraV3 online tool. The non-specific primer-set was designed into the 2nd intron of
GAB1 where there is no predicted binding site for FoxO1 (forward: 5’-
CAGTCAGTCTAGTAGGAGGGACAA-3', reverse: 5-CTGAAAAGATCACTGCTGCTGCTA-
3’). Two sets of primer were designed for the promotor region with predicted binding sites for
FoxO1 (TBS no. 4: forward 5- TTTGGGGCTTTTTCACAAAT-3’, reverse 5'-
TGCCTACTTCCTTGTGTGTTTC-3’; TBS n0.10: forward 5-ATGCTGCCTATGGGAGAAGA-
3’, reverse 5’-AAACCAAAGCACTTCTTTTTAAGT-3’). The results were calculated as % of

input.
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Confocal microscopy

The MECL1 cells were plated on poly-L-lysine coated (0.01%) glass for 30 min. Glass-attached
MEC1 cells or primary CLL cells in suspension were subsequently fixed with 1%
paraformaldehyde for 15 min/room temperature and washed (2x) with TBS-T. The 1 hr long
blocking step in 5% BSA was followed by overnight incubation in primary antibody against
FoxO1 (#2880, 1:100; Cell Signaling). The next day cells were washed (3x) in TBS-T and
incubated in a mixture of secondary antibody (anti-Rabbit, Alexa-647 #4414, 1:250; Cell
Signaling) and Phalloidin-iFLuor488 (1:1000; Abcam) for 90 min/room temperature (in dark).
Subsequently, three wash steps with TBS-T were followed by staining with DAPI (1:1000; 15
min; Abcam), and cells were mounted to glass slides using Vectashield (Vector laboratories),
and visualized on confocal microscope Leica DM5500 Q with TCS SPE confocal laser

scanning system.

Cell motility by holographic microscopy

Cell motility speed and other measurements were performed as described previously.'®1’
Briefly, tissue culture treated p-Slide (lbidi) with 0.8 mm channel height was first filled with the
culture medium to coat the substrate with serum proteins. After several minutes, the medium
was removed and the y-Slide channel was filled with 200 pl of cell suspension containing 10
000 exponentially growing MEC1 cells in a conditioned medium to achieve a subconfluent
culture. Cells were incubated for 1 h at 37°C in a humidified atmosphere enriched with 5%
CO.. The u-Slide with cells was then positioned on the stage of our Multimodal Holographic
Microscope Q-PHASE (Tescan/Telight) and subjected to time-lapse recording for 1 h with 10
s lapse-interval using 10x objective lenses 0.3 NA using the holographic mode measuring the
optical thickness of cells with an accuracy of 2 nm. The recording was repeated 3 times for
each cell type on two different days producing 12 time-lapse sequences which were processed
using in-house developed image processing procedure using Mathematica (Wolfram
Research), which removes background fluctuations, reconstructs and subtracts the
background, converts the optical thickness of cells into their dry mass distributions, segments
the cells, calculates centroids of dry cell mass, and morphometric parameters of Circularity,

Elongation, Mass and Spreading defined as:

(4mA)
p2

Circularity =

where A is cell area in um? and P is the perimeter length in pm;

Width
Length

Elongation =1 — (.

)
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where Width and Length are the smallest and largest axes of the best fit ellipse respectively;
Spreading = A/Mass
where Mass is the total dry mass of a cell expressed in pg (picogram = 102 g).

The software also tracks the cells in time on the basis of the nearest cell with a similar dry
mass in the next frame. Tracked centroids were processed in order to calculate Displacements
and Persistences. Persistence was defined as the ratio of direct translocation in 60 s and the
wiggly track distance was determined as the sum of six 10 s displacements. The Persistence
of a cell moving in a straight line is 1, and bending of the trajectory reduces the Persistence
towards O.

Immunohistochemistry of paraffin-embedded tissues

Immediately after the tissue of experimental animals was dissected out, it was fixed in 4%
paraformaldehyde pH 7.4 at room temperature overnight. The FFPE tissue sections (1 um)
were automatically processed and stained in VENTANA BenchMark Ultra system. Universal
DAB Detection Kit (Ventana) was used for staining in combination with UltraView Amplification
Kit (Ventana). Counterstaining was achieved by using Hematoxylin Il (Ventana) and post-
counterstaining by using Bluing reagent (Ventana). Immunostaining was performed using the
anti-CD20 (for MECL1 cells; MO701, DAKO) or anti-CD45 (for primary CLL cells; M0755, DAKO)
antibody.

Immunohistochemistry of cryopreserved tissues

Immediately after the tissue of experimental animals was dissected out, it was fixed in 4%
paraformaldehyde pH 7.4 at 4 °C for 5 hrs. Subsequently, liver and spleen were cryopreserved
in 30% sucrose at 4 °C overnight at and embedded in OCT medium (Tissue-Tek, 4583) on dry
ice. Femurs were decalcified in 10% EDTA pH 7.4 for 7 days at 4 °C prior to cryopreservation
and OCT embedding. Samples were sectioned on a cryostat (Leica CM1850UV) as 14-um
thick slices and collected on SuperFrost Plus Adhesion slides (Thermo Fisher Scientific,
J1800BMNZ). Staining with primary antibody anti-mouse collagen IV (COL4, AbD Serotec,
2150-1470; 1:500) was performed at 4 °C overnight, followed by incubation with Alexa-
conjugated secondary antibody (Invitrogen; 1:1000) at room temperature for 2 hrs. Cell nuclei
counterstaining was performed with DRAQ5 Fluorescent Probe Solution (Thermo Fisher
Scientific, 62251), and slides were mounted with Fluoromount Aqueous Mounting Medium
(Sigma—Aldrich; F4680). Imaging was performed using Zeiss LSM880 laser scanning confocal

microscope. ZEN2.1 (ZEISS) and Imaris (Bitplane) software was used for image processing.
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Statistical analysis

Differences in expression levels between paired samples were compared using paired t-test
or Wilcoxon matched matched-pairs test and differences in non-matched groups were
compared using unpaired t-test or Mann-Whitney U test. The appropriate tests were chosen
based on the results of Shapiro-Wilk test of normality of input data. Statistical analysis of GAB1
inhibitors’ effect on cell viability in comparison to their combination with ibrutinib was analysed

by 2-way ANOVA including Tukey test. All analysis were performed in GraphPad v8.0.1.
Data Sharing Statement

The results of the RNAseq analysis and data deposition may be found above. For other original

data or detailed protocols, please contact the corresponding author.
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2) Supplemental Figures

Supplemental Figure 1
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Supplemental Figure 1. (Ai) Representative example of a gating strategy for sorting of CLL
cells according to CD5 and FCS-A (forward scatter area). CXCR4/CD5 subpopulations were
sorted according to CD5 and forward scatter area (CXCR49™ cells have a higher FSC-A). The
CD5/FSC-A was used to preve nt labeling by an antibody binding to the CXCR4 receptor,
which would interfere with the migration to SDF1 and potentially other chemokines. (Aii)
Evaluation of CXCR4 and CD5 expression in cells sorted according to the gating strategy
shown in [Ail. Small aliquotes of sorted CD5YMFSC-A" and CD5"9"FSC-A"" cells
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(correspond to CD59MCXCR49" and CD5P"9"CXCR49™ cells, respectively) were stained for
CXCR4 and measured by flow cytometry to validate CXCRA4 cell-surface levels and separation
of CXCR4/CD5 subpopulations (this validation was performed in all samples used for
experiments below). The sorting approach using CD5/FSC-A was successful in separating
CXCR4/CD5 subpopulations in approx. 75% of CLL cases and only the samples with an
acceptable profile of CXCR4/CD5 after validation by flow cytometry were used in further
experiments. (B) Validation of CXCR4/CD5 expression in other CLL samples sorted according
to FCS-A/CD5.
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Supplemental Figure 2
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Supplemental Figure 2. Competitive migration assay of primary CLL cells sorted according
to CD5/FSC-A (as surrogate markers for CD5/CXCR4 subpopulations, the cell-surface levels
of of CXCR4/CD5 were validated after sorting, see Supplemental Fig. 1). (A-B) Sorted cells
were stained with two different CellTrace dyes, mixed in a 1:1 ratio, and injected into the tail
vein of NGS mice (see Fig. 2A). Migration was allowed for 4 hrs, and then bone marrow (A)
and liver (B) were analyzed for the presence of CLL cells (n=5). The numbers of CLL cells
infiltrating bone marrow or liver were markedly lower in comparison to the spleen (Fig. 1A). (C-
E) Competitive migration assay of CXCR4/CD5 CLL cell subpopulations towards SDF1 (C),
CXCL13 (D), or conditioned media (E) produced by bone marrow mesenchymal stromal cells
from a healthy donor (CM"™SC), Sorted and validated CXCR4/CD5 subpopulations were
stained with two different CellTrace dyes, mixed in a 1:1 ration, and loaded into transwells.
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Supplemental Figure 3
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Supplemental Figure 3. Volcano plot depicting differentially expressed genes in CXCR4/CD5
subpopulations. Vertical dashed lines represent a fold-change of >1.5-fold. The horizontal
dashed line represents adjusted P-value <0.001. Blue color represents genes relatively down-
regulated in CXCR4"9MCD5™ cells, and the red color represents genes relatively up-regulated
in CXCR4PrignCp5dm cells (cell sorting strategy shown in Fig. 1B). FoxO1 and GAB1 are
depicted in green color. Log2FC stands for a fold-change in log2 scale, -log10(adj.p-val) stands
for adjusted P-value in a log10 scale.
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Supplemental Figure 4
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Supplemental Figure 4. (A) Pearson correlation for gene expression between all samples
used for RNAseq analysis. The correlation was calculated from log2 normalized gene counts
(DESeq) + 1 to avoid logarithms of 0 counts. Correlation heatmaps for both sample pairing
uncorrected (top) and corrected for paired CXCR4/CD5 subpopulations (bottom) are shown.
The heatmap colors were normalized to row Z-score. Red color depicts CXCR4P9nCD5dm
cells, and blue color depicts CXCR44MCD5P" 9 cells, row colors represent individual patients.
The data were corrected for pairing by limma (v3.40.6) ,removeBatchEffect” function.'® (B)
Principal Component Analysis (PCA) of all samples used for RNAseq analysis was calculated
from log2 normalized counts (DESeql) + 1 to avoid logarithms of O counts. PCA components
for both sample pairing uncorrected (left) and corrected for paired CXCR4/CD5 subpopulations
(right) are shown. Red color depicts CXCR4"9MCD5™ cells, and blue color depicts
CXCR49mCD5™9" cells. The data were corrected for pairing by limma (v3.40.6)
,removeBatchEffect” function.'®
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Supplemental Figure 5
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Supplemental Figure 5. Analysis of six selected migration-related genes by gRT-PCR in
sorted CXCR4/CD5 subpopulations (for cell sorting strategy, see Fig. 1B). The mRNAs were
randomly selected from differentially expressed migration-related genes identified by RNAseq
(Fig. 1C), and their expression was validated in an independent set of sorted samples. The
intermediate (int) subpopulation between

CXCR4MCD5

represents a transitional

CXCR49mCD5 8t gnd CXCR4P9MCD5Y™ cells.
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Supplemental Figure 6

A CLL_46 CLL_1 CLL_19

& & \)&'\‘5‘\\ & & ‘0"\&\\ ¢ & ‘0<\<§\\
P S S o S ) ® S 5
S0 oo (D 0 P P o

X X X X X X X X
o*c’?\b‘ dF o o g @ g g g

{GABL [ p — | [ | — e |

tFOXOL | — — . — | | — |

s = e w P 1 F |
GAPDH | s S— — . — e— |

CLL_22 CLL_21 CLL_18
N & & & & .
N 006 a“ Ooé\ &\“‘ 00% E’j@\\ 006\«\ Qch\\ & ()0\g Ex‘@‘\ 006.\‘\\ 008\\ §\<<\ Cﬂ)cg
o*c’?\b( CI"G?\ < GFC’?\ o*c’?\b( o*c’?\b‘ o‘FC’?\ c;!g’?\b‘ oy
ICGABL | W v | | ~— - - - -
{FOXO] | *-— — — [ — SR .
eeL, [ B S (s e @ 2 -

ST m— n=10
P=0.095 C P=0.0055
25 PO 47 Tp=00073]
. I

Relative FoxO1 protein levels

Supplemental Figure 6. (A) Additional immunoblots for proteins of interest from sorted
CXCR4/CD5 subpopulations. The CXCR4™CD5™ represents a transitional intermediate (int)
subpopulation between CXCR49™CD5P9" and CXCR4M9nCp5dm cells. (B-C) and
Densitometric quantification of FoxO1 (B) and BCLx. (C) protein levels in sorted CXCR4/CD5
subpopulations as analyzed by immunoblot. BCLx., an antiapoptotic protein, serves as a
positive control for microenvironmental interactions. For cell sorting see Fig. 1B and for
densitometric analysis of protein levels, see Fig. 1G
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Supplemental Figure 7
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Supplemental Figure 7. Histological evaluation of spleen (A), bone marrow (B), and liver (C)
of NSG mice transplanted with MEC1™ (left) or MEC1%481KO (right) cells. In this experiment,
MEC1I™ or MEC1%481KO cells were transplanted separately to individual NSG mice via a tail
vein injection and sacrificed after 6 hrs. Tissue sections were stained with anti-human-CD20
antibody (brown signal) and the post-counterstaining by Bluing reagent (Ventana). The
composition of the spleen structure in NSG mice is different from normal mouse spleen and
reflects the absence of mature B/T/NK cells in these animals (see D for hematoxylin-eosin
staining of the spleen, 20x). Therefore, the white pulp of the spleen is absent, and the organ is
mainly formed by red pulp with a high content of overactive erythron and excessive
erythropoiesis (including the presence of megakaryocyte). The migrated MEC1 cells were
localized diffusely in the spleen, and there was no difference in tissue localization for GAB1-
knockout versus GAB1-wt cells.
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Supplemental Figure 8
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Supplemental Figure 8. Histological evaluation of spleen (A), bone marrow (B), and liver (C)
of NSG mice transplanted with CLL cells transfected with siRNA against GAB1 (siRNA-GAB1,
right) or control siRNA (siRNA-NC, left). Cells were incubated for 48 hrs after transfection and
then stained with Sytox Blue viability dye and sorted according to viability. Viable CLL cells
(10x10° of sSiRNA-GAB1 or siRNA-NC transfected cells) were transplanted to individual NSG
mice via a tail vein injection and sacrificed after 6 hrs. Tissue sections were stained with anti-
human-CD45 antibody (brown signal) and the post-counterstaining by using Bluing reagent
(Ventana). The composition of the spleen structure in NSG mice is different from normal mouse
spleen and reflects the absence of mature B/T/NK cells in these animals (see Supplemental
Fig. 10D for hematoxylin-eosin staining of the spleen, 20x). Therefore, the white pulp of the
spleen is absent, and the organ is mainly formed by red pulp with a high content of overactive
erythron and excessive erythropoiesis (including the presence of megakaryocyte). The
migrated CLL cells were localized diffusely in the spleen, with a tendency for higher CLL cell
infiltration in the trabecular system near the trabecular veins; however, there was no difference
in the localization inside the studied organs for siRNA-GAB1 or siRNA-NC CLL cells. For
patient characteristics, see Supplemental Tab1, CLL_3.
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Supplemental Figure 9
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Supplemental Figure 9. Control immunoblots from primary CLL cells transfected with control
SiRNA (NC) or siRNA against GAB1 (GAB1). Cells were incubated for 48 hrs and then stained
with Sytox Blue viability dye and sorted according to viability. A small aliquot of sorted cells,
was used for these control immunoblots, and the remaining cells were used for competitive
migration assay in NSG mice.
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Supplemental Figure 10
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Supplemental Figure 10. (A-B) Serum isolated from peripheral blood or bone marrow of CLL
patients (n=4) was tested for SDF1 (A) or CXCL13 (B) levels by ELISA (R&D Systems). (C-D)
Conditioned media produced by primary human mesenchymal stromal cells (CM"™SC) or by
human stromal cell line HS5 (CMHS%) was analyzed for levels of SDF1 (C) or CXCL13 (D). The
replicates in C and D represent analyses of conditioned media from various passages of the
cells. ND stands for “not-detectable”. (E-F) Relative expression of CXCL12 (E) and CXCL13
(F) mRNAs in different organs of the NSG mice. For this experiment, 3 NSG mice (without
transplantation of malignant cells) were sacrificed, organs homogenized, RNA isolated, and
subjected to gRT-PCR. (G) Publicly available data on CXCL12 and CXCL13 mRNA expression
in different compartments of C57BL/6J mice (mice strain not used in this study). NA stands for
“‘data not available”. Data are presented as TPM (Transcripts per Kilobase Million) and were
obtained from Expression Atlas database (ArrayExpress: experiment E-MTAB-3579).1°
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Supplemental Figure 11
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Supplemental Fig. 11 (A) Representative example of GABL1 silencing by siRNA in MECL1 (top)
and primary CLL cells (bottom). (B-C) Migration of MECL1 cells (B) and CLL cells (C) towards
50% conditioned media produced by HS5 cells. CLL or MEC1 cells were transfected with
SiRNA against GAB1 (siGAB1) or control siRNA (siNC). Migration across the transwell towards
the 50% conditioned media produced by HS5 cells was allowed for 6 hrs (n=3), and the ratio
of passed cells was measured by flow cytometry. (D) In vitro competitive migration assay of
MEC1WVT vs. MEC1%4B1KO cells (cells stained as shown in Fig. 2B). Migration was allowed for 6
hrs towards conditioned media produced by HS5 stromal cells. (E) Representative immunoblot
for primary CLL cells stimulated for various times (3-60 min) with recombinant SDF1
(100 ng/ml). (F) Representative immunoblot from primary CLL cells treated with 50%
conditioned media produced by human stromal cell line HS5 (CM™$®), SDF1 (100 ng/ml), or
their combination with CXCR4-inhibitor plerixafor. Plerixafor (5 ug/ml) was added 2 hrs prior to
the cell trreatment with SDF1 or conditioned media to ensure full CXCR4 inhibition. The control
stands for cells treated with vehicle and cultured on plastic.
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Supplemental Figure 12
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Supplemental Figure 12. (A) Additional immunoblot from primary CLL cells (CLL_133)
transfected with siRNA against GAB1 (GABL1) or a negative control (NC). Cells were (48 hrs
post-transfection) stimulated for 10 min by SDF1 (100 ng/ml), or CXCL13 (250 ng/ml), or
conditioned media produced by primary human mesenchymal stromal cells (CM"™SC), The
immunoblot contains 2 endogenous controls (GAPDH) marked by upper index, because for
technical reasons pGAB1 and pAKT (loading control GAPDH?) were analyzed on first gel and
remaining proteins (loading control GAPDH?) on the second gel (identical protein loading and
conditions). (B-C) Analysis of cell viability (A) and CXCR4 cell-surface expression (B) in
primary CLL cells transfected with siRNA against GAB1 (siGAB1) or with control scrambled

SiRNA (siNC). Viability was measured by DiOC6/PI staining.
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Supplemental Figure 13
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Supplemental Figure 13. (A) Representative image of F-actin polymerization in MEC1*t and
MEC1CABL-KO ce|ls after treatment with 50% conditioned media produced by HS5 cells (15 min).
MEC1 cells were subsequently fixed, and polymerized F-actin was visualized by fluorescent
microscopy after Phalloidin-488 staining. (B) Representative rose plots with 5 min migration
trajectories of MEC1" vs. MEC1%481KO cells in the presence of conditioned media produced
by HS5 cells (shifted to a common origin, axis in ym). The percentage below the figure
indicates the fraction of cells with trajectory >20 ym at 5 min in MEC1" vs. MEC1¢AB1KO cells
(19.2 vs. 7%, respectively; P<0.0001).
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Supplemental Figure 14
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Supplemental Figure 14. Map of predicted transcription binding sites of FoxO1 protein in
3.5 kb promoter region of the GAB1 gene (ContraV3). Predicted transcription binding sites are
number 1-11 (at the top), and their genomic position is indicated.
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Supplemental Figure 15
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Supplemental Figure 15. The predicted evolutionary conserved transcription factor binding
sites (TBS) for FoxO1 in 3.5 kb upstream region from the transcriptional start site of the GAB1
gene. Different colors refer to different FoxO1 binding motives depicted in bottom right corner
(ContraV3 online tool, 2017).%°
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Supplemental Figure 16
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Supplemental Figure 16. (A) Immunoblots from primary CLL cells transfected with non-
specific control sSiRNA (NC) or siRNA against FoxO1 (siFoxO1). Cells were harvested 48 hrs
post transfection. (B) Immunoblots from primary CLL cells treated FoxO1 inhibitor (0,5 uM,
48 hrs). (C) Representative immunoblot for MEC1" and MEC1Fo*01O0 cells. CD20 was used
as a positive control of FoxO1 repression since FoxO1 is a negative regulator of CD20
transcription.?* The same samples were used in Fig. 4F.
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Supplemental Figure 17
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Supplemental Figure 17. (A) In vivo competitive migration assay of MEC1" vs. MEC1Fox01-K0
cells. MEC1" and MEC1F©K0 \were stained with CFSE or FarRed CellTrace dye,
respectively, and incubated overnight. The next day equal numbers of CFSE stained and
FarRed stained cells (each 50x10°) were mixed to obtain a population with their 1:1 ratio
(validated by flow cytometry). A mixture of stained cells was injected into NSG mice via the tail
vein (total 100x10° cells, n=5). Mice were sacrificed after 6 hrs, and blood, spleen, bone
marrow, and liver were analyzed by flow cytometry for the presence of viable CFSE or FarRed
positive cells. The amount of MEC1 cells in each examined site is presented as relative
migration between CFSE vs. FarRed positive cells. (B) In vitro competitive migration assay of
MEC1" vs. MEC1Fox°1KO MEC1™ and MEC1Fx01K0O were stained with CFSE or FarRed
CellTrace dye, respectively, and incubated overnight. The next day equal numbers of CFSE
stained and FarRed stained cells were loaded to transwell. Migration (n=4) towards SDF1
(250 ng/ml) , or CXCL13 (500 ng/ml), or conditioned media produced by human bone
mesenchymal stromal cells (CM™SC) was allowed for 6 hrs, and the ratio of passed cells was
assessed by flow cytometry. The number of migrated cells was normalized to the migration of
cells applied to transwell without chemokines in the bottom chamber. (C) Competitive migration
assay of CLL cells after FoxOL1 silencing by siRNA (siFoxO1) compared to cells transfected
with control siRNA (siNC). Cells were incubated for 48 hrs and then stained with two different
CellTrace dyes and loaded in 1:1 ratio on transwell. Migration (n=6) towards SDF1 (100 ng/ml),
or CXCL13 (250 ng/ml), or conditioned media produced by human bone mesenchymal stromal
cells (CM"™SC€) was allowed for 6 hrs, and the ratio of migrated cells was assessed by flow
cytometry.
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Supplemental Figure 18
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Supplemental Figure 18. (A) (i) Representative immunoblot for FoxO1 and GABL1 levels in
primary CLL cells stimulated with anti-lgM (10 pg/ml) for 5 min or 48 hrs. (ii)) GAB1 mRNA
expression from CLL cells (n=4) treated with anti-lgM for 48 hrs. Ctrl stands for cells incubated
in culture media only. (B) (i) Representative immunoblot of GAB1 and FoxO1 protein levels
after coculture of MECL1 cells or primary CLL cells with HS5 stromal cells for 48 hrs. Primary
CLL cells were seeded on a confluent layer of HS5 cells in an approx. 5:1 ratio (CLL:HS5).
After 48 hrs cell suspension was stained with antibody against CD105 (a specific marker of
stromal cells) and sorted by FACS (purity > 99,9% of CD19+CD5+ cells). (ii) GAB1 mRNA
expression after coculture of primary CLL cells (n=4) with HS5 stromal cells for 48 hrs.
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Supplemental Figure 19. Densitometric quantification of tGAB1 (A), pFoxO1 (B), tFoxO1 (C),

pAKT (D), tAKT (E), tSYK (F), tPLCy (G), tCD79a (H) and protein levels in MEC1 cells treated
this experiment, since primary CLL cells have relatively very low basal AKT phosphorylation

with 1 uM inhibitor of AKT (iIAKT) or vehicle (DMSO) for 12-48 hrs. MECL1 cells were used in
levels to be inhibited (supplemental Figure 20).



Supplemental Figure 20
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Supplemental Figure 20. Representative immunoblot for freshly isolated primary CLL cells
and MECL1 cell line (samples from 2 different cultures of MEC1 cells).
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Suplemental Figure 21
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Supplemental figure 21. Intracellular staining of pAKT in CXCR4/CD5 CLL subpopulations.
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Supplemental Figure 22
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Supplemental Figure 22. Histological evaluation of spleen (A), bone marrow (B), and liver
(C) of NSG mice transplanted with MEC1" (left) or MEC1C/B1KO (right) cells. In this experiment,
MEC1" or MEC16/B1KO cells were transplanted separately to individual NSG mice via a tail
vein injection and sacrificed after 3 weeks. Tissue sections were stained with anti-human-
CD20 antibody (brown signal) and the post-counterstaining by Bluing reagent (Ventana). The
composition of the spleen structure in NSG mice is different from normal mouse spleen and
reflects the absence of mature B/T/NK cells in these animals (see Supplemental Fig. 10D for
hematoxylin-eosin staining of the spleen). Therefore, the white pulp of the spleen is absent,
and the organ is mainly formed by red pulp with a high content of overactive erythron and
excessive erythropoiesis (including the presence of megakaryocyte). The migrated MECL1 cells
were localized diffusely in the spleen, and there was no difference in tissue localization for
GAB1-knockout versus GAB1-wt cells (data not shown).

36 - 184 -



Supplemental Figure 23
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Supplemental Fig. 23 Additional immunoblots from primary CLL cells isolated from peripheral
blood of patients before and during ibrutinib therapy. “Pre” stands for samples isolated
immediately before the first administration of ibrutinib, and samples obtained during therapy
are indicated by the number of days (D) or weeks (W) on therapy.
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Supplemental Figure 24
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Supplemental Fig. 24 (A-E) Densitometric quantification of tGAB1 (A), tFoxO1 (B), pAKT (C)
protein levels in primary CLL cells before (pre-therapy) and during idelalisib therapy as a single
agent (week 4). The density of each protein band was normalized to endogenous control. (D)
Representative immunoblots from primary CLL cells isolated from peripheral blood of patients
before (pre) and during idelalisib therapy (D stands for the number of days on therapy).
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Supplemental Figure 25. (A-B) Representative confocal microscopy picture of 2 primary CLL
samples isolated from the patient before (pre) and during ibrutinib therapy ([A] week 2, [B]
week 8; for patient characteristic, see sample CLL_160 and CLL_112, respectively,
Supplemental Tab.1). (C) Represenatative confocal microscopy of MEC1 cells treated with
1 uM ibrutinib or with an equal volume of control (DMSO) for 5 days. In control sample (CTRL)
no anti-FoxO1 primary antibody was used. Blue staining (DAPI) represents the nucleus, green
represents the cytoskeleton (actin), and red staining represents FoxO1.
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Supplemental Figure 26
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Supplemental Figure 26. Analysis of cell viability in primary CLL cells treated for 6 hrs with
different doses of GABL inhibitor GAB1-001 or GAB1-004.
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Supplemental Figure 27
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Supplemental Figure 27. (A) The effect of various doses (2.5-50 uM) of inhibitor GAB1-001
(left) or GAB1-004 (right) on the viability of MEC1™ and MEC1CGABKO cells (72 hrs, n=7
replicates). (B) Immunoblot for MEC1WT and MEC1%481KO cells treated for 6 hrs with 50 uM

inhibitor GAB1-001 (left) or GAB1-004 (right).
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Supplemental Figure 28
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Supplemental Figure 28. (A) Representative immunoblot of primary CLL cells treated with
1 uM ibrutinib (+) or equal volume of DMSO (-) for 6 days. Cells were incubated in media
containing 5 ng/ml IL4. (B) Statistical analysis of primary CLL cells’ viability (n=7) after 48 hrs
treatment with ibrutinib (1 uM) or two different GAB1 inhibitors (inhGAB1-001 or inhGAB1-004;
25 uM) or their combinations.
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Supplemental Figure 29
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Supplemental Figure 29. The relative expression of miR-150-5p in CXCR4/CD5 CLL
subpopulations (n=9).
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Supplemental Table 1: Characteristics of CLL patients

Patient o Ageat | Ralstage e TPS3 IGHV
D Sample used in figure Gender .tlme of (at sample del17p13 del11g23 trisomy 12 del13g14 mutation status
diagnosis | collection) (%) (%) (%) (%) status
1A; 1D; 1G; S1; S2; S5; S6; S6;
CLL1 S16; S17; S28A F 63 1B neg neg neg neg wt unmut
1A; 1D; 61; 6J; S1; S2; S5; S26;
CLL2 | S28A M 66 IA neg pos (95) neg pos (96) wt unmut
CLL3 1A; 2D; S1; S2; S8 M 56 1B neg neg neg neg wt unmut
CLL4 | 1A;2D;S1;S2;S9 F 54 0A neg neg neg pos (62) wt unmut
CLLS | S9 M 56 1B neg neg neg neg wt unmut
CLL6 | 1A;S1;S2 M 64 I A neg pos (94) neg pos (96) wt unmut
CLL7 | 1A;S1;S2 F 68 v neg pos (87) neg pos (10) wt
1C; 1F; 1G; 3A; 3I; S3; S4; S6;
CLL8 | S28 F 59 A neg pos (64) neg pos (97) wt unmut
CLL9 | 1C;3A;3I;S3;54 M 74 VA neg neg neg pos (94) mut100 | unmut
CLL10 | 1C; 3A;31;S3; 54 F 64 B neg pos (9) neg pos (47) wt ---
CLL11 | 1C;3A; 3l; S3; S4; 528 M 71 A neg neg neg neg wt
CLL12 | 1C; 3A; 31; S3; S4; S28 F 59 Il A-B neg neg neg pos (72) wt unmut
CLL13 | 1C; 3A; 31;S3; S4; 528 F 71 I A neg neg neg pos (59) wt unmut
CLL14 | 1C; 3A; 31; S3; S4; S28 M 79 A neg pos (7) neg neg wt unmut
CLL15 | 1C; 3A; 31;S3; S4; S28 F 62 I A neg neg neg pos (7) wt unmut
CLL16 | 1C; 3A; 31;S3; S4; 528 M 70 | A neg neg neg pos (99) wt unmut
CLL17 | 1C; 3A;31;S3; 54 F 65 A neg neg neg pos (95) wt unmut
1D; 1G; 1E; 1F; 3F; 3H; 6C; S2; 43% cells with
CLL 18 | S5; S6; S28 M 58 I A neg neg neg monoalelic deletion | wt unmut
1D; 1G; 2H; 6D; 6E; 61; 6J; S5;
CLL19 | S6; S6; S19; S28A M 62 A neg neg neg pos (95) wt mut
1D; 1G; 3G; 6l; 6J; S5; S6; S11;
CLL20 | S12;S28A M 64 A neg neg neg pos (9) wt -




CLL21 | 1D; 1G; S2; S5; S6; S6 M 73 A neg pos (74) neg neg wt unmut
CLL22 | 1D; 1G; S5; S6; S6 M 68 VA neg pos (98) neg neg wt
CLL23 | 1D; 6C; S1; S2; S5; S18; S28 F 70 1A neg pos (95) neg pos (36) wt mut
81% cells with
CLL 24 | 1E; 2H; 3F; 3H; S19; S21 F 77 IVA neg neg neg monoalelic deletion wt unmut
1E; 3F; 3H; S21 tetrasomy
CLL 25 M 64 ND (14%)
CLL26 | 1E; 3F; 3H M 90 IVA/B neg pos (34) | neg pos (42) wt
96% cells with mut
CLL27 | 1E; 3F; 3H M 58 A neg neg neg monoalelic deletion | (ND) unmut
CLL 28 | 1E; 3F; 3H M 68 A neg pos (97) neg neg wt unmut
CLL29 | 1E; 3F; 3H M 52 neg neg pos (65) neg wt unmut
CLL30 | 1E; 3F; 3H; S21 F 71
CLL31 | 1E; 3F; 3H M 46 IA neg neg neg pos (74) wt mut
27% cells with
CLL32 | 1E; 3F; 3H F 56 1B neg neg neg monoalelic deletion | wt unmut
CLL 33 | 1E; 3F; 3H; S21 M 69 OA neg neg neg neg wt unmut
pos (del, 91 % cells with
CLL34 | 1E; 3F; 3H; S21 F 75 B 94) neg neg bialelic deletion mut (77) | mut
CLL35 | 1E; 3F; 3H M 64 0A neg neg neg pos (10) wt mut
CLL36 | 1E; 3F; 3H; S21 F 70 A neg neg pos (50) | neg ND ND
4 copies deletion (11); 4
of gene tetrasomy | copies (30); 3 copies
CLL37 | 1E; 3F; 3H; S21 F 75 1B pos (13) | (63) (62) (32) wt
CLL 38 | 1E; 3F; 3H; S21 M 55 ND neg pos (98) neg neg wt unmut
CLL39 | 1E; 3F; 3H M 67 OA neg neg neg pos (41) wt mut
99% cells with
CLL40 | 1E; 3F; 3H; 6C, S28 M 78 IVA neg pos (99) neg monoalelic deletion wt unmut
25 % cells with
CLL41 | 1E; 3F; 3H; 6C, S28 54 A neg neg neg monoaelic deletion wt mut
CLL42 | 1E; 3F; 3H; 6D; 6E 66 1A neg neg pos (89) neg wt unmut




CLL43 | 1E; 3F; 3H; 61; 6J; S2 M 30 1B neg neg neg neg wt unmut
97% cells with
CLL44 | 1G; 3D; 6C; 6D; 6E; S6; S28 F 52 1A neg neg neg bialelic deletion wt mut
CLL45 | 1G; 3G; S6 M 76 IVB neg pos (66) neg pos (75) mut ND
CLL46 | 1G; S8; S6;S11;S12 M 73 A neg neg? neg wt unmut
2D; 2G; 4F; 6D; 6E; 61; 6J; S9;

CLL47 | S18;S26 F 54 A neg neg pos (85) neg wt -
CLL48 | 2D; S9 F 68 IVB neg pos (92) neg pos (88) wt mut
CLL49 | 2D; S9; S20 M 70 1B neg neg neg pos (8) wt mut
CLL50 | 2H F 76 ND neg neg neg pos (92) mut (85) | unmut
CLL51 | 2H M 66 A neg pos (28) neg pos (96) wt unmut
CLL52 | 2H F 73 A neg neg neg neg wt unmut
CLL53 | 2H; 6l; 6J; S16;517; S19 M 73 neg neg neg pos (95) wt
CLL54 | 2H; 6l; 6J; S16; S17; S19; S26 F 73 I A neg neg pos (20) pos (69) wt mut
CLL55 | 2H; 6l; 6J; S17; S19; S26 F 75 0A neg neg neg neg wt mut
CLL56 | 2H;S19 F 61 I A neg neg neg pos (46) wt mut
CLL57 | 2H;S20 M 69 v neg neg neg pos (6) wt unmut
CLL58 | 3D F 62 1A neg neg neg pos (81) wt mut
CLL59 | 3D; 6A; 6B; S16; S17; S24; S26 F 59 neg pos (93) neg neg wt unmut
CLL60 | 3E F 60 0 neg neg neg pos (85) wt (10) | mut
CLL61 | 3E F 67 0A pos (62) neg neg pos (71) mut (63) | unmut
CLL62 | 3E M 59 A neg neg neg neg wt unmut
CLL63 | 3E M 50 1B neg pos (95) neg pos (80) wt unmut
CLL64 | 3E F 61 A pos (98) neg neg neg mut (49) | unmut
CLL65 | 3E M 56 A pos (84) neg neg pos (86) mut (75) | unmut
CLL66 | 3E M 67 1] pos (93) neg neg neg wt unmut
CLL67 | 3E F 58 IB pos (47) neg neg pos (95) mut (95) | mut
CLL68 | 3E M 67 IVA neg neg neg pos (99) mut (48) | unmut
CLL69 | 3E M 76 IVB pos (63) neg neg pos (62) mut (95) | unmut




CLL70 | 3E F 57 Il neg neg neg neg mut (44) | unmut
CLL71 | 3E F 63 11 neg neg neg neg wt unmut
CLL72 | 3E M 58 A pos (97) neg neg pos (18) mut (91) | unmut
CLL73 | 3E M 62 1B neg neg neg neg wt unmut
CLL74 | 3E F 67 I neg neg neg pos (98) wt mut
CLL75 | 3E M 66 0 neg neg neg neg wt unmut
CLL76 | 3E M 63 IA-B neg neg pos (81) neg wt unmut
CLL77 | 3E F 56 IVA neg neg neg pos (15) wt unmut
CLL78 | 3E F 56 N/A pos (66) neg neg pos (94) mut (47) | mut
CLL79 | 3E M 62 vV neg pos (100) | pos (ND) neg mut (89) | unmut
CLL80 | 3E F 68 I neg pos (96) neg pos (49) wt unmut
CLL81 | 3E F 57 Il neg pos (93) neg pos (63) wt unmut
CLL82 | 3E M 60 IIB neg pos (98) neg pos (99) wt unmut
CLL83 | 3E M 54 IVA neg neg neg neg wt unmut
CLL84 | 3E M 67 A pos (93) neg pos (76) pos (97) mut (46) | mut
CLL85 | 3E M 72 IVA-B neg neg neg neg del (82) | ---
CLL86 | 3E F 56 1] neg neg pos (88) pos (90) mut (67) | mut
CLL87 | 3E F 54 v neg neg neg pos (62) wt unmut
CLL88 | 3E M 49 0 neg neg neg pos (96) wt mut
CLL89 | 3E M 65 v neg pos (88) neg neg wt mut
CLL90 | 3E M 47 IVB pos (72) pos (38) pos (35) pos (35) mut (90) | unmut
CLL91 | 3E M 77 1] pos (9) neg neg pos (92) mut (54) | unmut
CLL92 | 3E M 38 A pos (88) pos (11) neg pos (35) mut (15) | unmut
CLL93 | 3E M 45 v neg neg neg neg mut (22) | mut
CLL94 | 3E M 55 1] neg neg pos (28) neg mut (46) | unmut
CLL95 | 3E M 75 M-1v neg pos (90) neg neg wt unmut
CLL96 | 3E M 38 I neg pos (99) neg pos (50) wt unmut
CLL97 | 3E F 59 1B neg neg neg pos (21) mut (99) | unmut
CLL98 | 3E M 43 I neg pos (15) neg neg wt unmut




CLL99 | 3E F 58 A neg neg neg neg wt unmut
CLL 100 | 3E M 64 IVA-B neg neg neg neg wt unmut
CLL 101 | 4A;S12 F 75 neg neg neg mut (93) wt mut
CLL 102 | 5Di; 5Dii M 47 1B pos neg neg neg wt unmut
CLL 103 | 1E; 3E; 3F; 3H; 5Dii M 39 IVB pos (12) pos (85) neg pos (15) mut (15) | unmut
CLL 104 | 5Dii; 5E; S23 M 59 IVB neg pos (80) neg pos (83) wt unmut
CLL 105 | 5Dii; 5E; S23 M 43 ND neg pos (96) pos (80) neg wt unmut
CLL 106 | 5Dii; 5E; S23 M 48 IVB neg neg neg pos (85) wt unmut
CLL 107 | 5Dii; 6B; S11; S23 M 65 IA neg neg pos (86) neg wt unmut
CLL 108 | 5Dii; S23 M 51 IVA neg neg neg neg wt unmut
CLL 109 | 5Dii; S23 F 64 neg neg neg pos (8) wt mut
mut
CLL 110 | 5Dii; S23 M 71 IVB pos (85) pos (15) neg neg (95) unmut
CLL 111 | 5Dii; S23 M 67 IA neg pos (86) neg pos (11) wt unmut
CLL 112 | 5Dii; S23; S25 M 58 1B neg neg neg neg wt unmut
CLL 113 | 5E M 34 I pos (16) neg neg neg ND mut
CLL114 | 5E F 51 v neg neg pos (52) neg ND unmut
CLL 115 | 5E M 57 v pos (60.5) | neg neg pos (96) mut mut
CLL116 | 5E M 75 I neg neg neg pos (78.5) ND mut
CLL117 | 5E M 56 I pos (35.5) | neg neg pos (4.5) mut unmut
pos
CLL118 | 5E F 67 v pos (93.5) | (93.5) neg neg ND unmut
CLL119 | 5E M 54 IA neg pos (60) neg pos (54) wt unmut
CLL120 | 5E F 53 A pos (8) neg neg neg wt unmut
CLL121 | 6B M 66 IA neg neg pos (77) neg wt unmut
CLL122 | 6B M 64 A neg neg pos (81) neg wt unmut
CLL123 | 6B M 64 IV-A neg neg neg neg wt ND
73 % monoalelic
CLL 124 | 6C; S28 M 72 A neg pos (0.7) | neg deletion wt unmut




biclonal

CLL 125 | 6C; S28 F 54 1B neg neg pos (0.74) | neg wt /unmut
CLL 126 | 6D; 6E M 51 0A neg neg pos (82) neg wt unmut
CLL 127 | 6D; 6E; 6l; 6J; S18 F 46 IVA-B neg neg neg pos (89) wt mut
CLL 128 | 6G; 6F; S11; S20 F 79 IA-B neg neg neg pos (8) wt mut
CLL129 | 6l; 6J; S26 F 60 I B neg pos (16) neg neg wt unmut
CLL 130 | 6l; 6) F 72 1A neg neg neg pos (52) wt unmut
CLL 131 | 6l;6) M 87 IVB --- --- --- --- --- ---
CLL132 | 6l; 6J; S2 M 67 B neg neg neg neg mut
CLL 133 | 61; 6J; S2; S12; S16; S26 M 77 I A neg neg neg pos (9) wt ---
CLL134 | S10 M 76 0A neg neg neg pos (20) wt

CLL 135 | S10 M 61 1B neg pos (44) neg pos (9) wt unmut
CLL 136 | S10 M 71 IVB neg pos (73) neg neg mut unmut
CLL 137 | S10 F 66 1B neg pos (70) neg neg wt unmut
CLL138 | S11 F 80 A neg neg pos (63) neg wt -

CLL 139 | S11;S12 F 60 1B neg pos (95) neg pos (8) wt unmut
CLL 140 | S12 F 55 0A neg neg neg mut (60) wt mut
CLL 141 | S18 F 73 IVA neg neg pos (70) neg wt -

CLL 142 | S18 F 57 0A neg neg neg pos (45) mut (40) | mut
CLL 143 | S18 M 83 neg neg pos (78) neg wt

CLL 144 | 518 F 74 IB neg neg pos (80) neg wt

CLL 145 | S18 M 70 IVA neg pos (52) neg neg mut (35) | unmut
CLL 146 | S20 M 69 IA neg neg pos (81) neg wt unmut
CLL 147 | S20 M 68 1B neg neg pos (67) pos (66) wt mut
CLL 148 | S21 M 75 1B neg neg neg neg wt unmut
CLL 149 | S21 F 64 IA neg neg neg neg wt unmut
CLL150 | S21 M 71 A neg neg neg neg wt mut
CLL 151 | S21 F 69 A neg neg pos (72) pos (61) wt mut
CLL 152 | S23 M 64 B neg neg neg neg wt unmut




CLL 153 | S24 F 50 VA neg pos (49) neg neg mut ---
CLL 154 | S24 F 74 neg neg pos (78) neg wt
CLL 155 | S24 M 61 VA neg pos (86) neg neg wt unmut
CLL 156 | S24 M neg neg neg pos (94) wt unmut
CLL 157 | S24 M neg pos (96) neg pos (94) wt mut
CLL 158 | S24 F 63 VA neg neg neg pos (55) mut
CLL 159 | S24 F 82 A neg neg neg pos (13) mut (22) | ---
minor
mut
CLL 160 | S25 M 34 IA neg pos (74) neg pos (15) (2.5) unmut
CLL161 | S2 M 80 - neg neg neg neg wt unmut
CLL162 | S29 M 69 IVB neg pos (91) neg pos (96) wt unmut
CLL163 | S29 M 68 B neg neg neg pos (98) wt unmut




Supplemental Table 2: List of top differentially expressed genes in CXCR4/CD5
subpopulations (top 30 upregulated and top 30 downregulated mRNAS)

Gene ID Gene name Base Mea_n_ Fold Change adjusted
(reads per million) (log2) * P-value
ENSG00000118432 CNR1 1722.72 2.39 2.80E-16
ENSG00000171246 NPTX1 1555.61 2.21 1.15E-15
ENSG00000135116 HRK 1111.617 2.05 1.28E-15
ENSG00000112182 BACH2 10947.54 2.05 2.99E-44
ENSG00000111266 DUSP16 219.72 2.01 8.96E-18
ENSG00000069188 SDK2 1503.15 191 1.39E-12
ENSG00000065534 MYLK 2140.31 191 8.31E-18
ENSG00000179088 C12o0rf42 256.13 1.87 2.05E-17
ENSG00000166949 SMAD3 289.63 1.81 4.59E-14
ENSG00000131941 RHPN2 276.96 1.81 3.23E-28
ENSG00000152953 STK32B 462.16 1.73 2.35E-06
ENSG00000186350 RXRA 2740.28 1.72 1.55E-11
ENSG00000099958 DERL3 1749.33 1.71 2.61E-14
ENSG00000102053 ZC3H12B 895.52 1.63 1.08E-37
ENSG00000169762 TAPT1 2568.98 1.62 6.45E-12
ENSG00000184897 H1FX 7058.84 1.60 3.21E-37
ENSG00000204569 PPP1R10 2626.45 1.59 2.89E-28
ENSG00000135299 ANKRD6 273.52 1.55 5.14E-33
ENSG00000172794 RAB37 1088.77 1.48 3.46E-17
ENSG00000165029 ABCA1l 3209.94 1.47 6.96E-10
ATP6V1G2- 227.76 1.46 8.12E-14

ENSG00000254870 DDX39B
ENSG00000141068 KSR1 690.79 1.46 5.01E-29
ENSG00000072134 EPN2 271.56 1.44 1.34E-18
ENSG00000101190 TCFL5 715.48 1.44 1.75E-14
ENSG00000215912 TTC34 440.05 1.44 3.82E-19
ENSG00000118513 MYB 290.40 1.42 5.37E-05
ENSG00000121966 CXCR4 82583.46 1.40 3.26E-06
ENSG00000150672 DLG2 570.30 1.40 3.76E-09
ENSG00000099953 MMP11 421.29 1.40 7.99E-18
ENSG00000166348 USP54 347.07 1.39 4.46E-26
ENSG00000129226 CD68 953.26 -3.76 2.05E-125
ENSG00000197629 MPEG1 2503.31 -3.12 1.13E-35
ENSG00000116701 NCF2 1227.26 -2.90 4,51E-53
ENSG00000124772 CPNES5 2444.89 -2.57 1.17E-21
ENSG00000186818 LILRB4 949.50 -2.56 2.30E-22
ENSG00000277632 CCL3 316.78 -2.54 7.13E-16
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ENSG00000140678 ITGAX 7274.70 -2.48 4.60E-28
ENSG00000203896 LIME1 225.21 -2.43 6.65E-47
ENSG00000278195 SSTR3 255.24 -2.29 2.25E-23
ENSG00000173366 AC097637.1 240.20 -2.25 7.01E-15
ENSG00000177685 CRACR2B 1095.87 -2.23 5.75E-37
ENSG00000011028 MRC2 200.59 -2.18 1.07E-18
ENSG00000186810 CXCR3 307.94 -2.18 2.69E-16
ENSG00000126860 EVI2A 579.76 -2.11 2.71E-39
ENSG00000169413 RNASE6 813.61 -2.08 2.40E-19
ENSG00000188389 PDCD1 361.91 -2.02 1.42E-55
ENSG00000167711 SERPINF2 275.58 -2.01 2.32E-28
ENSG00000138623 SEMA7A 724.22 -1.98 2.46E-34
ENSG00000133067 LGR6 228.25 -1.98 7.69E-24
ENSG00000030582 GRN 6864.43 -1.97 6.96E-60
ENSG00000179841 AKAPS 255.83 -1.96 3.41E-17
ENSG00000116771 AGMAT 230.14 -1.96 1.40E-33
ENSG00000261150 EPPK1 281.68 -1.95 8.57E-14
ENSG00000146386 ABRACL 290.48 -1.95 1.78E-24
ENSG00000216490 IFI30 1022.84 -1.92 3.86E-14
ENSG00000115956 PLEK 2534.33 -1.91 1.46E-15
ENSG00000196154 S100A4 3060.76 -1.91 6.17E-42
ENSG00000189159 JPT1 358.79 -1.90 1.57E-22
ENSG00000157388 CACNA1D 574.72 -1.87 4.32E-10
ENSG00000172824 CES4A 426.87 -1.87 1.12E-16

*30 most up-regulated genes (positive fold change) and down-regulated genes (negative fold
change) in CXCR4"&"CD5™ subpopulation.
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Supplemental Table 3: List of migration-related genes which were identified as
differentially expressed in CXCR4/CD5 subpopulations

Gene ID Gene name Base Mea_n_ Fold Change adjusted
(reads per million) (log2) * P-value

ENSG00000114353 GNAI2 8685 -0.95 4.08E-75
ENSG00000100823 APEX1 3708 -1.05 2.8E-59
ENSG00000030582 GRN 6864 -1.97 7.4E-57
ENSG00000128340 RAC2 9335 -1.75 2.46E-53
ENSG00000182054 IDH2 1225 -1.23 1.14E-50
ENSG00000108518 PFN1 8083 -0.96 1.63E-47
ENSG00000100292 HMOX1 1000 -1.76 2.45E-43
ENSG00000159842 ABR 11899 1.05 1.36E-42
ENSG00000205542 TMSB4X 27296 -1.33 3.42E-41
ENSG00000103490 PYCARD 302 -1.53 1.59E-39
ENSG00000197043 ANXAG6 6852 -1.34 8.87E-39
ENSG00000172725 CORO1B 2034 -0.75 7.85E-38
ENSG00000149781 FERMT3 2224 -1.24 3.7E-36
ENSG00000176973 FAM89B 519 -1.23 7.76E-36
ENSG00000108561 C1QBP 984 -1.00 2.72E-35
ENSG00000002586 CD99 2088 -1.11 5.98E-35
ENSG00000131375 CAPN7 2115 0.92 5.99E-33
ENSG00000149925 ALDOA 7757 -0.64 1.32E-32
ENSG00000138623 SEMATA 724 -1.98 2.66E-32
ENSG00000100092 SH3BP1 1891 -0.96 7.89E-32
ENSG00000121879 PIK3CA 3805 0.75 5.77E-31
ENSG00000134242 PTPN22 5538 -0.84 1.36E-30
ENSG00000139626 ITGB7 6295 -1.74 1.79E-30
ENSG00000105429 MEGF8 1215 0.80 1.85E-30
ENSG00000149177 PTPRJ 8064 -0.83 6.66E-30
ENSG00000196712 NF1 2136 1.13 5.83E-28
ENSG00000019995 ZRANB1 2053 0.69 6.03E-28
ENSG00000064666 CNN2 5355 -1.32 2.19E-27
ENSG00000142798 HSPG2 725 -1.51 6.47E-27
ENSG00000140678 ITGAX 7275 -2.48 2.76E-26
ENSG00000023902 PLEKHO1 3666 -0.87 2.88E-26
ENSG00000177169 ULK1 2386 0.62 4.53E-26
ENSG00000136167 LCP1 12293 -1.04 1.06E-25
ENSG00000108854 SMURF2 1459 0.69 2.23E-25
ENSG00000144711 IQSEC1 2265 -0.91 4.25E-25
ENSG00000172757 CFL1 9706 -0.61 9.42E-25
ENSG00000143322 ABL2 2082 0.93 2.11E-24
ENSG00000164190 NIPBL 8141 0.61 4.29E-24
ENSG00000111348 ARHGDIB 9596 -0.75 1.85E-23
ENSG00000163466 ARPC2 10620 -0.81 2.38E-23
ENSG00000132386 SERPINF1 2035 -1.47 3.17E-23
ENSG00000157764 BRAF 3089 0.63 8.28E-23
ENSG00000134318 ROCK2 1826 0.60 1.91E-22
ENSG00000155366 RHOC 1754 -1.33 1.98E-22
ENSG00000133067 LGR6 228 -1.98 2.87E-22
ENSG00000197471 SPN 1125 -1.27 1.59E-21
ENSG00000103769 RAB11A 1740 -0.95 1.78E-21
ENSG00000184481 FOXO4 969 0.70 2.34E-21
ENSG00000139146 SINHCAF 4318 0.92 2.49E-21
ENSG00000139725 RHOF 893 -0.92 4.00E-21
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ENSG00000162704 ARPC5 2307 -1.17 7.62E-21
ENSG00000123338 NCKAP1L 12107 -0.74 9.13E-21
ENSG00000160007 ARHGAP35 1749 0.96 1.04E-20
ENSG00000122694 GLIPR2 363 -1.59 1.93E-19
ENSG00000134954 ETS1 21200 1.00 1.97E-19
ENSG00000131504 DIAPH1 5515 -0.60 4.96E-19
ENSG00000100300 TSPO 986 -0.89 4.48E-18
ENSG00000136286 MYO1G 3398 -1.44 7.97E-18
ENSG00000065534 MYLK 2140 1.91 8.31E-18
ENSG00000110934 BIN2 3042 -1.04 8.99E-18
ENSG00000185950 IRS2 2382 1.12 1.19E-17
ENSG00000102879 CORO1A 13492 -0.65 1.38E-17
ENSG00000083642 PDS5B 2239 0.70 2.36E-17
ENSG00000213654 GPSM3 2977 -0.63 2.51E-17
ENSG00000188906 LRRK2 5584 -0.64 1.35E-16
ENSG00000109919 MTCH2 672 -0.96 1.97E-16
ENSG00000109458 GAB1 6770 0.82 2.44E-16
ENSG00000177697 CD151 339 -1.78 2.55E-16
ENSG00000140443 IGF1R 344 1.42 3.55E-16
ENSG00000079385 CEACAM1 1015 -1.15 5.01E-16
ENSG00000173531 MST1 346 -1.15 7.41E-16
ENSG00000168961 LGALS9 4699 -0.75 1.28E-15
ENSG00000196924 FLNA 29974 -1.15 1.33E-15
ENSG00000109756 RAPGEF2 6076 0.65 1.46E-15
ENSG00000151651 ADAMS8 1768 -1.25 1.46E-15
ENSG00000108819 PPP1R9B 5964 -0.89 1.64E-15
ENSG00000160255 ITGB2 480 -1.34 3.23E-15
ENSG00000166974 MAPRE2 1919 -0.66 3.96E-15
ENSG00000186810 CXCR3 308 -2.18 4.32E-15
ENSG00000026025 VIM 17798 -0.88 5.35E-15
ENSG00000277632 CCL3 317 -2.54 1.09E-14
ENSG00000115310 RTN4 1720 -0.63 1.5E-14
ENSG00000087589 CASS4 391 -1.16 1.87E-14
ENSG00000143669 LYST 9027 1.15 2.23E-14
ENSG00000213066 FGFR1OP 873 0.63 4.07E-14
ENSG00000166949 SMAD3 290 1.81 4.59E-14
ENSG00000163832 ELP6 294 -0.65 5.63E-14
ENSG00000146535 GNA12 4735 0.98 8.25E-14
ENSG00000150093 ITGB1 8907 -0.69 8.38E-14
ENSG00000136950 ARPC5L 1205 -0.78 8.98E-14
ENSG00000035664 DAPK2 292 -1.31 9.39E-14
ENSG00000118689 FOXO3 1987 1.06 1.26E-13
ENSG00000039523 RIPOR1 9249 0.84 1.46E-13
ENSG00000137509 PRCP 1533 -0.61 1.56E-13
ENSG00000131236 CAP1 5959 -0.74 5.82E-13
ENSG00000174483 BBS1 532 0.84 9.33E-13
ENSG00000261150 EPPK1 282 -1.95 1.00E-12
ENSG00000108840 HDACS5 2714 0.65 1.29E-12
ENSG00000169508 GPR183 1004 -1.79 2.1E-12
ENSG00000177105 RHOG 886 -0.81 2.31E-12
ENSG00000142347 MYO1F 1331 -0.61 7.07E-12
ENSG00000071051 NCK2 2153 1.09 1.1E-11
ENSG00000079337 RAPGEF3 7587 0.82 2.54E-11
ENSG00000150347 ARID5B 6961 0.60 3.47E-11
ENSG00000100219 XBP1 2708 0.91 4.1E-11
ENSG00000104998 IL27RA 774 -0.99 5.8E-11
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ENSG00000174175 SELP 566 1.10 5.86E-11
ENSG00000134352 IL6ST 2266 0.80 1.77E-10
ENSG00000123358 NR4A1 578 1.23 3.3E-10
ENSG00000115109 EPB41L5 254 1.04 6.93E-10
ENSG00000149418 ST14 3406 -0.72 1.02E-09
ENSG00000196220 SRGAP3 520 -0.83 1.66E-09
ENSG00000140564 FURIN 1265 0.66 1.93E-09
ENSG00000127603 MACF1 7205 -0.65 5.98E-09
ENSG00000135622 SEMA4F 544 0.62 6.28E-09
ENSG00000275342 PRAG1 1966 -0.65 9.72E-09
ENSG00000107104 KANK1 730 0.61 9.96E-09
ENSG00000112139 MDGA1 2082 1.06 1.71E-08
ENSG00000152127 MGATS 6438 0.63 3.27E-08
ENSG00000004399 PLXND1 2216 0.95 3.51E-08
ENSG00000144791 LIMD1 6186 -0.78 4.12E-08
ENSG00000166313 APBB1 1070 0.63 4.25E-08
ENSG00000102760 RGCC 1179 -0.93 7.29E-08
ENSG00000089159 PXN 1592 -0.64 9.01E-08
ENSG00000157193 LRP8 412 -0.67 1.01E-07
ENSG00000163697 APBB2 2695 0.89 1.09E-07
ENSG00000135503 ACVRI1B 392 0.89 1.66E-07
ENSG00000163932 PRKCD 1513 -0.87 1.97E-07
ENSG00000079691 CARMIL1 1689 0.60 2.09E-07
ENSG00000068024 HDAC4 237 0.88 2.54E-07
ENSG00000130669 PAK4 208 0.82 1.01E-06
ENSG00000261371 PECAM1 4511 -0.78 1.9E-06
ENSG00000169896 ITGAM 1899 -1.30 1.91E-06
ENSG00000121966 CXCR4 82583 1.40 3.26E-06
ENSG00000107738 VSIR 416 -0.77 6.09E-06
ENSG00000117020 AKT3 1058 0.83 7.23E-06
ENSG00000160683 CXCR5 5662 -0.61 8.47E-06
ENSG00000143537 ADAM15 362 -0.67 1.45E-05
ENSG00000197381 ADARB1 2338 1.10 2.34E-05
ENSG00000158321 AUTS2 492 0.74 3.89E-05
ENSG00000160789 LMNA 334 -1.18 5.73E-05
ENSG00000198648 STK39 201 -0.68 6.67E-05
ENSG00000069702 TGFBR3 1979 -0.61 7.03E-05
ENSG00000182957 SPATA13 874 -0.62 0.000104
ENSG00000171522 PTGER4 847 -1.06 0.000138
ENSG00000067141 NEO1 305 0.62 0.000356
ENSG00000085733 CTTN 295 0.76 0.000739

* positive numbers mean a relative upregulation in CXCR4PrighCD54m subpopulation
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Supplemental Table 4: GO term analysis of differentially expressed genes in
CXCR4/CD5 subpopulations

GO Term* Description P-value | FDR g-value | Enrichment B b
Go:o110053|  regulation of actinfilament | g 39 15 | 7.89e-9 2.72 228 | 54
organization
regulation of actin cytoskeleton
G0:0032956 A 8.98E-12 1.02E-8 2.48 292 63
organization
60:0032070 | "e8ulation of actin filament-based | ¢ 5,0 41 | 4 5opg 2.33 320 | 65
process
G0:0030832 | regulation of actin filament length | 9.03E-11 5.57E-8 3.00 157 41
G0:0008064 | re8uIation of actin polymerization |, Joe 16 | g 5op 7 2.94 156 | 40
or depolymerization
G0:0007015 actin filament organization 3.46E-9 1.55E-6 2.46 224 48
GO:0030833|  'egulationofactinfilament |y gop g | 5 gapg 2.79 144 | 35
polymerization
G0:0030029 actin filament-based process 1.52E-7 4.68E-5 2.00 345 60
GO0:0030036| actin cytoskeleton organization 1.95E-7 5.9E-5 2.10 284 52
GO:00303g| ~ Positive regulation of actin 163E-6 | 3.71E-4 2.19 71| 20
filament polymerization
GO:0032233|  Posttive regulation of actin 3.86E-5 |  3.86E-3 2.91 54 | 15
filament bundle assembly
G0:0034314| ArP2/3 complex-mediatedactin | )¢ ¢ 6.42E-3 1.73 14 7
nucleation
G0:0008154 actin polymerization or 1.01E-4 8.13E-3 2.83 52 14
depolymerization
G0:0045010 actin nucleation 3.41E-4 2.02E-2 1.97 22 8
GO:0030g34| ~ egulation of actin filament 43E-4 | 2.44E2 2.93 46 | 12
depolymerization
GO:0032231|  regulationofactinfilament -5 gz 4 |4 43¢ 1.29 84 | 17
bundle assembly
G0:0040012 regulation of locomotion 1.35E-5 1.8E-3 3.44 813 106
G0:0040017 | positive regulation of locomotion 1.21E-4 9.35E-3 1.92 461 64
G0:0040011 locomotion 1.65E-4 1.14E-2 1.73 835 103
G0:2000145 regulation of cell motility 3.78E-6 6.75E-4 1.62 753 102
G0:2000147 | positive regulation of cell motility 4.5E-5 4.38E-3 2.11 437 63
G0:0048870 cell motility 3.31E-4 1.98E-2 1.25 763 94
G0:0030334 regulation of cell migration 3.58E-6 6.63E-4 2.76 706 97
G0:0030335 positive regulation of cell 2.91E-5 3.19E-3 2.11 422 | 62
migration
G0:1903039| Positive regulation of leukocyte |, o0 o 3.98E-4 1.77 210 | 40
cell-cell adhesion
G0:0030155 regulation of cell adhesion 4.11E-6 7.25E-4 3.42 608 86
G0:0045785 positive regulation of cell 1.1E-5 1.53E-3 4.51 366 | 57
adhesion
GO:0022409| Positive regulation of cell-cell 1.27E-5 1.72E-3 3.04 243 | 42
adhesion
G0:1903037| regulation of leukocyte cell-cell | ) p ¢ 6.19E-3 5.74 286 | 45
adhesion
G0:0022407 | regulation of cell-cell adhesion 2.55E-4 1.63E-2 2.11 373 53
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G0:0032056 | "egulation of actin cytoskeleton | g oo 1o 1.02E-8 2.48 202 | 63
Organlzatlon

G0:0030036( actin cytoskeleton organization 1.95E-7 5.9E-5 2.10 284 52

GO:0051493|  regulation of cytoskeleton 5.68E-7 1.5E-4 1.80 467 | 73
Organlzatlon

G0:0051495 | POsitive regulation of cytoskeleton | ) oo o 3.63E-4 3.13 179 | 36
Organlzatlon

G0:0007010 cytoskeleton organization 1.7E-4 1.17E-2 1.31 739 93

GO:0110053|  resulation of actin filament 6.39E-12 7.89E-9 2.72 228 | 54
Organlzatlon

*GO Term analysis was performer by GOrilla online tool and showed GO Terms are referring to group

,Processes”.

Enrichment = (b/n) / (B/N)
N - is the total number of genes

B - is the total number of genes associated with a specific GO term
n - is the number of genes in the top of the user's input genes

b - is the number of genes in the intersection
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Supplemental Table 5: Statistical analysis of all measurements for cell motility assay

MEC1"t cells MEC1GABL1-KO cells ANOVA

Parameter

(mean £ s.e.m.) (mean * s.e.m.) P-value
Circularity* 0.652 £ 0.004 0.653 £ 0.004 n.s.
Elongation* 0.323 £ 0.008 0.332 £ 0.008 n.s.
Mass [pgl* 200.6 £5.3 198.7£4.8 n.s.
Spreading [um?/pg]* 1.75+0.02 1.57 £ 0.02 n.s.
Displacement [um/60 s]* 3.75+0.14 2.71+£0.10 0.035
Persistence* 0.69 + 0.01 0.60 + 0.01 0.036
Number of movies 6 6
Number of tracked cells 195 186
Number of time point measurements 11 939 15184

s.e.m. stands for standard error of the mean
* For the description of the cathegories see Supplemental Methods above
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Supplemental Table
subpopulations

6: Transcription factors differentially expressed in CXCR4/CD5

Base Mean .
Gene ID Gene name (reads per Fold Change adjusted P-
. value
million) (log2) *
ENSG00000112182 BACH2 10948 2.05 2.99E-44
ENSG00000166949 SMAD3 290 1.81 4.59E-14
ENSG00000186350 RXRA 2740 1.72 1.55E-11
ENSG00000101190 TCFL5 715 1.44 1.75E-14
ENSG00000118513 MYB 290 1.42 5.37E-05
ENSG00000150907 FOXO01 3615 1.30 7.29E-21
ENSG00000123358 NR4A1 578 1.23 3.30E-10
ENSG00000177683 THAPS 919 1.08 3.70E-22
ENSG00000118689 FOXO03 1987 1.06 1.26E-13
ENSG00000182568 SATB1 1161 1.05 4.81E-20
ENSG00000160961 ZNF333 1259 1.04 5.76E-20
ENSG00000106624 AEBP1 4585 1.03 4.06E-06
ENSG00000197647 ZNF433 497 1.02 1.89E-14
ENSG00000074657 ZNF532 1534 1.00 3.05E-05
ENSG00000102870 ZNF629 365 1.00 9.21E-15
ENSG00000134954 ETS1 21200 1.00 1.97E-19
ENSG00000137309 HMGA1 1173 -1.05 2.13E-26
ENSG00000198715 GLMP 432 -1.20 2.04E-18
ENSG00000198176 TFDP1 1457 -1.26 2.90E-21
ENSG00000011590 ZBTB32 2944 -1.48 3.1715E-24

* positive numbers mean a relative upregulation in CXCR4brightCD54m subpopulation
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Supplemental Table 7: Numbers of predicted transcriptional binding sites in promotor
region of GAB1 gene for transcription factors differentially expressed in CXCR4/CD5

subpopulations

Gene ID Gene name Number of predicted TBS*
ENSG00000112182 BACH2 1
ENSG00000166949 SMAD3 6
ENSG00000186350 RXRA 15
ENSG00000101190 TCFL5 25
ENSG00000118513 MYB 15
ENSG00000150907 FOXO01 11
ENSG00000123358 NR4A1 5
ENSG00000177683 THAP5 Not in database
ENSG00000118689 FOXO03 7
ENSG00000182568 SATB1 25
ENSG00000160961 ZNF333 4
ENSG00000106624 AEBP1 Not in database
ENSG00000197647 ZNF433 Not in database
ENSG00000074657 ZNF532 Not in database
ENSG00000102870 ZNF629 Not in database
ENSG00000134954 ETS1 58
ENSG00000137309 HMGA1 5
ENSG00000198715 GLMP Not in database
ENSG00000198176 TFDP1 0
ENSG00000011590 ZBTB32 Not in database

*performed with ContraV3 online tool
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Supplemental Table 8: Table of predicted FoxO1 binding sites in the upstream region of

GAB1 gene

Transcription binding
site (TBS) number

Approximate position (hg19
version)

ChIP results for FoxO1-
enrichement in the region
upstream of GAB1

1 chr4:144256738 No enrichment

2 chr4:144256758 No enrichment

3 chr4:144256434 Not investigated

4 chr4:144256269 Enrichment (Fig. 3B)
5 chr4:144256326 Enrichment (Fig. 3B)
6 chr4:144255992 No enrichment

7 chr4:144255229 Not investigated

8 chr4:144254941 Not investigated

9 chr4:144254638 Not investigated

10 chr4:144254529 Enrichment (Fig. 3B)
11 chr4:144254457 Not investigated

other.

Note: TBS 1 + 2 and 4 + 5 were analyzed with the same primer sets due to close vicinity from each
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miR-29 modulates CD40 signaling in chronic lymphocytic
leukemia by targeting TRAF4: an axis affected by
BCR inhibitors
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B-cell receptor (BCR) signaling and T-cell interactions play a pivotal role in chronic lymphocytic
leukemia (CLL) pathogenesis and disease aggressiveness. CLL cells can use microRNAs
(miRNAs) and their targets to modulate microenvironmental interactions in the lymph node
niches. To identify miRNA expression changes in the CLL microenvironment, we performed
complex profiling of short noncoding RNAs in this context by comparing CXCR4/CD5

©® miR-29 down-
modulation in an
intraclonal CLL
subpopulation from
immune niches allows

for higher TRAF4 and
increased CD40
responsiveness.

® BCR-signaling
represses miR-29 via
MYC, allowing for
stronger CD40-NFkB
signaling, and this
regulatory loop is
disrupted by BCR
inhibitors.

intraclonal cell subpopulations (CXCR4¢mCD5""isht yg CXCR4PrightCD59m cells). This identified
dozens of differentially expressed miRNAs, including several that have previously been
shown to modulate BCR signaling (miR-155, miR-150, and miR-22) but also other candidates
for arole in microenvironmental interactions. Notably, all 3 miR-29 family members (miR-29a,
miR-29b, miR-29c) were consistently down-modulated in the immune niches, and lower miR-
29(a/b/c) levels associated with an increased relative responsiveness of CLL cells to BCR
ligation and significantly shorter overall survival of CLL patients. We identified tumor ne-
crosis factor receptor-associated factor 4 (TRAF4) as a novel direct target of miR-29s and
revealed that higher TRAF4 levels increase CLL responsiveness to CD40 activation and

downstream nuclear factor-«B (NF-kB) signaling. In CLL, BCR represses miR-29 expression
/ via MYC, allowing for concurrent TRAF4 upregulation and stronger CD40-NF-«B signaling.
This regulatory loop is disrupted by BCR inhibitors (bruton tyrosine kinase [BTK] inhibitor ibrutinib or phosphatidylinositol
3-kinase [PI3K] inhibitor idelalisib). In summary, we showed for the first time that a miRNA-dependent mechanism acts to
activate CD40 signaling/T-cell interactions in a CLL microenvironment and described a novel miR-29-TRAF4-CD40 sig-

naling axis modulated by BCR activity. (Blood. 2021;137(18):2481-2494)

Introduction

The (de)regulation of microenvironmental interactions, especially
B-cell receptor (BCR) signaling and T-cell interactions plays a pivotal
role in chronic lymphocytic leukemia (CLL) pathogenesis.'? It has
been postulated that CLL cells depend on constant recirculation
between peripheral blood and lymph nodes where they obtain
prosurvival/proproliferative signals, and inhibition of the recircula-
tion process is an important mechanism of action of BCR inhibitors
such as ibrutinib and idelalisib.’* Microenvironmental interactions
and gene expression changes in immune niches can be studied by
directly examining lymph node biopsies or more conveniently by
analyzing an intraclonal CLL cell subpopulation that has recently

© 2021 by The American Society of Hematology

exited the lymph nodes (characterized as CXCR49mCD5brisht
cells).>” These studies revealed that, in the lymph node niches, both
BCR activation and T-cell interactions are concurrently available to
CLL cells to induce proliferation,” and their variable intensity
contributes to the heterogeneity in disease aggressiveness.®"!
T-cell interactions’ essential role can be illustrated by the possi-
bility of inducing CLL cell proliferation in vitro by providing T-cell
factors such as CD40L,'>"¢ and CLL cotransplantation with acti-
vated T cells is required for their significant proliferation in im-
munodeficient mice."”” We and others have shown that microRNAs
(miRNAs) can regulate microenvironmental interactions such as
BCR signaling in CLL."®2" However, it is unknown if miRNAs are
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Figure 1. miR-29 levels are downregulated in CXCR44™CD5""s intraclonal subpopulation and associate with prognosis in CLL. (Ai) Representative example of sorting
CXCR44imCD5Pright and CXCR4Pi9MCD59™ CLL cell intraclonal subpopulations using flow cytometry. (Aii) Heatmap of differentially expressed miRNAs (fold-change > 1.5,
adjusted P < .0005) in 7 pairs of CXCR4/CD5 sorted subpopulations (purity > 99%; for sample characteristics, see supplemental Table 1). Heatmap was generated from counts
per million reads (rows centered to the median of the row). For details on individual miRNA expression see supplemental Table 3. (B) miR-29a/b/c levels analyzed using gRT-PCR
in the CXCR4/CD5 sorted subpopulations from primary CLL samples (miR-29a/c, n = 10; miR-29b, n = 9; statistical differences were compared by Wilcoxon matched pairs test).
(C) Overall survival is depicted using Kaplan-Meier curves in the CLL cohort (n = 107) divided by terciles of miR-29a/b/c expression (with log-rank test for comparison of low vs
high miR-29s levels; miR-29a: HR, 3.1; 95% Cl, 1.3-7.4; miR-29b: HR, 3.6; 95% Cl, 1.3-10.20; miR-29c: HR, 3.4; 95% Cl, 1.4-8.3). (D-F) Expression of miR-29a/b/c and its relationship
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involved in modulating T-cell interactions in the context of CLL
(or normal) microenvironment.

MicroRNAs are short noncoding RNAs that can each regulate a
variety of different mRNAs’ by negatively influencing their stability
and/or translation.??% In lymphoid cells, such regulation of gene
dose by miRNAs is needed for proper maturation and survival of
B and T cells, BCR signaling, and T-cell receptor signaling
proficiency.2#2¢% |t has been described that several miRNAs are
associated with CLL prognosis®3¢ and pathogenesis (miR-15-16)
3738 however, the pathways regulated by most miRNAs remain
unknown. We and others have shown that miRNAs contribute to the
deregulation of apoptosis,®=? BCR signaling,'#2°4041 or metabo-
lism in CLL cells.®? Additionally, treatment of CLL patients with
chemotherapy or BCR inhibitors affects the expression of miRNAs
that are involved in these processes.#04344

In this study, we performed the first miRNA expression profiling
in sorted CXCR4/CD5 intraclonal CLL subpopulations to identify
miRNAs potentially relevant in microenvironmental interactions.
We identified dozens of differentially expressed miRNAs
including the downregulation of miR-29 in the proliferative
CXCR44mCD5P9" cell subpopulation and in CLL lymph nodes.
Low levels of miR-29 were previously consistently reported as
associated with unfavorable prognosis in CLL?"3245-47 and other
B-cell malignancies,*®>° which underscores the need to un-
derstand miR-29’s functional relevance. Therefore, we per-
formed an unbiased search for miR-29 targets and identified
tumor necrosis factor receptor-associated factor 4 (TRAF4) as its
novel direct target. We further revealed a novel TRAF4 function
in controlling T-cell interactions via CD40 pathway and that miR-29
levels are repressed by BCR-induced MYC. Finally, we observed
that therapy with ibrutinib or idelalisib leads to upregulation of
miR-29 expression and subsequent TRAF4 repression, which
limits the CLL cell ability to respond to T-cell signals. In summary,
the down-modulation of miR-29 in the context of microenvi-
ronmental interactions and BCR activation provides a novel
regulatory loop that increases CD40 signaling propensity.

Methods

CLL cohort and cell lines

Blood samples were collected from patients after obtaining
written informed consent and approval of the institutional review
board. Peripheral CLL cells were isolated from untreated (at
diagnosis or least 6 months untreated; Table 1; supplemental
Table 1 available on the Blood Web site) or treated CLL patients
(ibrutinib or idelalisib, both as single agent; supplemental Ta-
ble 2) by density centrifugation (Ficoll-Paque, HealthCare Life
Sciences), followed by magnetic anti-CD3 MicroBeads separa-
tion (Miltenyi Biotec), or in some cases, negative selection
with RosetteSep Human B Cell Enrichment Cocktail (Stemcell
Technologies) was used to obtain purity of =95% of CD5*19*
cells (evaluated by flow cytometry). Sorting of CXCR44mCD5Prisht
vs CXCR4PrishtCD59m subpopulations (purity > 99%) was per-
formed as previously described by gating each subpopulation

as ~5% of the clone®*; flow cytometric analysis is described in
the supplemental Methods. The MEC1 and HEK293FT cell
lines were obtained from the German Collection of Microor-
ganisms and Cell Cultures or American Type Culture Collec-
tion, respectively.

mRNA/miRNA profiling and quantitative reverse
transcriptase-polymerase chain reaction

Total RNA was isolated by TRI-Reagent (Sigma Aldrich) as
previously described (RIN > 8).3" The NEB Next Small RNA
Library Prep kit for miRNA profiling or TruSeq Stranded mRNA
LT Sample Prep Kit for mRNA profiling (NextSeq, lllumina) were
used as previously described.>*° For details on library prepa-
ration and data analyses, see supplemental Methods. The
expression of individual miRNAs/mRNAs was assayed with
TagMan MicroRNA or Gene Expression Assays (Thermo Fisher
Scientific), respectively, and normalized to endogenous controls
(RNU38B and RNU48 for miRNAs, TBP and HPRT1 for mRNA) as
previously described.?3¢

Cell transfection and CD40/BCR activation

The cells were electroporated using the Neon Transfection
System (Thermo Fisher Scientific) with an artificial miR-29¢
(MISSION miRNA Mimic, 1000 nM) or control short RNA
(MISSION miRNA Mimic Negative Control, 1000 nM; Sigma
Aldrich), siRNA against TRAF4 (Silencer Select Pre-Designed siRNA,
500 nM) or control siRNA (Silencer Select Negative Control No.1,
500 nM; Thermo Fisher Scientific), LNA miR-29 family inhibitor
(miRCURY LNA miRNA inhibitor, 500 nM) or control miRNA in-
hibitor (Negative Control A, 500 nM, Qiagen). The cells were
harvested for viability analyses, quantitative reverse transcriptase-
polymerase chain reaction (qRT-PCR) and immunoblotting (sup-
plemental Methods). Transfected cells were stimulated with
recombinant soluble CD40 ligand (CD40L, 1 pg/mL; Peprotech) in
serum-free media (37°C) for the indicated time period and lysed
for immunoblotting (see supplemental Methods). For BCR acti-
vation by bead-bound anti-immunoglobulin M (IgM), cells were
incubated with Dynabeads M-270-Epoxy (Thermo Fisher Scien-
tific) coated with goat F(ab’)2 anti-human IgM or isotype control
(see supplemental Methods). BCR crosslinking for the measure-
ment of intracellular calcium flux was performed by soluble goat
F(ab’)2 anti-human IgM (Southern Biotechnology; 10 wg/mL), as
described elsewhere®'? (see supplemental Methods).

Luciferase assay

Luciferase reporter assay was carried out using psiCHECK2 re-
porter plasmid and the Promega Dual-Luciferase Reporter Assay
Kit (Promega) as previously described*’ (see supplemental
Methods).

Statistical analysis

Apart from next-generation sequencing (NGS) data analysis (for
further details, see supplemental Methods), all statistical anal-
yses were performed with GraphPad Prism Software v5.0
(GraphPad Software). P < .05 was considered significant.

Figure 1 (continued) with clinico-biological features. miR-29a, b, and c expressions were quantified in a cohort of 107 CLL patients (cohort characteristics in Table 1) and
correlated to the clinico-biological characteristics such as (D) IGHV mutation status, (E) ZAP-70 expression, and (F) Rai stage (at sampling). The expression level of miR-29c was not
available for 3 samples because of technical issues with its quantification. The statistical differences were tested using unpaired t test.

miR-29 REGULATES A NOVEL TRAF4-CD40 AXIS IN CLL
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Table 1. Cohort characteristics (n = 107)

Median age at diagnosis (range), y 56 (34-79)
Median follow-up, y 9.3
Median survival, y 15.7
Median time from diagnosis to blood 2.7
collection, y
Treated during follow-up 76 71.0
Male/female 69/38 64/36
Rai stage at sampling
0 12 11.2
| 1 0.9
Il 56 52.3
-1V 20 18.7
Not determined 18
IGHV/ZAP-70/CD38 status
unmut IGHV/mut IGHV 47/60 (44/56)
ZAP-70%/ZAP-70~ 47/60 (44/56)
CD38+/CD38~ 30/77 (28/72)
Hierarchical cytogenetics (fluorescence
in situ hybridization)
del 17p13 8 7.5
del 11923 9 8.4
del 13914 33 30.8
Trisomy 12 4 3.7
Normal karyotype 16 15.0
Not determined 37

mut, mutated; unmut, unmutated; y, years.

Results

MicroRNA expression and miR-29
down-modulation in CXCR4<mCD5"risht cell
subpopulation

Ithas been postulated that CLL cells that have recently exited the
lymph node microenvironment are characterized by low CXCR4
levels and high CD5 levels (CXCR44™CD5Pight) whereas the CLL
cells prone to recirculate back to immune niches are charac-
terized as CXCR4®rehtCD59m 35 This model recapitulates the
phenotype of CLL cell recirculation, and CXCR44mCD5®"e" cells
retain a “fingerprint” of gene expression reflecting their acti-
vation in the lymph node niches.®>* Here, we performed the first
complex MiRNA expression profiling in sorted CXCR4/CD5
intraclonal subpopulations (n = 14, 7 pairs; lllumina miRNA-seq).
This identified 36 differentially expressed miRNAs in CXCR4/
CD5 subpopulations (Figure 1A; supplemental Table 3) in-
cluding lower miR-150 levels and higher miR-155, miR-22 levels
in CXCR44mCD5Pright cells, which is in line with their known role
in regulating BCR signaling in the CLL microenvironment'®-20
(Figure 1A). In this analysis, we noticed that all 3 members of the
miR-29 family (miR-29a/b/c) were consistently down-modulated
(~2-fold; P < 107¢) in the CXCR49mCD5brish cells (Figure 1A);
this was validated by qRT-PCR (Figure 1B). We also observed
lower miR-29 levels in paired peripheral blood and lymph node

2484 & blood® 6 MAY 2021 | VOLUME 137, NUMBER 18

CLL samples (supplemental Figure 1A). This is in concordance
with a similar transcriptional regulation of all miR-29 family>? and
suggests that these miRNAs might have a role in regulating
microenvironmental signaling. miR-29 levels assessed from the
total RNA isolated from the bulk of CLL cells in peripheral blood
were intermediate between its expression in CXCR44mCD5bright
and CXCR4P"9"CD59™ subpopulations for the individual patient
(supplemental Figure 1B; data not shown), which is similar to what
we have previously observed for other genes such as miR-155and
CD20.3>® It has previously been shown that the expression of
miR-29 family from peripheral blood CLL cells is independently
associated with prognosis in CLL.3'3? Indeed, in our CLL cohort,
lower levels of all 3 miR-29s were associated with shorter overall
survival (Figure 1C; supplemental Figure 2; miR-2%a: hazard ratio
[HR], 3.1; miR-29b: HR, 3.6; miR-29c: HR, 3.4; all P < .05) and
unfavorable clinico-biological characteristics, namely unmutated
immunoglobulin heavy chain variable region (IGHV), expression
of ZAP-70, or higher Rai stage (Figure 1D-F; RNA isolated from the
bulk of purified peripheral blood CLL cells; cohort characteristics
in Table 1). The levels of miR-29a/b/c had no discemible re-
lationship with the CD38 expression or with specific chromosomal
abnormalities (supplemental Figure 1C-D). Altogether, miR-29
levels are downregulated in the proliferative CXCR4<mCD5bright
cell subpopulation, and lower miR-29 levels associate with disease
aggressiveness; however, the miR-29 target(s) and its biological
relevance in immune niches remain largely unknown.

Identification of miR-29 target in CLL cells

Antiapoptotic myeloid cell leukemia 1 (MCL1) and T-cell leu-
kemia/lymphoma (TCL1) have been identified as potentially
regulated by miR-29 in CLL*¢47; however, an unbiased search for
miR-29 targets in CLL has not been performed. As such, we
performed expression analyses of all predicted evolutionarily
conserved mRNA targets of miR-29 in 10 pairs of samples sorted
according to CXCR4/CD5 cell-surface levels (lllumina RNA-seq),
searching for mRNAs with expression anticorrelated to miR-29.
We and others have shown that such a strategy is useful because
miRNAs influence their target mRNA(s) stability.'”?? All miR-29
family members have an identical “seed sequence,” determining
the binding to the 3'untranslated region (3'UTR) of mRNAs, and
thus they share all the predicted targets (TargetScan tool v7.2).
This analysis identified 26 genes that differed in their relative
expression between intraclonal CXCR4/CD5 subpopulations and
have predicted evolutionary conserved binding sites (TargetScan)
for miR-29 (Figure 2A; for details, see supplemental Table 4).
Fourteen of these genes had an anticorrelated expression to miR-
29, with higher levels in CXCR44mCD5P st cells, and thus rep-
resent potential target mMRNAs repressed by miR-29. We further
focused on TRAF4 (~2.4-fold upregulated in CXCR44mCD5brisht
cells) because it has 2 evolutionary conserved predicted binding
sites for miR-29, and miR-29 is predicted as the most likely TRAF4
miR-regulator (TargetScan tool v7.2). Moreover, high TRAF4 levels
associated with significantly shorter overall survival in CLL patients
(P = .02; HR, 2.4; 95% confidence interval [Cl], 1.2-4.9; see
supplemental Figure 3 also for other genes), which is in line with
low miR-29 levels being associated with a more aggressive dis-
ease (see above). Additionally, we also observed a general
anticorrelation of TRAF4 mRNA and miR-29 levels in a large CLL
cohort (n = 97; supplemental Figure 4A-C). Next, we validated the
TRAF4/miR-29 levels in CXCR4/CDS5 sorted CLL samples (n = 10)
by individual gRT-PCR. This confirmed higher TRAF4 levels in the
CXCR44mCD5Prs cells compared with the CXCR4PrishtCD5dm
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Figure 2. TRAF4 is upregulated in CXCR4¢™CD5""is" intraclonal subpopulation. (A) Heatmap of differentially expressed mRNAs (fold-change > 2; adjusted P < .0005) in 10
pairs of CXCR4/CD5 sorted subpopulations (purity > 99%; for sample characteristics, see supplemental Table 1). Plotted mRNAs represent an overlap of differentially expressed
mRNAs and predicted evolutionary conserved miR-29 targets (TargetScan tool). Samples CLL1, CLL4, CLL6, CLL8, CLLY, and CLL14 are identical to Figure 1A (6 of 7 pairs for
miRNA profiling). Heatmap was generated from counts per million reads (rows centered to the median of the row). For details on mRNA expression and miR-29target prediction
see supplemental Table 4. (B) TRAF4 mRNA levels analyzed using gRT-PCR in the CXCR4/CDS5 sorted subpopulations from 10 primary CLL samples. Differences were compared
by Wilcoxon matched pairs test. (C) Intracellular staining for TRAF4 protein levels in the CXCR4/CD5 subpopulations from 13 CLL samples. Results are presented as the ratio of
TRAF4 expression to the isotype control, and the statistical differences were compared by paired t test. (D) The expression of TRAF4 protein in CXCR44™CD5Pris",
CXCR4intermediatelindCD5intermediateind gnd CXCR4P9MCD5Y™ intraclonal cell populations. (i) Representative immunoblot blot analysis of TRAF4 in sorted CXCR4/CD5 subpop-
ulations from 2 patient samples. Histon H3 was used as a loading control. (i) Statistical analysis of TRAF4 protein levels in the CXCR4/CD5 sorted subpopulations (n = 5). The
statistical differences were tested by paired t test, and the error bars indicate the standard error of the mean (SEM). (iii) Representative example of a gating strategy for

CXCR44mCD5Prisht, CXCR4 CD5
CXCR44mCDS5Prish and CXCR4PristCD54™ cells.

subpopulation (Figure 2B). Furthermore, intracellular protein staining
(independent cohort of 13 CLL samples) and immunoblot analysis of
sorted intraclonal CXCR4/CD5 subpopulations confirmed  higher
TRAF4 levels in CXCR44mCD5Yrisht cells (Figure 2C-D). The TRAF4
level was also higher in CLL lymph nodes samples compared
with paired peripheral blood CLL cells (supplemental Figure 4D-E).
Moreover, high TRAF4 levels were detected by immunohisto-
chemistry in the proliferative pseudo-follicles of CLL lymph nodes
(supplemental Figure 4F). Altogether, this shows that CLL cells have
anticorrelated TRAF4/miR-29 levels, and cells interacting in the
microenvironment have lower miR-29 and higher TRAF4 levels.

Validation of TRAF4 as a target of miR-29
To validate TRAF4 regulation by miR-29, the MEC1 CLL cell line
was transfected with a synthetic miR-29c (shares identical

miR-29 REGULATES A NOVEL TRAF4-CD40 AXIS IN CLL

, and CXCR4®rightCD5™ intraclonal cell populations. The CXCR4™CD5" represents a transitional subpopulation between

binding site in TRAF4 with miR-29a/b). This revealed a reduction
in the TRAF4 protein levels by ~30% in cells transfected with
synthetic miR-29c (Figure 3A) and a similar reduction at the
mRNA level (Figure 3B). The TRAF4 protein and mRNA levels
were also down-modulated in primary CLL cells transfected with
a synthetic miR-29c, and this was comparable to the effect of
siRNA against TRAF4 (Figure 3C-D). The increase in the ex-
pression of miR-29¢ achieved by transfecting the synthetic miR-
29c was approximately 2-fold for both MEC1 and primary CLL
cells (data not shown). All the miR-29 family members have an
identical seed sequence, and transfecting B cells with synthetic
miR-29c or synthetic miR-2%a led to a comparable reduction in
TRAF4 protein levels (supplemental Figure 5A). The miR-29 family
inhibitor increased TRAF4 protein levels in B cells (supplemental
Figure 5B). Our data also confirmed some miR-29's effect on
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Figure 3. Validation of TRAF4 as a target of miR-29. (Ai) Representative example of immunoblot for TRAF4 levels in MEC1 cells transfected (72 hours) with siRNA against
TRAF4 (siRNATRAF4), control siRNA (siRNA NegCtrl), artificial miR-29¢ (miR-29 MIMIC), or control miRNA (miR MIMIC NegCtrl). (Aii) Densitometric quantification of TRAF4 levels
for independent replicates of the experiment (n = 5) described in panel Ai. (B) Analysis of TRAF4 mRNA levels in MEC1 cells transfected by synthetic miR-29 or siRNA against
TRAF4 (n = 5) as described in panel A. (Ci) Representative example of immunoblot analysis for TRAF4 levels in primary CLL cells transfected (72 hours) with siRNA against TRAF4
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MCLT and TCL1 down-modulation described previously**#’;
however, this seemed less prominent than the effect on TRAF4
levels (supplemental Figure 5C).

To test for direct interaction of miR-29 with the 3'UTR of TRAF4,
we cotransfected HEK293FT cells with the synthetic miR-29c or a
negative control and a luciferase reporter containing the puta-
tive miR-29 binding site from 3’UTR of TRAF4 gene or a mutated
site (containing a point mutation in the miR binding seed region).
To validate miR-29 binding, we selected the predicted binding
site at position 161-167 of 3'UTR, which has a higher overall
binding score compared with the second miR-29 binding site (for
miR-29 alignments with the 3'UTR region, see Figure 3E and
supplemental Figure 6). This confirmed miR-29's direct physical
binding at positions 161 to 167 of the TRAF4 3'UTR (Figure 3F);
however, it does not exclude the possibility that other regions of
TRAF4 3’UTR might bind miR-29. On the other hand, the miR-29
mimic did not affect the luciferase activity in cells cotransfected
with a luciferase-reporter construct containing the mutated
TRAF4 binding site (Figure 3F). We conclude that the seed
sequence of miR-29 family members inhibits TRAF4 expression
by directly binding to its 3'UTR region.

miR-29 is repressed by BCR-induced MYC

The transcriptional regulation of all three miR-29 family members
is known to be similar,>? and it has previously been demonstrated
in aggressive B-cell lymphomas that miR-29 is directly tran-
scriptionally repressed by MYC binding to its promoter.>%>3
CXCR44mCD5P"9" cells have higher MYC protein levels than
CXCR4PrigntCD5Ym cells, suggesting that MYC might regulate
miR-29 levels in this context (Figure 4A). Indeed, the activation of
BCR signaling by a bead-bound anti-IgM induces MYC levels
and leads to miR-29 down-modulation and upregulation of
TRAF4 mRNA and protein levels in CLL cells (Figure 4B-D). In line
with this, CLL samples that were more responsive to BCR ligation
with soluble anti-lgM had significantly higher MYC, lower miR-
2%9a and miR-29c¢ levels, and higher TRAF4 levels than samples
that were relatively less responsive to BCR crosslinking (Figure
4E-F). Additionally, samples expressing higher MYC levels had
significantly lower miR-29a and miR-29c levels and higher levels
of TRAF4 (Figure 4G-H; supplemental Figure 7B). Moreover,
B cells from transgenic iMyc® mice (MYC transgene controlled
by the Ig heavy-chain enhancer) have lower miR-29a and miR-
29c levels than wild-type mice (Figure 4l), and CLL samples with
a MYC aberration (n = 23, all with unmutated IGHV) also showed
lower miR-29a and miR-29c levels than unmutated IGHV CLL
cells that did not have a gain in MYC (supplemental Figure 8).
Altogether, these data demonstrate that BCR-induced MYC
represses miR-29a and miR-29c, but miR-29b is not directly
dependent on MYC activity.

TRAF4 is a novel regulator of CD40 signaling
Members of the TRAF family (TRAF2/3/6) play a role in
B-cell-T-cell interactions by regulating CD40 signaling.>**> We

hypothesized that TRAF4 might act as a novel CD40 signaling
regulator. Indeed, MEC1 cells transfected with siRNA against
TRAF4 had impaired CD40 ligation responsiveness as evidenced
by reduced phosphorylation of immediate downstream signal-
ing molecules in the nuclear factor kB (NF-«kB) pathway, namely
IKKa/B (Figure 5A). Identical data were obtained when primary
CLL cells were transfected with siRNA against TRAF4 and treated
by CD40L (Figure 5B). Similarly, transfection of MEC1 cells or
primary CLL cells with synthetic miR-29c reduced TRAF4 levels
and impaired IKKa/B phosphorylation after stimulation with
CD40 ligand (Figure 5C-D). TRAF4 silencing or cell transfection
by the synthetic miR-29 did not have any significant effect on
MEC1 or CLL cell viability (supplemental Figure 9). TRAF4
overexpression led to an increased IKKa/B phosphorylation after
CDA4O0L (supplemental Figure 10A), and transfecting MEC1 cells
with the TRAF4 construct (not containing the miRNA binding
site) rescued the effect of miR-29 on CD40 signaling (supple-
mental Figure 10B). We also validated the role of the miR-29/
TRAF4 axis by coculturing primary CLL cells transfected with
synthetic miR-29 (or negative control) with autologous T cells. In
concordance with data above, CLL cells transfected by miR-29
had reduced plIKKa/B levels after the CLL-T-cell interaction
(supplemental Figure 11A). Similar data were obtained when
coculturing MEC1 cells transfected by synthetic miR-29 (vs
negative control) with CD40L*CD4" Jurkat T cells (supplemental
Figure 11B). Interestingly, we noticed that TRAF4 silencing also
repressed the basal extracellular signal-regulated kinase (ERK)
phosphorylation level (supplemental Figure 12), suggesting a
CD40-independent function of TRAF4 in CLL cells. Overall, the
results demonstrate the existence of a novel miR-29-TRAF4
regulatory axis in CD40 signaling in CLL.

miR-29 is induced and TRAF4 repressed by

BCR inhibitors

We observed that BCR activity in CLL represses miR-29, and we
further examined the in vivo effects of BCR inhibitors on MYC
(miR-29 repressor), miR-29s, and TRAF4 (miR-29 target) levels. In
line with the data above, MYC expression was repressed, and all
members of the miR-29 family were induced in CLL patients after
several weeks on single-agent therapy with ibrutinib (Figure
6A-B). All patients in this analysis (supplemental Table 2) were
responsive to therapy at the time of sampling and for a period
of >1 year (with the exception of 1 patient with a relapse after
7 months). The TRAF4 mRNA and protein levels were clearly
down-modulated during ibrutinib therapy (Figure 6C-D). Similar
data were also obtained for patients treated with idelalisib as a
single agent (Figure 6E-F; for patient's characteristics, see sup-
plemental Table 2) with the exception of 1 sample with TRAF4
upregulation during therapy. However, we were not able to identify
any specific characteristics for this patient that would explain it (CLL 69
in supplemental Table 2; NOTCH1 mutated, TP53 wt, trisomy 12
[69%], ZAP70 [13%], IGHV V3-64); the patient responded well to
idelalisib (achieved partial remission), and therapy was discontinued
for reasons unrelated to CLL. CLL cells obtained directly from ibrutinib

Figure 3 (continued) (siRNA TRAF4), control siRNA (siRNA NegCtrl), artificial miR-29¢ (miR-29 MIMIC), or control miRNA (miR MIMIC NegCtrl). (Cii) Densitometric quantification
of TRAF4 protein levels for independent replicates of the experiment (n = 4) described in panel Ci. (D) Analysis of TRAF4 mRNA expression in primary CLL cells transfected by
synthetic miR-29 or siRNA against TRAF4 (n = 4) as described in panel Ci. (E) Alignment of miR-29a/b/c with 3'UTR of TRAF4 mRNA (at position 161-167). (F) Luciferase activity in
HEK293FT cells cotransfected with psiCHECK2 vector containing the cloned 3'UTR region of TRAF4 encoding the putative miR-29 binding site at position 161-167 (TRAF4
UTRwt) and either artificial miR-29¢ (miR-29 MIMIC) or control miRNA (mimic NC), or containing a cloned mutated 3'UTR of TRAF4 (TRAF4 UTRmut; (G>C at position 165) and
either artificial miR-29c (miR-29 MIMIC) or control miRNA (mimic NC). Renilla activity was measured 24 hours after transfection, and activity was normalized to the endogenous
firefly control of the psiCHECK2 vector (n > 5). In all experiments, the differences were compared by paired t test. The error bars indicate SEM.
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Figure 4. Negative regulation of miR-29a/b/c by BCR-induced MYC. (A) Intracellular staining for MYC in CXCR4/CDS5 sorted subpopulations from 13 CLL samples. Results are
represented as the ratio of MYC protein expression to the isotype control. The statistical differences were tested by paired t test. (Bi) Representative immunoblot of TRAF4 and
MYC protein levels in primary CLL cells with BCR signaling activated by bead bound anti-lgM for indicated period of time. pAKT (phosphorylated AKT) and pERK (phos-
phorylated ERK) serve as positive controls for BCR pathway activation. (Bii) Densitometric quantification of TRAF4 levels for replicates of the experiment (n = 6) described in panel
Bi. The statistical differences were tested by paired ttest. (C-D) Analyses of miR-29a/b/c(C) and TRAF4mRNA levels (D) in primary CLL cells (n = é) with BCR signaling activated by
bead-bound anti-IgM for 72 hours as described in panel B. For MYC induction by bead-bound anti-lgM, see panel Bi. The bead-bound anti-IgM did not affect CLL cell viability
(supplemental Figure 7A). The statistical differences were tested by Wilcoxon matched pairs test. (E-F) Relationship between expression of miR-29a/b/c, MYC, or TRAF4 and the
relative sensitivity to BCR ligation. CLL samples (n = 29) were treated with soluble anti-lgM and monitored for BCR-induced calcium flux by flow cytometry, which allowed us to
stratify cases as relatively responsive to BCR ligation (n = 15) or unresponsive to treatment with soluble anti-IgM (n = 14; see supplemental Methods). The associations between
BCR responsiveness and miR-29a/b/c (E) and TRAF4 or MYC (F) expression were plotted. Below each panel is a — or + in the row labeled BCR sig: on the left to indicate samples
that were low responders or high responders, respectively. P value was tested by Mann-Whitney test. (G-H) Expression of miR-29a/b/c (G) or TRAF4 (H) in CLL patients (n = 96)
divided according to MYC expression. All samples with available data on MYC mRNA levels were used in the analysis, and samples were stratified according to the terciles of
MYC levels (low vs intermediate [interm] vs high; for distribution of MYC expression, see supplemental Figure 7B). The difference was tested by Mann-Whitney test. (I) Differences
in miR-29 levels in B cells from transgenic iMyce® mice (MYC transgene controlled by the |g heavy-chain enhancer, n = 3) compared with wildtype (WT) mice (n = 3). The
differences were tested by unpaired t test. The error bars indicate SEM.
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treated patients (n = 5) were clearly less responsive to CD40
ligation (lower IKKa/B phosphorylation) than paired samples
obtained before therapy (Figure 6G). This suggests that by in-
ducing miR-29s, BCR inhibitors suppress CD40 signaling/T-cell
interactions, and this might at least partially explain the previously
noted decreased CD40 signaling during ibrutinib/idelalisib
treatment in vitro.5¢>’

Discussion

In this study, we identified miR-29 as being consistently down-
modulated in the proliferative CXCR49m™CD5P"e" CLL cell sub-
population by BCR-induced MYC and identified miR-29’s novel
target, TRAF4, as being upregulated in this context. We revealed
that the higher TRAF4 levels determine an increased responsiveness
to CD40 ligand. This demonstrates for the first time that miRNAs can
act to coordinate malignant B-cell responsiveness to T-cell signals
and facilitate the co-occurrence of BCR and CD40 signaling acti-
vation. Moreover, we showed that during therapy with BCR inhib-
itors, the miR-29 levels are upregulated, and this at least partially
explains the impaired CD40 signaling in CLL cells during such
therapy.

We performed the first miRNA expression profiling in the CXCR4/
CD5 intraclonal CLL cell subpopulation to identify changes in
miRNA expression in the immune microenvironment. We and
others have previously suggested that the CXCR44mCD5Prisht CLL
cells correspond to the cells that have recently exited the lymph
node niches,*¢ which can be used to study gene expression’s
”fingerprint” in the microenvironment.*> In this analysis, we
identified 36 differentially expressed miRNAs, including several
that have previously been shown by us and others to modulate
BCR signaling (such as miR-155, miR-150, and miR-22),%-2058 but
also other miRNAs with a potentially interesting role in microen-
vironmental interactions. We noticed that all 3 members of the
miR-29 family (miR-29a/b/c) are consistently down-modulated (~2-
fold) in the CXCR44mCD5Pe" CLL cells and in CLL lymph node
samples. Additionally, the lower miR-29a/b/c levels associated with
significantly shorter overall survival in CLL and unfavorable prog-
nostic markers linked to BCR responsiveness such as unmutated
IGHV and ZAP-70 expression. The expression of miR-29s was
shown not to be related to p53 activity.*>*? This is in line with
observations of others in CLL, mantle cell lymphoma, follicular
lymphoma, and diffuse large B-cell lymphoma, where low levels
associate with a more aggressive disease,?'248-50 and underscores
the need to identify miR-29 targets. Moreover, miR-29a/b/c are the
most frequently mutated miRNA genes in CLL, and such mutations
lead to inefficient miR-29 biogenesis and its low levels.3"

It has been shown that all miR-29 family members have an identical
seed sequence determining binding to their target mRNAs. It has
been suggested that low-level miR-29 expression supports CLL cell
aggressiveness by upregulating the antiapoptotic proteins MCL1
and TCL1.32447 However, as with many other miRNAs, these tar-
gets were identified based on a relatively biased preselection of
potential miR-29 targets, which most likely leads to omission of
some crucial miR targets in a given (patho)physiologic context.?'4°
To address this, we performed whole transcriptome profiling in
CXCR4/CD5 subpopulations searching for mRNAs that have anti-
correlated expression levels to miR-29. This is a useful strategy for
miRNA target identification because miRNAs typically destabilize
their target mRNAs."92122 Additionally, this approach obviated

miR-29 REGULATES A NOVEL TRAF4-CD40 AXIS IN CLL

experiments using forced overexpression of the studied miRNA that
can lead to shifts in target mRNAs and off-target effects.?'¢0¢™ This
approach allowed us to identify a novel miR-29 target in CLL,
namely TRAF4, which was further validated by transfecting ma-
lignant B cells with synthetic miR-29, miR-29 inhibitor, and a lu-
ciferase assay proving a direct miR-29 binding to 3'UTR TRAF4
mRNA (at positions 161-167). Altogether, the low miR-29 levels in
CLL immune niches allow for higher TRAF4 protein levels. TRAF4
regulation by miR-29 has also recently been reported in gliomas.?
We also confirmed that miR-29 affects MCL1 and TCL1 levels in
CLL*47 but to a lesser extent than it effects on TRAF4 levels.

We further studied TRAF4's molecular function in CLL because
this is unknown, and TRAF4 represents a relatively understudied
member of the TRAF protein family. Several studies have sug-
gested that other TRAF proteins (TRAF 1, 2, and 3) can con-
tribute to CLL aggressiveness, including the development of a
CLL-like disease in double TRAF1/BCL2 transgenic mice.®345 In
germinal center B cells, TRAF family members (TRAF1/2/3/5/6)
act as major signal transducers for lymphocyte activation by Toll-
like receptor, B-cell activating factor, and especially CD40.5455:¢¢
Notably, the Epstein-Barr virus recruits TRAFs to the cell
membrane via Epstein-Barr virus—encoded LMP1 protein, and
this provides a key proproliferative signal mimicking CD40 li-
gation in B cells.®”-%? However, TRAF4's function in CD40 sig-
naling is debated because TRAF4 does not directly interact with
CD40 but binds other TRAFs interacting with CD40 (such as
TRAF2 and 6)7° and also binds directly to the cell membrane via
phosphoinositide phosphates.”’ Here, we showed for the first
time that higher TRAF4 levels determine a higher sensitivity to
CDA40 ligation in CLL cells and subsequent phosphorylation of
immediate downstream effectors in the NF-«kB pathway, namely
IKKa/B. Notably, TRAF4 overexpression enhanced B-cell re-
sponsiveness to CD40 ligation and rescued their transfection by
synthetic miR-29. We also verified the role of the miR-29-TRAF4
axis on CDA40 signaling during CLL-T-cell interactions by
coculturing purified CLL cells transfected by synthetic miR-29 (vs
negative control) with autologous activated T cells. We did not
observe arole for TRAF4 levels in CLL cell responsiveness to Toll-
like receptor activation by cytosine guanine dinucleotides (data
not shown). However, we noticed that modulating TRAF4 levels
affects basal ERK phosphorylation levels independently of
receptor-ligand binding (the basal level of IKKa/B phosphory-
lation was not affected). This is in line with studies in non-
lymphoid cells, suggesting that TRAF4 forms homodimers and
contributes to AKT (also known as protein kinase B) and ERK
activity by a yet unclear mechanism.”’’4 Notably, higher TRAF4
levels associate with a shorter survival in CLL, and this was in-
dependent of 7 other routinely used prognostic markers in a
multivariate analysis (P = .001; HR, 6.0; 95% ClI, 2-17.9; sup-
plemental Table 5). Altogether, these data indicate that the
regulatory connection between miR-29 and TRAF4 is an im-
portant one for CLL-T-cell interactions and malignant B-cell
behavior. The importance of T-cell interactions in CLL biology
can be illustrated by the possibility of inducing CLL cell pro-
liferation in vitro by providing T-cell factors such as CD40L,'#'¢75
and T-cell interaction intensity contributes to the heterogeneity
in disease aggressiveness.®'© However, miRNA targets are
known to be context dependent, and it is likely that miR-29
regulates other gene(s) that also contribute to B-cell biology
and/or might be involved in the CD40 pathway. For example, it
has been shown that in malignancies, such as mantle cell

- 221 -
€ blood® 6 MAY 2021 | VOLUME 137, NUMBER 18 2489

120z aunr 10 uo 3sanb Aq jpd229500020ZPIAPO0|q/8829081/18+2/8L/LE L/pd-Bjonie/poojq/Bio suoneolqndyse/:diy wouy papeojumoq



plkKap (85,87) [ = ==

pIKKap (85,87)

ot

MEC1 cells 1 min 3 min 5 min
CD4oL: - - + + + + + +
S Ve S ST ¥ ST ¥ ST
&S F& XS F& XS PSS S
TP ST ST S S P A AP S

TRAF4 (50) | s

IKKB (87) — — — —  — —  — —

1KK0 (85) | s . o — d— — o— —

PERK (U240 [ o e e — ==

tERK (42,44) |E-—Eg,-=-

GAPDH' (37) |

el L ——

CD4oL: - - + + + + + +

TRAF4(50)\..- s @ S T = .- |

IKKB (87) [ e o d—————

——=—=

KKt (85) | e e
GAPDH' (37) | s e ene e e = am» e

Iy P———

MECT cells 1 min 3 min
CD40L: - - + + + +
¢ ¢ ¢
S B o B
F 8 EL LS L L£8 g
€O O €@ O € €
e@ N e& N ea @
TRAF4 (50) | o . o —
PIKKaf (B5.87) | e e il o MR S |
IKK (87)
IKKa. (85) -—
PERK (42,44) | o e i e e

pIKKap (85,87)

R 22 == = = = =
GAPDH' (37)
GAPDH’ (37)

—_

Primary CLL cells 1 min 3min 5 min

CD40L: - - + + + + + +
9 ¢ ¢ 9
N > N N

N Qa N a N a N Q

D oV Do, eV, oo o

FEEPLEFELESEL L FES

CHF N CH Y CHF Y € X

é@ N ée N e@ N ee “\\

TRAF4 (50) | s — - - o— -

— e — G e gy = 2

IKKB(87)|- P ————

|KKc1(85)[- ——— ——— —

GAPDH' (37) o ———— ——

GAPDH’ (37)

Relative pIKKa.f level

Relative pIKKa.3 level

2.0

<
z&/\‘z? &> &Qy &> /\Qy O

Pty stesy
§ g~§ 5g-r_§§ ,§~§ B

S

n=6
1

2]

0.5 H

unstimulated

— B CDA0L (1min)

W CDA0L (3min)

P=0.013 W CDA0L (5min)
— P=0.02

—

«\Qvo@ &> @ché\

9 <

P=0.006 P=0.04
— unstimulated

P=0.002 W CD40L (1min)

— W CD40L (3min)
Il CD40L (Smin)
-
T 1

R R R e

eepg‘&q? S S S
ray reY ey ey
m n=4
n unstimulated
5 P=0.01 M CDA4O0L (Tmin)
W CD4OL (3min)
T 4
=
2 P=0.046
Eo8 —
G 3
CEE
o
=
<5
=
B 27
<
[==
14 T
0 T T
D o L
ESEAGS
(}e ot oY g
RO AN O AN N2
S &FY S F
N ey N e
N & &
. n=5
n 10 o unstimulated
P=0.03 B CDAOL (1min)
— W CD40L (3min)
8 - B CD40L (5min)
©
=
<
Q
3
4
o4
=5
(<5
=
=
o)
oc
NI
RS
& .

2490 @ blood® 6 MAY 2021 | VOLUME 137, NUMBER 18

Figure 5. miR-29 targets TRAF4 involved in CD40-

diated NF-«kB signaling. (Ai) Representative ex-
ample of an immunoblot for MEC1 cells transfected
with siRNA against TRAF4 (siRNA TRAF4) or negative
control  (siRNA NegCtrl). Seventy-two hours after
transfection, the cells were stimulated with CD40L
(1 pg/mL) for indicated period of time and harvested
for analysis by immunoblotting. (Aii) Densitometric
quantification of plKKa/B levels for replicates of the
experiment (n = 5) described in panel Ai. (Bi) Repre-
sentative example of immunoblot of primary CLL cells
transfected with siRNA against TRAF4 (siRNA TRAF4) or
negative control (siRNA NegCtrl). Seventy-two hours
after transfection, the cells were stimulated with CD40L
(1 pg/mL) for indicated period of time and harvested
for analysis by immunoblotting. (Bii) Densitometric
quantification of plKKa/B levels for replicates of the
experiment (n = 6) described in panel Bi. (Ci) Repre-
sentative example of immunoblot for MEC1 cells
transfected with artificial miR-29¢ (miR-29 MIMIC) or
negative control (miR MIMIC NegCtrl). Seventy-
two hours after transfection, the cells were stimulated
with CD40L (1 pg/mL) and harvested for analysis by
immunoblotting. (Cii) Densitometric quantification of
plKKa/B levels for independent replicates of the ex-
periment (n = 4) described in panel Ci. The error bars
indicate the standard error of the mean. (Di) Repre-
sentative example of immunoblot for primary CLL cells
transfected with artificial miR-29¢c (miR-29 MIMIC) or
negative control (miR MIMIC NegCtrl). Seventy-
two hours after transfection, the cells were stimulated
with CD40L (1 pg/mL) and harvested for analysis by
immunobloting at the indicated time points. (Dii)
Densitometric quantification of plKKa/B levels for
replicates of the experiment (n = 5) described in panel
Di. (A-D) Each of the immunoblots contains 2 endog-
enous controls (GAPDH) marked by upper index, be-
cause for technical reasons, plKK, TRAF4, pERK, and
total ERK (+ loading control GAPDH') were analyzed
on first gel and tIKKa and tIKKB (+ loading control
GAPDH?) on the second gel (identical protein loading
and conditions). In all experiments, the statistical dif-
ference was tested using a paired t test, and the error
bars indicate SEM.

- 222 -

SHARMA et al

120z aunr 10 uo 3sanb Aq jpd229500020ZPIAPO0|q/8829081/18+2/8L/LE L/pd-Bjonie/poojq/Bio suoneolqndyse/:diy wouy papeojumoq



Figure 6. miR-29 is upregulated and TRAF4
repressed during therapy with BCR inhibi- A B C
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lymphoma or AML, the miR-29 targets CDK6*” and DNA methyl-
transferases,’® respectively.

We further showed that BCR activation leads to repression of
miR-29s and a subsequent increase in TRAF4 levels. This is di-
rectly dependent on BCR-induced MYC activation in case of
miR-29a and miR-29¢c, but not miR-29b, suggesting that other
factors affect the processing and/or stability of miR-29b. The
data suggest that BCR signaling acts to coordinate CLL cell

miR-29 REGULATES A NOVEL TRAF4-CD40 AXIS IN CLL

responsiveness to the CD40 ligand provided by T cells by
modulating miR-29-TRAF4 levels. This is in line with a recent
observation in normal germinal center B cells, where concurrent
synchronous activation of both BCR and CD40 is required to
properly induce NF-kB activity, MYC levels, and entry of B cells
into the cell cycle.”” This is also partially analogous to a reversed
situation with miR-155, miR-150, and miR-22, which are regulated
by CD40 or stromal interactions, and this subsequently increases
BCR signaling propensity of CLL cells in immune niches.8-20.2¢.58
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Figure 7. Schematic overview of the role of miR-29-TRAF4 axis in regulation of
CD40-induced NF-kB signaling. MYC upregulation by BCR signaling activation
downregulates miR-29 expression in the immune niches. This allows for higher levels
of its direct target TRAF4, which acts as a positive regulator of CD40 signaling. BCR
signaling inhibitors (ibrutinib/idelalisib) inhibit the BCR-induced MYC levels leading
to higher miR-29 levels and repression of TRAF4. miR-29 also targets antiapoptotic
proteins MCL1 and TCL1.

We also showed that the BCR inhibitors ibrutinib or idelalisib (as
single agents) lead in vivo to miR-29 upregulation, whereas the
target, TRAF4, is repressed. We also observed that CLL cells
obtained from patients on ibrutinib therapy were clearly less
responsive to CD40 ligation than paired samples obtained from
the same patient before therapy. The impaired CD40 signaling
has been previously noted in vitro ibrutinib treated cells,%¢>” and
CD40-regulated genes are known to be repressed during
ibrutinib therapy in vivo.”® The effect of miR-29 on limiting CD40
signaling might have some interesting therapeutic implications.
Recently, it has been proposed that synthetic miR-29 might be
used as a therapeutic agent in CLL,”” and our data provide clues
toward the effects of such a therapy. For example, an miR-29
mimic might potentially be efficiently combined with venetoclax,
because CD40 signaling represents a major mechanism for re-
sistance to BCL2 inhibitors,®° and miR-29 also targets the key
antiapoptotic proteins MCL1 and TCL1.

In summary, we used integrated miRNA and mRNA profiling
analysis in intraclonal CLL subpopulations to identify a novel target

of miR-29 involved in T-cell interactions. Regulation of TRAF4 by
miR-29 contributes to CD40 ligation sensitivity in CLL cells after BCR
activation and associates with differences in disease prognosis. This
represents an example of how miRNAs can modulate the com-
petency of CLL-T-cell interactions (summarized in Figure 7).
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Abstract

The variable clinical course in chronic lymphocytic leukaemia (CLL) largely depends on p53 functionality and B-cell
receptor (BCR) signalling propensity; however, it is unclear if there is any crosstalk between these pathways. We show that
DNA damage response (DDR) activation leads to down-modulating the transcriptional factor FOXP1, which functions as
a positive BCR signalling regulator and its high levels are associated with worse CLL prognosis. We identified microRNA
(miRNA) miR-34a as the most prominently upregulated miRNA during DDR in CLL cells in vitro and in vivo during FCR
therapy (fludarabine, cyclophosphamide, rituximab). MiR-34a induced by DDR activation and p53 stabilization potently
represses FOXP1 expression by binding in its 3’-UTR. The low FOXP1 levels limit BCR signalling partially via
derepressing BCR-inhibitory molecule CD22. We also show that low miR-34a levels can be used as a biomarker for worse
response or shorter progression free survival in CLL patients treated with FCR chemoimmunotherapy, and shorter overall
survival, irrespective of TP53 status. Additionally, we have developed a method for the absolute quantification of miR-34a
copies and defined precise prognostic/predictive cutoffs. Overall, herein, we reveal for the first time that B cells limit their
BCR signalling during DDR by down-modulating FOXP1 via DDR-p53/miR-34a axis.

Introduction conventional therapy mainly constitutes of anti-CD20
antibodies, DNA damaging drugs and inhibitors of BCR-
associated kinases [1-3]. The clinical course and therapy
response of CLL patients is, among other factors, largely
dependent on p53 protein functionality [4-6], and the CLL
cells’ BCR signalling propensity [7, 8]. The differences in

the expression and activity of BCR-associated kinases,

Chronic lymphocytic leukaemia is the most common
leukaemia among adults in the western world and its
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phosphatases, and their adaptor molecules modulate BCR
signalling, and contribute to disease progression and ther-
apy response [8—11]. However, it is unclear if and how
B cells limit signalling from their cell-surface BCR under
the conditions that involve stabilizing p53 and activating
the DNA damage pathway, and if there is any crosstalk
between these pathways. It has been described that p53
activation/stabilization leads to signalling inhibition from
surface receptors and/or associated kinases in other cell
types [12—14].

We have recently shown that the transcription factor
FOXP1 functions as a positive BCR signalling propensity
regulator in CLL, and its high expression associates with
shorter overall survival and treatment free survival [15].
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FOXP1 has also been previously described as upregulated
in more aggressive cases of other B-cell malignancies,
such as DLBCL, FL, and MALT lymphoma [16-19].
FOXP1 is over-expressed in the ABC subtype of DLBCL
[20], and acts as a key regulator for a large number of
genes, including those involved in BCR signalling, lym-
phocyte activation, NF-kB pathway, Wnt signalling, and
chemotaxis [19-25]. We have previously demonstrated
that the basal FOXP1 levels in CLL cells are regulated by
the miRNA miR-150, which was one of the first described
roles of miRNAs in BCR signalling [11, 15, 26, 27].
MiRNAs regulate stability and translation of messenger
RNAs and thus influence the essential B-cell functions, such
as survival and maturation, immunoglobulin production,
and their relative BCR signalling proficiency [11, 15,
27-29].

Here we show that FOXP1 expression is down-
modulated during the CLL cells’ response to DNA
damage induced by chemotherapy, and this is mediated by
miR-34a. The miR-34a is, unlike miR-150, massively
induced during DNA damage response (DDR), and this
leads to FOXP1 repression through evolutionary con-
served binding sites for miR-34a. We and others have
previously shown that low miR-34a levels are associated
with TP53 aberrations in CLL [30-33]. Here we demon-
strate that down-modulation of FOXP1 mediated by the
pS53/miR-34a axis acts to limit the signalling from BCR,
which provides a negative regulation between the DDR
pathway and BCR signalling. Additionally, we show that
low miR-34a levels can be used as a biomarker for shorter
overall survival (OS) and worse response or shorter pro-
gression free survival (PFS) in CLL patients treated
with FCR chemoimmunotherapy, irrespective of TP53
status.

Material and methods
CLL samples and cell lines

Peripheral blood samples were collected with written
informed consent and the study was approved by the
Institutional Review Boards. Freshly isolated CLL cells
were purified (purity 295% of CD5+19+ cells) with
RosetteSep Human B Cell Enrichment Cocktail (Stemcell
Technologies; Vancouver, Canada). The clinical and bio-
logical characteristics of CLL patients are summarized in
Supplementary Tables S2-7. The cell lines (WSU-NHL,
RAMOS, RAJI, MEC-1, 293FT, SW-487"7~/~ gw.487">
+4+) were obtained from the German Collection of Micro-
organisms and Cell Cultures (DSMZ) and American Type
Culture Collection (ATCC), and cultured according to the
recommendations (see Supplementary Methods).

SPRINGER NATURE

Small RNA sequencing and real-time PCR

Total RNA was isolated with TRIzol Reagent (Thermo
Fisher Scientific; Waltham, MA, USA) as described pre-
viously [30] and RNA integrity was analysed (RIN>8). Two
different NGS platforms and library preparation protocols
were used, namely SOLiD Total RNA-Seq Kit-Small RNA
Library (SOLiD5500, Applied Biosystem; Foster City, CA,
USA) and TruSeq Small RNA sample preparation kit
(HiSeq 2500, Ilumina; San Diego, CA, USA). For further
details on library preparation and data analyses, see Sup-
plementary Methods.

The expression of individual miRNAs/mRNAs was
performed with TagMan MicroRNA or Gene Expression
Assays (Thermo Fisher Scientific), and normalized to
endogenous controls (RNU38B or GAPDH, respectively),
as described previously [29, 30]. For the absolute quantifi-
cation of miR-34a copies, see Supplementary Methods.

Transfections

The B-cell lymphoma cell line WSU-NHL or freshly iso-
lated CLL cells were transfected by Neon Transfection
System (Thermo Fisher Scientific) with miRNA mimics
(Sigma Aldrich; St Louis, MO, USA), miRNA inhibitors
(Dharmacon; Lafayette, CO, USA), siRNAs (Dharmacon)
or respective controls, and harvested for further analyses by
immunoblotting and flow cytometry (see Supplementary
Methods).

BCR stimulation and calcium flux

BCR signalling was evaluated by examining the intracel-
lular calcium flux induced by ligating the cell-surface IgM
using goat F(ab’)2 anti-human IgM as described previously
[15, 34], for details see Supplementary Methods.

Luciferase assay

Luciferase  reporter assay was  performed in
HEK293FT cells using the LightSwitch Luciferase Assay
System (SwitchGear Genomics; San Francisco, CA, USA).
According to the manufacturer’s protocol as described
previously [15] (see Supplementary Methods).

Statistical analysis

Survival analysis was performed with the use of the
Kaplan—Meier survival estimator, univariate and multi-
variate analyses employed Cox regression models and were
performed on Statistica 10 (StatSoft Inc.). Other statistical
analyses were performed with GraphPad Prism Software
v5.0 (GraphPad Software) or using freeware R. P-values
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Fig. 1 FOXP1 is downregulated during DDR. a Representative
immunoblot from CLL cells (purity >95% CD19+CD5+) treated
in vitro (48h) with fludarabine (FLU; 1.75 ug/mL) or doxorubicin
(DOX; 400 ng/mL). b Representative immunoblot from WSU-NHL
cells treated in vitro (48 h) with doxorubicin (25 ng/uL) or fludarabine
(0.5 pg/mL). ¢ A representative immunoblot from RAJI and RAMOS
cell lines treated in vitro (48h) with doxorubicin (100 ng/mL).
d (i) Representative immunoblot from freshly isolated CLL cells
(purity >95% CDI19+CD5+) obtained from patients before the

<0.05 were considered significant. For other data processing
and NGS data analysis, see Supplementary Methods.

Results

FOXP1 is downregulated during DNA damage
response

The transcription factor FOXP1 positively regulates BCR
signalling, and its high levels associate with worse prog-
nosis in CLL [15] and B-cell lymphomas [16-18, 35, 36];
however, the mechanisms affecting the FOXP1 levels in
malignant B cells are largely unknown. We noticed that
FOXP1 expression is down-modulated with the DNA-
damage response (DDR) in CLL B cells. This was observed
with classical DNA damage inducing drugs (fludarabine,

therapy administration (day 0) and on day 3 (48 h post FC adminis-
tration). (ii) Expression of FOXP1 protein from in vivo treated patients
(n =3) normalized to GAPDH. e (i) Representative immunoblot from
WSU-NHL cells treated with Nutlin-3a (10 uM; 24 h). (ii) FOXP1 fold
change expression normalized to GAPDH (n = 3). f Representative
immunoblot from freshly isolated CLL cells treated with Nutlin-3a
(10 uM; 24 h). a—f The double bands identified by the anti-FOXP1
antibody represent 2 splicing variants of FOXP1 as described pre-
viously [15, 20, 25, 46]

doxorubicin) in primary CLL cells and B-cell lines
under conditions inducing relatively low-level apoptosis
(Fig. la—c), and also following administration of FCR
chemoimmunotherapy in CLL in vivo (Fig. 1d). The DDR
led to down-modulation of both major splicing variants
of FOXP1 that were described previously [15, 20, 25, 37].
This suggests that the p53 pathway might be directly
responsible for FOXP1 down-modulation. Indeed, applying
the specific p53-stabilizer Nutlin-3a (inhibitor of MDM2
ubiquitin-ligase) down-modulated FOXP1 levels in
WSU-NHL and CLL cells (Fig. le, f). However, we also
notedFOXP1 down-modulation in 7P53-deficient cell
lines RAMOS and RAIJI (Fig. 1c), suggesting that this
phenotype can also be present in cells with impaired p53
functionality (also see below). Altogether, this data reveal
that FOXP1 is negatively regulated within the context
of DDR in B cells.
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<« Fig. 2 MiR-34a represents the most prominently upregulated miRNA

during DDR and therapy response. a MiR-150 fold change expression
in CLL cells (purity >95% CD19+CD5+; Supplementary Table 4)
treated for 48 h with (i) doxorubicin (DOX; 100 ng/mL; CLL1-10) or
(ii) fludarabine (FLU; 3.5 pg/mL; CLL11-25). For a time course and
dose dependent analyses see Supplementary Figure 1. b Heatmap of
significantly changed miRNAs in 10 paired CLL samples treated with
fludarabine (3.5 pg/mL; Supplementary Table 2). Heatmap was gen-
erated from the sequencing data mapped with miRanalyzer and nor-
malized to counts per million reads (rows centred to the median of
the row). ¢ The evolutionary conserved binding sites for miR-34a in
the FOXP1 3’-UTR (TargetScanHuman, Release 7.1). d MiR-34a
expression in CLL cells (purity >95% CD19+CD5+; n=10; CLL1-
25, Supplementary Table 4) treated for 48 h with (i) doxorubicin
(100 ng/mL; CLLI1-10) or (ii) fludarabine (3.5 ug/mL; CLLI11-25).
e The expression of (i) miR-34a or (ii) miR-150 in freshly isolated CLL
cells (purity >95% CD19+4-CD5+) obtained from patients (n = 50;
Supplementary Table 5) undergoing FCR therapy on day O (before the
therapy) and at day 3 (48 h post FC administration). f The expression
of miR-34a and miR-150 in WSU-NHL cells treated with Nutlin-3a
(10 uM, 24 h). g The expression of miR-34a and miR-150 in freshly
isolated CLL cells (purity >95% CD19+CD5+) treated with Nutlin-3a
(10uM, 24 h; n=35). h The expression of miR-34a in B-cell lines
WSU-NHL (i) treated with doxorubicin (25 ng/mL) or fludarabine
(0.5 pg/mL) and cultured for 48 h and in RAMOS (ii) and MEC-1 cells
(iii) treated with doxorubicin (100 ng/mL) or fludarabine (10 pg/mL)
for 48 h

MiR-34a is the most robustly upregulated miRNA
during DNA damage response in CLL

It has been previously shown that the FOXP1 levels in CLL
cells are regulated by miR-150, however, we did not
observe any miR-150 induction that would explain FOXP1
repression during DDR in vitro or in vivo (Fig. 2a, Sup-
plementary Figure 1, and see below). Additionally, the miR-
150 promoter or the 10 kb upstream region do not contain
any experimentally obtained (ChiP-Seq) or predicted p53
binding sites (Supplementary Tables 1A, B). To investigate
whether other miRNAs could regulate FOXP1 during DDR,
we performed miRNA profiling (NGS miRNA-Seq) in CLL
samples treated in vitro with fludarabine (component of
the FCR therapy), which induces FOXP1 down-modulation
(Fig. la—d; Supplementary Table 2). Paired control and
fludarabine treated samples were analysed; fludarabine
concentration was selected based on a sufficient cell via-
bility decrease (Supplementary Figure 2A) and an achiev-
able level in patient’s plasma in vivo [38]. The profiling
with two different NGS platforms and in a validation cohort
identified six miRNAs as differentially expressed after flu-
darabine (fold change >1.5; FDR <0.05; Fig. 2b, Supple-
mentary Table 3). Three upregulated miRNAs were all
major miRNA sequences, but two of the downregulated
miRNAs (miR-155-3p, miR-29b-1-5p) were the minor
sequences that are generally thought not to have a biological
function (Supplementary Figures 2B, C). From the six dif-
ferentially expressed miRNAs, only miR-34a contains

putative evolutionary conserved binding sites in the 3’-UTR
region of FOXP1 (Fig. 2c) and therefore, we selected this
miRNA as a candidate for FOXP1 regulation during DDR.
We confirmed the induction of miR-34a expression in CLL
cells treated in vitro with doxorubicin or fludarabine
(Fig. 2d, for patient characterization see Supplementary
Table 4). To evaluate these observations in vivo, we
obtained samples from patients undergoing FCR therapy
(n=50; for cohort characterization see Supplementary
Table 5). In this analysis, miR-34a was not induced after
rituximab alone (day 2; Supplementary Figure 3), but was
clearly induced after the FC administration (day 3), while
miR-150 levels were unchanged (Fig. 2e). Additionally,
miR-34a (but not miR-150) was massively induced after
p53 stabilization with Nutlin-3a in WSU-NHL cells or
primary CLL cells (Fig. 2f, g). The induction of miR-34a,
which is a known p53-downstream target [39], was also
observed in p53-aberrant RAMOS and MEC-1 cells
(Fig. 2h). To test this in a system with no residual
p53 activity, we analysed syngeneic SW-487" 33+ and
SW-487P33—/= (TP53-deficient) cells, and these also induced
some levels of miR-34a during DDR (Supplementary
Figure 4A). The incomplete dependency of miR-34a
induction on p53 has also been reported by others [40,
41], and resembles the situation with other DDR-induced
genes such as p21 (refs. [42, 43]). In line with this obser-
vation, FOXP1 down-modulation was also observed in
RAJI and RAMOS cells (Fig. 1c), and in SW-48777~~ o
a lesser extent than in TP53 wild-type SW-48 cells (Sup-
plementary Figure 4B). Altogether, this suggests that
miR-34a is induced during DDR and represents a primary
candidate for FOXP1 regulation under DDR conditions.

MiR-34a is a direct and dominant regulator
of FOXP1 during DNA damage response

We hypothesized that miR-34a induction is responsible for
down-modulating FOXP1 during DDR, while miR-150
levels are of main relevance for regulation of FOXPI
basal levels. This is supported by very low basal miR-34a
levels in CLL cells (median number of reads in miRNA
NGS profiling experiment is 78 counts per million [CPM]
compared to miR-150 with 94 630 CPM), and lack of
correlation (in contrary to miR-150) with the basal levels
of FOXP1 (Supplementary Figure 5). To study the FOXP1-
miRNA interactions, we performed a luciferase assay in
HEK293FT cells and compared the miR-34a’s ability
against miR-150 to inhibit the luciferase activity of a vector
containing the 3'-UTR of FOXP1. The down-modulation of
the luciferase activity was approximately twofold more
prominent for miR-34a than miR-150 (P <0.001, Fig. 3a).
This is likely due to the presence of two binding sites for
miR-34a in the 3’-UTR of FOXP1 compared to one for
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Fig. 3 MiR-34a is a direct and dominant FOXP1 regulator during
DDR. a Luciferase activity in HEK293FT cells co-transfected with
either miR-34a mimic (miR-34a MIMIC, 100 nM) or miR-150 mimic
(miR-150 MIMIC; positive control) or the negative control (Ctrl
Scramble, 100 nM) and luciferase reporter construct (100 ng), con-
taining the 3’-UTR region of FOXP1 or GAPDH (as a control). The
HEK293FT cells express very low and comparable endogenous levels
of miR-34a and miR-150. b (i) Representative immunoblot of FOXP1
levels in WSU-NHL cells transfected with siRNA against FOXP1
(siFOXP1) or siRNA negative control (siNeg. Ctrl) or miR-34a mimic
(miR-34a MIMIC), miR-150 mimic (miR-150 MIMIC), or miRNA
negative control (miR-Neg. Ctrl), and collected 48 h after transfection.
SiFOXP1 and miR-150 MIMIC serve as positive controls.

miR-150 (Supplementary Figure 6). Importantly, the trans-
fection of synthetic miR-34a or miR-150 induced significant
down-modulation of FOXP1 levels in WSU-NHL cells
compared to the negative control (Fig. 3b). WSU-NHL cells
were selected because of the TP53 wild-type status (unlike
the CLL derived TP53-aberrant MEC-1 cells), relatively
high-FOXP1 levels, and good viability after transfection
(Supplementary Figure 7). The effect of miR-34a mimic on
FOXP1 could be also replicated with primary CLL samples
(Fig. 3c). Next, we inhibited miR-34a or miR-150 with
miRNA inhibitors, and subsequently induced DDR with
doxorubicin (Fig. 3d). In this experiment the miR-34a

SPRINGER NATURE

Foxp1* | W - -
GAPDH |...-d

(ii) Statistical analyses of the synthetic miR-34a’s effect on FOXP1
levels (48 h; n=3). The FOXP1/GAPDH ratios for the siNeg. Ctrl
and miR-Neg. Ctrl were arbitrarily set as 1.0. ¢ (i, ii) Representative
immunoblots from two freshly isolated CLL cells (purity >95% CD19
+CD5+) transfected in the same manner as described above in b.
d Representative immunoblot of WSU-NHL cells transfected with
inhibitors of miR-34a, miR-150 or negative control (Neg. Ctrl),
and subsequently treated with doxorubicin (25 ng/mL). The FOXP1/
GAPDH ratios for the siNeg. Ctrl with or without doxorubicin
were arbitrarily set as 1.0. b—d The double bands identified by the anti-
FOXP1 antibody represent 2 splicing variants of FOXP1 as described
previously [15, 20, 25, 46]

inhibitor (but not miR-150 inhibitor) prevented FOXP1
down-modulation under DDR conditions. This suggests
that miR-34a is a dominant direct FOXP1 regulator under
DDR conditions.

MiR-34a induction by DNA damage response
inhibits BCR signalling

We and others have previously suggested that FOXP1 is a
positive BCR signalling pathway regulator [15, 20, 23]. We
observed that under DDR conditions, the B-cell response
to BCR activation is mitigated (Supplementary Figure 8).
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Fig. 4 MiR-34a limits BCR signalling during DNA damage response.
a Representative result of the calcium flux in WSU-NHL cells trans-
fected with siRNA against FOXP1 (siFOXP1), SYK (siSYK; as a
positive control) or the negative control (siNeg. Ctrl) after BCR
crosslinking with anti-IgM (10 pg/mL, indicated by the arrow). The
cells were cultured for 48 h after the transfection and then processed
for calcium flux measurements. b Representative immunoblot of
WSU-NHL cells transfected with siRNA against FOXP1 (siFOXP1),
SYK (siSYK; as a positive control) or the negative control

We hypothesized that down-modulating FOXP1 during
DDR might be responsible for the lower levels of phospho-
AKT and phospho-ERK induced by anti-IgM during DDR.
Indeed, the calcium signalling was reduced in WSU-NHL B
cells transfected with siRNA against FOXP1l or SYK
(positive control) following the BCR crosslinking with anti-
IgM antibody (Fig. 4a), and similar results were obtained in
primary CLL cells (Supplementary Figure 9). Similarly,
FOXPI silencing or miR-34a mimic transfection had a
direct effect on the phospho-AKT and phospho-ERK levels
after BCR crosslinking (Fig. 4b, c). The cell-surface IgM
expression was not influenced by the FOXP1 silencing
(Supplementary Figure 10). These data support the con-
clusion that FOXP1 down-modulation during DDR repre-
sents at least partially, a mechanism to limit signalling from
BCR under relatively mild DDR conditions that do not
induce immediate cell death.

In an analysis of previous studies describing potential
FOXP1 transcriptional targets (see Supplementary Table 6),
we identified 6 potential targets involved in BCR signalling
(NFATC4; PIK3CG; CD22; PIK3R1; CD19; SYK). Their
profiling in CLL samples with relatively low vs. high
FOXP1 levels (n = 30) revealed that the mRNA levels for a
BCR-inhibitory CD22 molecule [44] are significantly lower
in cells with higher FOXP1 expression (P = 0.01; Supple-
mentary Figure 11A). We also observed a statistically sig-
nificant, but relatively small, upregulation in CD22 cell-
surface levels following FOXP1 silencing in WSU-NHL
cells (Supplementary Figure 11B), but no change in other
tested BCR-related proteins (Supplementary Figures 10,

(siNeg. Ctrl). Cells were collected after 48 h, divided in equal numbers
and exposed to the vehicle (CTRL) or 5pg/mL of anti-IgM.
¢ Representative immunoblot of WSU-NHL cells transfected with
artificial miRNA mimics, miR-34a mimic (miR-34a MIMIC), miR-150
mimic (miR-150 MIMIC), or negative control (miR-Neg. Ctrl). Cells
were collected after 48h, divided in equal numbers and exposed
to the vehicle (CTRL) or anti-IgM (5 pg/mL). b, ¢ The double bands
identified by the anti-FOXP1 antibody represent 2 splicing variants
of FOXP1 as described previously [15, 20, 25, 46]

12). The mild siRNA effect against FOXP1 on CD22 levels
might be due to relatively inefficient FOXP1 silencing
(Supplementary Figure 11B). Importantly, we observed
CD22 upregulation after DDR activation in WSU-NHL and
CLL cells upon fludarabine or Nutlin-3a treatment (Sup-
plementary Figure 11C). Altogether, these data show that
FOXP1 down-modulation during DDR activation leads to a
higher BCR signalling activation threshold and higher
levels of BCR-inhibitory molecule CD22.

Low levels of miR-34a predict worse response to FCR
therapy

The data above suggests that miR-34a is an important
determinant of CLL response to DDR-based chemotherapy.
We observed that miR-34a is induced in a prospectively
collected cohort of 50 CLL patients receiving FCR therapy
(Supplementary Table 5; Fig. 2e), and the basal miR-34a
levels before FCR were very well correlated with the
induced miR-34a levels on day 3 of FCR (r2 =0.82; Sup-
plementary Figure 13A). This suggests that its basal and
induced levels are regulated by the same mechanism (p53/
DDR pathway) [30]. Importantly, the miR-34a levels were a
significant predictor of progression free survival (PES) after
FCR (Fig. 5a; median 20 vs. 26.4 months; P =0.05; HR:
2.31 [CI 1.0-5.38]). The low miR-34a levels associated
with deleted and/or mutated 7P53 (Fig. 5b; Supplementary
Figures 13B, C), but low miR-34a levels predicted shorter
PFS also in the TP53 wild-type subgroup (n =45, P = 0.04;
HR: 2.74 [CI 1.06-7.10]; Fig. 5c). Interestingly, the patients
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Fig. 5 Low levels of miR-34a associate with worse response to FCR therapy. a Progression free survival (from sampling) of FCR treated patients
(n =50, Supplementary Table 5) dichotomized according to the median of miR-34a expression on day O (before the therapy administration).
b The miR-34a expression on day O before the therapy administration in cases with deleted and/or mutated 7P53 (n = 5) compared to wild-type
TP53 cases (n=45). ¢ Progression free survival (from sampling) of FCR treated patients dichotomized according to the median of miR-34a
expression on day 0 in the P53 wild-type cohort (n = 45). d The miR-34a expression on day 0 and day 3 of FCR in patients that achieved CR/PR
(n=40) vs. SD/PD (n = 10). e The absolute miR-34a copies (per 10e6 copies of RNU38B) in CLL patients that developed a 7P53 mutation during
the follow-up (CLL26-35; Supplementary Table 8; median follow-up 33.2 months). f The overall survival (from sampling) of patients (n = 158;
Supplementary Table 6) dichotomized based on the cut-off of 2047 copies of miR-34a per 10e6 copies of RNU38B (OS: 15.8 months vs. not
reached; P <0.0001; HR: 4.05 [CI 2.17-7.57]. g The overall survival (from sampling) of the 7P53 wild-type CLL patients (n = 119) dichotomized
based on the miR-34a cut-off (2047 copies; P =0.01; HR: 5.00 [CI 1.48-16.96])

that only achieved a stable or progressive disease (SD/PD)
had lower basal miR-34a levels than patients achieving
partial or complete remission (PR/CR; Fig. 5d). Patients
achieving PR/CR also induced higher miR-34a levels than
patients with SD/PD (Fig. 5d); however, the miR-34a level
on day 3 was an inferior PFS predictor than the one on day
0 (Supplementary Figures 13D, E). This is likely due to
an averaging of the miR-34a qRT-PCR signal induced
by DDR from the whole CLL cell population that might
contain a subset of DDR-proficient cells with high miR-34a
induction and a DDR/p53 deficient clone with low levels
of miR-34a. Altogether, the results suggest that miR-34a
expression can be used as a novel predictive biomarker for
FCR response.

SPRINGER NATURE

Absolute quantification of miR-34a copies and
its prognostic value

It has been previously shown that low miR-34a levels
associate with shorter treatment free survival [32] and
mutated/deleted TP53 [30, 31, 33, 45] in CLL. This was
based on determining the relative expression of miR-34a,
which however, does not allow standardization or a
definition of cut-offs that could be used in other labora-
tories. This is a general issue in the attempts to use miRNAs
as a biomarker in oncology [46]. To address this, we
designed a qRT-PCR assay with standards to measure
the total number of miR-34a molecules (Supplementary
Figure 14A and Supplementary Methods) in a cohort
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of well-characterized CLL samples (n = 158; Supplemen-
tary Table 7). The lowest number of miR-34a copies was
observed in the TP53 abnormal group (Supplementary
Figure 14B), and no other clinico-biological characteristics
correlated with miR-34a levels (Supplementary Fig-
ure 14C). We defined a cut-off for miR-34a copies that
discriminated TP53 aberrant cases with a relatively high
specificity and sensitivity (74-89% and 73-89%, respec-
tively, Supplementary Figure 15). Interestingly, this can not
only be used to detect TP53 aberrations at diagnosis, but to
detect TP53 mutation evolution over time (Fig. 5e; Sup-
plementary Table 8). We also defined a miR-34a cut-off
(<2047 copies) as being strongly associated with shorter
OS (15.8 months vs. not reached; P<0.0001; HR: 4.05
[CI 2.17-7.57]; Fig. 5f; Supplementary Table 9). The
low miR-34a levels also predicted shorter OS in the
TP53  wild-type  cohort (P=0.01; HR: 5.01
[CI 1.48-16.96]; n=119; Fig. 5g) and this was indepen-
dent in a multivariate analysis (P =0.002; HR: 9.68
[CT 2.31-40.66; Supplementary Tables 10A, B). Overall,
the absolute miR-34a quantification can be used as a reliable
biomarker for OS, prediction of response to FCR, and
quick screening of TP53 status.

Discussion

Here we describe that during the response to DNA damage,
the transcription factor FOXP1 is downregulated by
miR-34a induction in CLL cells. We provide evidence that
FOXP1 acts as a positive BCR signalling regulator and
its down-modulation during DDR represents a mechanism
to limit the pro-survival/pro-proliferative signals from
BCR (summarized in Supplementary Figure 16). We
have also shown that higher levels of miR-34a associate
with a deeper clinical response to FCR chemoimmu-
notherapy with longer PFS, and also longer OS in
CLL patients.

We and others have suggested that high-FOXP1 levels
positively affect the BCR signalling pathway and activation
of malignant B cells, and showed that this associates
with shorter OS in CLL and other mature B-cell malig-
nancies [15-17, 20, 36, 37]. Here we describe that FOXP1
levels are down-modulated in B cells during DNA damage
response (DDR) in vitro and also during FCR therapy
in vivo. We have previously shown that the FOXP1 can
be regulated by miR-150 [15], however we determined
that miR-150 is not responsible for FOXP1 down-
modulation during DDR. The screening of miRNAs affec-
ted by DDR activation in CLL cells revealed that three
miRNAs were significantly induced; including miR-34a,
which has 2 evolutionary conserved binding sites in the
3’-UTR region of FOXPl. We confirmed miR-34a

upregulation in samples obtained from CLL patients
undergoing therapy with FCR and also in cells with DDR
induced in vitro. We have further shown that miR-34a
directly binds the FOXP1 3’-UTR and represses its
expression in a luciferase assay. Importantly, the miR-34a’s
ability to down-modulate FOXP1 was twofold greater than
that of miR-150, which is a known FOXP1 regulator. The
transfection of B-cell lines or primary CLL cells with miR-
34a synthetic mimic led to FOXP1 down-modulation. The
transfection with synthetic miR-34a (or siRNA against
FOXP1) or DDR led to down-modulation of both major
splicing variants of FOXP1, but with a different kinetics
which likely reflect differences in their half-life as observed
previously [15]. Importantly, the inhibition of miR-34a
under DDR conditions led to sustained FOXP1 levels in
comparison to cells with inhibited miR-150 which suggests
that miR-34a is a dominant FOXPI1 level regulator in
B cells responding to DNA damage. MiR-34a is known
to be upregulated through p53 protein [39], but we also
observed some induction of miR-34a and repression of
FOXP1 in B-cell lines with p53 mutations, or in syngeneic
TP53-deficient cells. This shows that similar to other
cell types, miR-34a regulation is partially independent
of p53 (refs. [40, 41]) under specific cellular conditions,
which is analogical to other canonical p53 transcriptional
targets, e.g. p21 (refs. [42, 43]). The upregulation of miR-
34a in cells with aberrant TP53 might be caused by partial
replacement of p53 function with its homologs p63/73
that have binding sites in miR-34a upstream region [47],
residual activity of p53 protein in cases with T7P53 mutation
[48] or some other mechanisms [49, 50]. Altogether,
our data and the published studies suggest that under
conditions with functional p53 protein this transcription
factor governs upregulation of miR-34a during DDR, while
miR-34a transcription is potentially regulated by alternative
less potent mechanisms in the absence of p53. However,
the dominant role of p53 in miR-34a regulation in the pri-
mary CLL cells is apparent in cases with deleted/mutated
TP53 which express the lowest levels of miR-34a, and
such cells are inducing much lower levels of miR-34a
than 7P53 wild-type CLL cells during DDR [30, 31].

It has been suggested previously that the basal miR-34a
levels can affect the FOXPI1 levels in MALT lymphomas
[51]. However, in CLL the basal miR-34a levels are very
low and do not correlate, in contrary to miR-150, with the
basal levels of FOXP1. We showed that the prominent
induction of miR-34a during DDR and its strong binding
to FOXP1 mRNA allows for a meaningful stoichiometric
concentration to affect the FOXP1 levels under DDR con-
ditions. This is an important case of a context-dependent
regulation of a mRNA targeted by multiple miRNAs
[26, 52], when miR-34a “over-rules” the miR-150 regula-
tion under specific DDR conditions.
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MiR-34a belongs to the family containing two other
members, miR-34b/c located on another chromosome, but
these are not detectable in CLL cells [30, 31] (see Supple-
mentary Table 3), probably due to epigenetic silencing [53].
It has been reported in other cell types that miR-34a targets
MDM4, SIRT1, AXL, and YY1, regulates cell cycle,
autophagy, migration, metabolism, and multiple signalling
pathways [54]. However, the miRNAs’ targets largely
depend on the cellular and functional context [26, 52]. The
observation that miR-34a targets FOXP1 in CLL cells is
critical to the understanding why miR-34a levels associate
with disease aggressiveness in CLL, and what role its
induction plays during DDR. However, it is likely that miR-
34a also affects other targets. We demonstrated that FOXP1
down-modulation is at least partially responsible for the
impaired response to BCR activation while B cells react
to DNA damage and stabilize p53. FOXP1 repression
impaired calcium flux as well as reduced phosphorylation of
AKT and ERK induced by anti-IgM stimulation. This is of
great interest since the BCR signalling propensity is an
important determinant of CLL aggressiveness [7—10], but it
is unknown how the p53 pathway regulates its activity or
how is interconnected with it. Studies of how exactly
FOXPI regulates BCR signalling are ongoing in multiple
laboratories, and hundreds (~300-900) of potential FOXP1
target genes have been identified [19, 20, 23-25] (Supple-
mentary Table 6). We tested the expression of putative
FOXPI targets canonically involved in BCR signalling and
found that CLL cells with lower FOXP1 levels have higher
CD22 levels, FOXP1 silencing leads to CD22 upregulation,
and CD22 is induced with DDR activation. CD22 serves as
a key inhibitory molecule in BCR signalling, since it pro-
vides a docking site for phosphatases such as SHP-1 that
limits BCR signalling [44], and FOXP1 was previously
found to bind to its promoter [20]. The observed effect of
FOXP1 on BCR signalling might be partially mediated
through CD22 levels but identifying other BCR-relevant
FOXP1 targets remains an ongoing effort in multiple
laboratories. None of the other known miR-34a targets are
direct regulators of BCR signalling, however we cannot
exclude the possibility that miR-34a targets such as MYC or
MYB [26, 40] might indirectly influence the BCR signal-
ling by regulating expression of genes involved in this
pathway.

The role of miR-34a in decreasing FOXP1 and BCR
pathway activity might be of importance for the therapeutic
effect of DNA damaging drugs. Indeed, CLL patients with
low miR-34a levels have significantly shorter PFS after
FCR. The patients with 7P53 mutations/deletions have low
miR-34a [30, 45], but we also found low miR-34a levels in
some patients harbouring intact 7P53, and also in this group
miR-34a remained a predictor of shorter PFS after FCR. To
further explore the use of miR-34a as a biomarker, we

SPRINGER NATURE

developed a standardized assay for its quantification that
allows obtaining an exact number of miR-34a copies in the
sample. We have defined specific cut-off values that can be
used to screen for 7P53 mutations at diagnosis or their
evolution during the course of the disease. This does not
require the miR-34a assaying after DDR, since both the
basal and induced miR-34a levels are low in p53-aberrant
cases. This overcomes laborious DDR induction required
for other available assays for functional p53 analysis [55—
58], and the herein described absolute quantification tech-
nique makes it easy to standardize (standards available upon
request). We have also defined a specific cut-off value that
distinguishes CLL patients with a shorter OS, and this was
independent of TP53 status or other prognostic factors in a
multivariate analysis (P = 0.002; HR: 9.68 [CI 2.31-40.66;
Supplementary Table 9B). It has been shown by others that
low miR-34a levels are associated with shorter time to
treatment in CLL [32], but for OS this is reported for the
first time. Recently, the association of miR-34a levels with
poor survival and therapeutic response in solid tumours led
to pre-clinical studies and a clinical trial of miR-34a
replacement therapy (MRX34, trial NCT01829971) [59,
60], and our data suggest that this might be of interest also
in B-cell malignancies.

In summary, here we show miR-34a’s role as a FOXP1
regulator during activated DDR and its ability to limit BCR
signalling during DDR, which represents a first direct
description of such a regulatory loop in CLL. We have also
demonstrated that miR-34a can be used as an independent
predictive marker of response to FCR in CLL, and also as
an independent prognostic marker for OS.
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Novel CHK1 inhibitor MU380 exhibits
significant single-agent activity in
TP53-mutated chronic lymphocytic
leukemia cells
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ABSTRACT

ntroduction of small-molecule inhibitors of B-cell receptor signaling and
IBCLZ protein significantly improves therapeutic options in chronic lym-

phocytic leukemia. However, some patients suffer from adverse effects
mandating treatment discontinuation, and cases with 7P53 defects more
frequently experience early progression of the disease. Development of
alternative therapeutic approaches is, therefore, of critical importance. Here
we report details of the anti-chronic lymphocytic leukemia single-agent
activity of MUS380, our recently identified potent, selective, and metaboli-
cally robust inhibitor of checkpoint kinase 1. We also describe a newly
developed enantioselective synthesis of MU380, which allows preparation
of gram quantities of the substance. Checkpoint kinase 1 is a master regu-
lator of replication operating primarily in intra-S and G,/M cell cycle check-
points. Initially tested in leukemia and lymphoma cell lines, MU380 signif-
icantly potentiated efficacy of gemcitabine, a clinically used inducer of repli-
cation stress. Moreover, MU380 manifested substantial single-agent activity
in both TP53-wild type and TP53-mutated leukemia and lymphoma cell
lines. In chronic lymphocytic leukemia-derived cell lines MEC-1, MEC-2
(both TP53-mut), and OSU-CLL (TP53-wt) the inhibitor impaired cell cycle
progression and induced apoptosis. In primary clinical samples, MU380
used as a single-agent noticeably reduced the viability of unstimulated
chronic Iymphocytic leukemia cells as well as those induced to proliferate
by anti-CD40/IL-4 stimuli. In both cases, effects were comparable in sam-
ples harboring p53 pathway dysfunction (TP53 mutations or ATV muta-
tions) and TP53-wt/ATAM-wt cells. Lastly, MU380 also exhibited significant
in vivo activity in a xenotransplant mouse model (immunodeficient strain
NOD-scid IL2Ry"") where it efficiently suppressed growth of subcutaneous
tumors generated from MEC-1 cells.

Introduction

Significant progress has been achieved in the therapy of chronic lymphocytic
leukemia (CLL) with the introduction of small-molecule inhibitors targeting the B-cell
receptor (BCR) signaling'” and BCL2 protein.® Drugs like ibrutinib, idelalisib or vene-
toclax are currently changing clinical practice in CLL treatment. The most extensive
data are related to the BCR inhibitor ibrutinib, and besides many positive aspects
revealed also that: (i) the drug possesses a specific toxicity profile enforcing treatment
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discontinuation in a proportion of patients;' (ii) some
patients progress during therapy to the stage of highly
adverse diffuse large B-cell lymphoma (Richter transforma-
tion);” and (iii) relapsed/refractory patients harboring 17p
deletion (TP53 defect) experience relatively short progres-
sion-free survival and overall survival after the single-agent
ibrutinib treatment.”” Nevertheless, the clinical efficacy of
ibrutinib is substantially better compared to chemoim-
munotherapy, which has been found to be unsuitable for
TP53-defective patients.’

Replication is a vital process for each cancer cell, and the
proteins controlling its course represent interesting targets
for anti-cancer therapy. The checkpoint kinase 1 (CHK1)
supervises replication through the intra-S and G/M cell
cycle checkpoints, where it stabilizes stalled replication
forks after DNA damage and participates in DNA repair by
homologous recombination process.”® CHK1 is an impor-
tant member of the DNA damage response (DDR) path-
way, which represents a fundamental anti-cancer barrier."!
Central to DDR are two signaling cascades: ATR—CHK1
and ATM—CHK2—-p53. While the latter is frequently
mutated in tumors, the activity of ATR and CHEK1 genes is
essential for cell survival.*® In line with this, CHEK1 was
found to be an essential gene for 557 out of 558 cancer cell
lines, according to the DepMap database (depmap.org)
(Online Supplementary Figure S1).

Numerous structurally diverse CHK1 inhibitors have
been developed as potentiating agents, i.e. for combination
with chemotherapy. Nevertheless, some of them showed
interesting pre-clinical single-agent activity against diverse
cancer types, including breast and ovarian cancer," small-
cell lung cancer,” colorectal cancer, neuroblastoma,”
melanoma,”® MYC driven lymphoma,” and leukemia.””
Currently, several CHK1 inhibitors are undergoing evalu-
tion in clinical trials focusing on solid tumors and hemato-
logic malignancies. In CLL, CHK1 inhibition represents a
potentially attractive concept for the following reasons: (i)
CHK1 is essential for normal B-cell development and lym-
phomagenesis;” (ii) leukemia and lymphoma cells are par-
ticularly vulnerable to CHK1 depletion;” and (iii) CLL cells
are sensitive to manipulation with the level of replication
stress (RS), as shown in experiments inhibiting ATR; a
CHK1 upstream kinase.”

In our previous study,” we employed one of the most
selective CHK1 inhibitors, SCH900776,” and showed that
it significantly potentiates activity of fludarabine in TP53-
mutated CLL cells, as well as in a CLL TP53-wt mouse
model. Subsequently, we developed compound MU380, a
non-trivial analog of SCH900776 which contains unusual
N-trifluoromethylpyrazole moiety protecting the molecule
from oxidative dealkylation and thus improving its meta-
bolic stability.” With our current study, we present a robust
enantioselective synthesis of MUS380, and demonstrate its
single-agent efficacy in lymphoid cancer cells. Significantly,
to the best of our knowledge, we have for the first time
demonstrated the potential for CHK1 inhibition to affect
high-risk CLL cells with TP53 defects.

Methods

CHK1 inhibitors

Compound SCH900776 (Merck; MK-8776) was prepared in-
house using previously described procedure.” Compound
MU380 was also prepared in-house using our newly developed

enantioselective synthesis (see Results section and Omnline
Supplementary Appendix). These inhibitors were stored at room
temperature as 10 mM stock solutions dissolved in DMSO.

Cell lines and primary chronic lymphocytic leukemia cells

Leukemia and lymphoma cell lines were obtained from the
German Collection of Microorganisms and Cell Cultures
(DSMZ) and cultured in accordance with DSMZ recommenda-
tions. TP53 mutation status was verified by sequencing, and was
in accordance with the International Agency for Research on
Cancer database.” The origin of non-cancerous cell lines is pro-
vided in Omnline Supplementary Appendix. Primary CLL samples
consisting of peripheral blood mononuclear cells (PBMNC) with
>90% leukemic cells were obtained from patients treated at the
Department of Internal Medicine, Hematology and Oncology of
the University Hospital Brno. Written informed consent was
signed by all patients, and the study was approved by the Ethics
Committee of the University Hospital Bmo (Project n. 15-
33999A). After thawing, CLL cells were cultured in RPMI-1640
medium with 10% FBS and penicillin/streptomycin. Genetic
characterization of the samples is described in Omnline
Supplementary Table S3.

Pro-proliferative stimulation of chronic lymphocytic
leukemia cells

Pro-proliferative stimulation of CLL cells was made using the
anti-CD40 + IL-4 system developed by Patten e al.*® and used by
us previously.” Here we made the following modifications: the
ratio of CLL cells to murine fibroblasts (irradiated by 50 Gy) was
20:1 and length of stimulation was ten days; fresh medium (half
volume), and fresh mAb anti-CD40 and IL-4 (full doses of 200
ng/mL and 10 ng/mL, respectively) were added on days 3 and 7.
On day 10, CLL cells were gently removed and cultured for an
additional three hours (h) to allow residual fibroblasts to attach.
For viability testing, CLL cells were transferred to 96-well plates
and treated with MU380 or DMSO (mock control).

Transfection of chronic lymphocytic leukemia cells

The cells were transfected by electroporation using Neon
Transfection System (Thermo Fisher Scientific) according to the
manufacturer s instructions. Detailed information is provided
in the Online Supplementary Appendix.

Cell viability assays, immunoblotting, real-time
polymerase chain reaction, analyses of cell cycle,
apoptosis and mitotic cells

Detailed information on all methodologies is provided in the
Online Supplementary Appendix.

Xenograft experiments

Experiments were approved by the Ethics Committee of the
Faculty of Medicine of Masaryk University (n. 47499/2013-8)
and performed in accordance with the international ARRIVE
guidelines.” Localized tumors were established in immunodefi-
cient NOD-scid IL2Ry™" mice strain® (Charles River Laboratories,
Cologne, Germany) using a subcutaneous injection of MEC-1
cell line (5x10° cells per animal). Mice were matched according
to initial tumor size and randomized to treatment with MU380
in 20% aqueous Kolliphor solution (single inhibitor dose 20
mg/kg) or 20% Kolliphor alone. Additional information is
included in the Online Supplementary Appendix.

Statistical analyses
Significance level was set as: *P<0.05; **P<0.01; ***P<0.001; =:
not significant. The standard level of statistical significance was
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P<0.05. Detailed information is available in the Ounline

Supplementary Appendix.

Results

Enantioselective synthesis of MU380

In order to prepare sufficient quantities of MUS380 for in
vivo studies, we developed its enantioselective synthesis
from commercially available N-Boc-(R)-nipecotic acid 1
(Figure 1). Briefly, acid 1 was converted into the Weinreb
amide 2, whose treatment with deprotonated acetonitrile
at low temperature afforded the required f-ketonitrile 3
with high optical purity [99% ee, determined by high per-
formance liquid chromatography (HPLC) on chiral sta-
tionary phase]. Subsequent cyclization of 3 with 3-
aminopyrazole proved to be quite challenging when,
under a variety of reaction conditions including alcoholic
solvents used in analogous synthesis of the CHKI1
inhibitor SCH900776,” we observed significant loss of
stereochemical integrity. Finally, we found neat acetic acid
to be the optimal solvent: cyclization was rapid and pro-
vided the desired pyrazolo[1,5-a]pyrimidine intermediate

4 in high yield (95%) and optical purity (96% ee). Using
part of the sequence we had previously reported,” com-
pound 4 was converted into advanced intermediate 11,
utilizing the in-house prepared boronate 9. Optical purity
of 11 (96% ee) was again determined by HPLC on chiral
stationary phase, confirming that no loss of stereochemi-
cal integrity was associated with the post-cyclization
steps of the sequence. Subsequent Boc-protection fol-
lowed by regioselective bromination and deprotection
provided the target compound MUS380 (overall yield 33%
over 10 steps). Final recrystallization from acetonitrile
afforded optically pure MU380 (> 99% ee) on gram scale.
For detailed procedure see the Ownline Supplementary
Appendix.

MU380 effectively inhibits CHK1 kinase and sensitizes
lymphoid tumor cells to gemcitabine

Our novel inhibitor showed satisfactory target-specific
effects in a pilot study using cell lines established from
solid tumors.” Herein, we first explored whether MU380
also efficiently inhibits CHK1 in lymphoid tumor cells.
We treated NALM-6 and MEC-1 cell lines with gemc-
itabine, a potent inductor of RS, and analyzed impact of

Boc
Boc Boc Boc N
N N CH3CN N
O CDI, THF O CH3 LiHMDS O 3-aminopyrazole . N
| —_— 0 —_— I,,/ —
4O HNOMe)Me-HCI Sy Noocyy,  THF ka AGQH p
g EtsN, THF & I: x-N-N
G NH
1 2 3 2
4
CF
/N\N ?
. EtOCH,CI
DIPEA
o-B 9 DCM
Boc .CF3 0 Boc Boc
N N N
[
e () O
Q N Pd(dppf)Cl, /N% NIS n, N =
/ ‘ 7
x-N-N DME, H,0 %/N\N CH4CN x-N-N
aq. HCl N(CH,OEt), N(CH,OEt), N(CH,OEt),
EtOH - 6 5
BI'2
t-BuNH,

'/, /
S N\N

12

Figure 1. Scheme of enantioselective synthesis of MU380. A brief description is pro-
vided in the Results section; detailed procedures and structural characterizations

are provided in the Online Supplementary Appendix.
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the inhibitor on CHK1 protein. MU380 effectively
blocked CHK1 activation (autophosphorylation pS296),
while at the same time enhancing signaling from (presum-
ably) ATR kinase towards the CHK1 (pS317 and pS345)
reflecting RS potentiation (Figure 2A). MU380 also
impacted the CHK1 downstream activity, which was
demonstrated by reduced level of total CDC25A and
CDC25C, one pS216 CDC25C isoform, pY15 CDK1,
cyclin B1, and cyclin E1 (Figure 2B). The effect was more
pronounced when MU380 was combined with gemc-
itabine.

Since effective CHK1 inhibitors should sensitize cancer
cells to RS inductors, we tested the potential of MU380 in
combination with gemcitabine using 10 cell lines harbor-
ing TP53 gene disruption and 7 TP53-wt cell lines. MU380
(100 nM) significantly potentiated gemcitabine’s efficacy
in all tested cell lines (median half-maximal inhibitory
concentration (ICs) = 20.5 nM for gemcitabine vs. 6.5 nM
for gemcitabine + MUS380) (Table 1, Figure 2C, Online

Supplementary Table S1 and Ouline Supplementary Figure
S2). As expected, MU380 enhanced the chemotherapy-
induced DNA damage level, as evidenced by pS139 H2AX
(YH2AX) accumulation (Figure 2D). Altogether, MU380
effectively inhibited CHK1 in lymphoid cancer cells.

MU380 manifests single-agent activity in both p53-wt
and p53-mutated cell lines

Certain cancer cell lines including those of hematopoiet-
ic origin have been shown to be sensitive to single-agent
CHK1 inhibition.** Along these lines, we tested MU380
alone in 10 leukemia and 9 lymphoma cell lines; an addi-
tional four non-cancerous cell cultures were also tested.
The cancer cell lines responded with concentration-depen-
dent viability decrease, which was similar in the TP53-wt
(n=8) and TP53-mutated (n=11) samples (median 1C;, =
330 and 392 nM, respectively) (Table 1 and Figure 3A).
Interestingly, leukemia cell lines were significantly more
sensitive than lymphoma lines (median ICs, = 238 and 401
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Time treatment (h) Time treatment (h)
0 4 4 4 14 14 14 24 24 24 0 4 4 4 14 14 14 24 24 24
MU380 -+ -+ o+ -+ o+ -+ MU380 -+ -+ o+ -+ o+ -+
Gemcitabine - -+ o+ -+ o+ -+ o+ Gemcitabine e S S S S
pS296 CHK1 == = - - pS296 CHK1 -— - =%
PS317 CHKT = = e e o e s e s e PS317 CHK1 5% == o o o e i o o
pS345 CHK1 ——— — pS345 CHKA1 NUNPNISpN—— R
B-actin R Lk Y ——— B-actin S — — — — —————
B CDC25A @ e e -— . —~ c kil
Z 80
pS216 CDC25C R M M o
CDC25C ~ i S = Sl w0 60
pY15CDK1 e = —-——-— %
CDKA1 —— . — — — — '_L'%40 Y% -
O °
Cyclin B1 — — — D e - °
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Figure 2. MU380 is effective in lymphoid tumor cells. (A) Effects on the phosphorylation status of CHK1. The cells were treated for the indicated time with MU380
(200 nM), gemcitabine (MEC-1 cell line: 10 ng/mL; NALM-6 cell line: 5 ng/mL) or combination of the agents. (B) Blocking of CHK1 downstream targets after 24
hours (h) treatment with MU380. Gemcitabine: 10 ng/mL. (C) Synergy with gemcitabine. The combined treatment of MU380 (100 nM) with gemcitabine affected
viability (measured by WST-1) of the cell lines significantly more than gemcitabine alone (P<0.001). Note: the graph does not involve the JEKO-1 cell line, in which
IC;, for gemcitabine alone was not reached. ***P<0.001. (D) MU380 (200 nM; 24 h) potentiates DNA damage in MEC-1 cells treated with nucleoside analogs.
Fludarabine (Flu): 5 ug/mL; gemcitabine (Gem): 5 ng/mL; cytarabine (Cyt): 100 ng/mL; CTR: untreated control.
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®
nM, respectively) (Figure 3B). Four cell lines were tested marrow/stromal fibroblasts (HS-5 cell line) (ICs, = 3.7 wM),
within the project of DepMap and lethal phenotype with  primary skin fibroblasts (ICs, = 3.7 uM), and primary skin
the CHEK1 elimination using CRISPR was noted (Online  fibroblasts from a patient with ataxia telangiectasia har-
Supplementary Figure S1). Although some cell lines mani-  boring complete AT gene inactivation (ICs > 10 uM)
fested a high baseline RS level (see phosphorylated CHK1  (Online Supplementary Figure S3).
isoforms and/or YH2AX in Ounline Supplementary Figure To elucidate MU380 mechanistic effects, we analyzed
S3A), we did not observe an apparent correlation to the cell cycle profile and apoptosis in six selected cell lines.
viability decrease (Online Supplementary Figure S3B). The inhibitor (400 nM, 24 h treatment) significantly affect-
Essentially, non-cancerous cells were much less sensitive  ed the cell cycle profile in CLL-derived cell lines: TP53-
to MU380, specifically: immortalized epithelial cells (RPE- mutated MEC-1 and MEC-2 exhibited profound S-phase
1 cell line) (ICs5 > 10 wM), immortalized bone accumulation together with G,/M phase decrease, while
Table 1. Effects of MU380 in cancer cell lines and non-cancerous cells.
Cancer TP53 status Other Synergy Single-agent
genetics with Gem MU380 (IC;;; M)
MEC-1 CLL/PL ¢.949dupC NA +++ 0.20
p.Q317fs
MEC-2 CLL/PL ¢.949dupC NA +++ 041
p.Q317fs
BL-41 BL c.743G°A t(8;14) +++ 0.38
pR248Q (MYCAGH)
SU-DHL-4 DLBCL c817CT t(14;18) o+ 0.40
pRITSC (IGH/BCL?)
JEKO-1 MCL c.173delC t(11;14) ++++ 0.39
p.P58X (CCNDVIGH)
NALM-16 ALL ¢.868_869insTC p.R290fs NA ++++ 0.20
RAJI BL c.638GA; pR213Q (8;14) ot 0.50
¢700T°C; p.Y234H (MYCAGH)
REC-1 MCL ¢.734G™A; p.G245D t(11;14) +++ 048
¢.949C°T: p.Q317X (CCNDI/IGH)
REH ALL cH41CT t(12;21) ND 0.25
pRISIC (TELAMLI)
MAVER-1 MCL c.843CG t(11;14) ++++ 0.25
p.D28IE (CCNDV/IGH)
MINO MCL cA40T°G t(11;14) +++ 0.46
pVI4TG (CCNDIGH)
OSU-CLL CLL WT NA +++ 0.22
JVM-2 B-PLL WT t(11;14) +++ 0.22
(CCNDVIGH)
JVM-3 B-PLL WT NA +++ 0.34
WSU-NHL DLBCL WT t(14,18) ++++ 0.32
(IGH/BCLY)
DOHH-2 J#lly WrT t(8;14;18) +++ 043
(MYCIGH/BCL2)
NALM-6 ALL WT {(5:12) ot 0.38
(ETV6/PDGFRB)
GRANTA-519 MCL WT t(11;14) ot ND
(del 17p) (CCNDV/IGH)
OCI-AML3 AML WT NA ND 0.34
MOLM-13 AML WT (MLL/AF9) ND 0.14
RPE-1 Non-cancerous NA NA ND >10
HS-5 Non-cancerous NA NA ND 3.7
Fibroblasts normal ~ Non-cancerous NA NA ND 3.7
Fibroblasts AT Non-cancerous NA NA ND >10
Genetic characteristics of the cell lines were adopted from the German Collection of Microorganisms and Cell Cultures (DSMZ). Statistical evaluation of the synergy between
MU380 and gemcitabine (Gem) was done by Chou-Talalay test; ++++ very strong synergism; +++ strong synergism; ++ synergism. NA: not applicable; ND: not determined.
CLL/PL: chronic lymphocytic leukemia in prolymphocytoid transformation; BL: Burkitt lymphoma; DLBCL: diffuse large B-cell lymphoma; MCL: mantle cell lymphoma;ALL: acute
lymphoblastic leukemia; B-PLL: B-cell prolymphocytic leukemia; FL: follicular lymphoma; AML: acute myeloid leukemia. Characterization of the non-cancerous cells and cell
lines is provided in Online Supplementary Appendix.
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Figure 3. Effects of MU380 (single-agent) on leukemia and lymphoma cell lines. (A) Cell viability was reduced similarly in the TP53-wt and TP53-mutated cell lines
(P=0.257) after 72 hours (h) treatment. (B) Distribution of IC50 values in leukemia and lymphoma cell lines (P=0.004). (C) MU380 (400 nM; 24 h) significantly
changed the cell cycle profile in MEC-1 (P<0.001), MEC-2 (P=0.010) and OSU-CLL (P<0.001) cell lines; the other three cell lines showed insignificant differences.
(D) MEC-1 cells treated with MU380 (400 nM; 24 h) exhibited significantly reduced DNA synthesis rate compared to control untreated cells (lower EdU incorporation,
P=0.001) and consequently manifested extensive apoptosis as evidenced by the PARP protein cleavage (P=0.001). The cell death was also confirmed using labeling
with Live/Dead Red agent (P=0.002). Graph summarizes results of three independent experiments. (E) MU380 (400 nM; 48 h) elicited apoptosis in all tested cell
lines as evidenced through the cleaved PARP (C-PARP) and caspase-3 (C-Caspase-3) proteins. Note: the cell lines were exposed individually on UVITEC detection
instrument; hence, intensity of the bands among the cell lines cannot be mutually compared. (F) The time-dependent yH2AX accumulation reflects gradually increas-
ing RS after treatment with MU380 (400 nM); the cells were harvested at indicated time points. (G) MU380 (400 nM; 24 h) does not change the p53 protein level
in p53-wt NALM-6 cell line, in contrast to fludarabine (2.7 uM; positive control). (H) MU380 (400 nM; 24 h) induces negligible expression of p53 target genes BAX,
PUMA, GADD45A, and CDKN1A (p21), in contrast to fludarabine (2.7 uM; positive control). The fold change is related to the untreated control (CTR). The graph sum-
marizes results of two independent real-time polymerase chain reaction analyses. Error bars represent standard deviation. **P<0.01; ***P<0.001.
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TP53-wt OSU-CLL cells manifested extensive sub-G1
peak (Figure 3C and Ounline Supplementary Figure S5). In
MEC-1 cells, we also recorded greatly reduced DNA syn-
thesis rate and concurrently apparent apoptosis induction
(cleavage of PARP protein) after MU380 treatment (Figure
3D and Ounline Supplementary Figure S6). Apoptosis was
also detected in all other tested cell lines using western
blot analysis of cleaved PARP and Caspase-3 proteins
(Figure 3E). In contrast, no significant apoptosis induction
was observable in non-cancerous human cell lines and pri-
mary fibroblasts (Online Supplementary Figure S7). Cell
death was likely a consequence of enhanced DNA damage
as evidenced by YH2AX accumulation in MU380-treated
cells (Figure 3F).

All aforementioned results indicate that MUS380 activity
is not dependent on p53 status, which is further supported
by absence of p53 protein accumulation after treating the
p53-wt NALM-6 cell line with MUS380 (Figure 3G), as well
as by negligible induction of p53-downstream target genes
CDKN1A (p21), PUMA, BAX, and GADD45 in this cell
line; interestingly, the inhibitor further increased the
expression elicited by fludarabine (Figure 3H).

MU380-mediated CHK1 inhibition affects transition
of MEC-1 cells into mitosis

CHK1 protein inhibition abrogates the intra-S and
G2/M cell cycle checkpoints.®* In p53-deficient cells lack-
ing a functional G1/S checkpoint, CHK1 suppression can
result in premature mitosis involving unrepaired DNA
damage.* We hence employed a TP53-mutated MEC-1
cell line, in which MUS380 significantly affected the cell
cycle profile, and analyzed mitoses, specifically mitotic
index (MI) and integrity of mitotic chromosomes. In addi-
tion to CHK1 inhibition, we also examined parallel block-
ing of ATR to assess contribution of this closely co-oper-
ating kinase to the studied phenotypes; in a recent study;,
ATR/CHKI1 co-inhibition exhibited a surprising synergy in
cancer cells, which was attributed to accentuated replica-
tion collapse.” For ATR depletion, we used selective
inhibitor VE-821,* which blocked ATR-mediated CHK1
phoshorylations (pS317/pS345) in MEC-1 cells (Online
Supplementary Figure S8).

The results of two independent experiments are sum-
marized in Table 2. After treatment with MU380 alone,

Table 2. Cytogenetic analysis in MEC-1 cell line.

Experiment 1 Mitotic Analyzed Cells
index (%) mitoses  with breaks
Control 115 50 0
CHKIi 3.0 50 7
ATRi 108 50 7
CHKIi + ATRi 5.7 50 19
Experiment 2 Mitotic Analyzed Cells
index (%) mitoses  with breaks
Control 18.0 50 0
CHKIi 2.2 54 4
ATRi 18,5 55 19
CHKIi + ATRi 39 52 27

The cells were treated for 24 hours with the following agents: Experiment 1: 200 nM
MU380 (CHKI1i); 1 uM VE-821 (ATRi); respective combination. Experiment 2: 400 nM
MU380, 2 uM VE-821; respective combination.

the MI sharply decreased, and a proportion of mitotic cells
manifested chromosome damage in some cells resembling
pulverization  (Omnline  Supplementary — Figure — S9).
Remarkably, with cells co-treated by CHK1 and ATR
inhibitors we measured a higher MI compared to the
CHK1 inhibitor alone. In line with this observation, we
also recorded a higher proportion of cells with chromo-
some damage.

MU380 induces cell death in dividing and non-dividing
primary chronic lymphocytic leukemia lymphocytes

We subsequently tested MU380 single-agent activity in
primary CLL cells using vitally frozen clinical samples.
Since CLL lymphocytes obtained from patient peripheral
blood manifest only weak ATR/CHKI1 pathway activi-
ty,”** we initially stimulated proliferation of CLL cells
using the anti-CD40/IL-4 system.**® This stimulation
shifted a significant part of the CLL cells to post-G1 phas-
es of the cell cycle, which was apparent from both the
DNA content analysis and enhanced expression of prolif-
eration markers, VKi67 and BIRC5 (coding survivin)
(Online Supplementary Figure S10). The stimulation also
results in upregulation of activated CHK1 protein as we
previously reported” and in enhanced anti-apoptotic sig-
naling.”

In the stimulated CLL cells, MU380 effectively elicited
RS (pS345 CHK1) and abrogated CHK1 activation (pS296)
(Figure 4A). The impact on cell viability was tested in 13
stimulated CLL cultures harboring adverse genetic fea-
tures including TP53 mutations, AT/ mutations, and/or
complex karyotype (Omnline Supplementary Table S2).
Notably, MU380 reduced viability of these samples with
different genetic background to a similar extent; the ICs,
value was approximately 1 uM in all but one sample
(Figure 4B). Cell death mechanism included apoptosis as
evidenced by the PARP protein cleavage (Figure 4C).

Consequently, we investigated non-stimulated primary
CLL cells, which manifest a low but detectable CHK1 pro-
tein level (Figure 5A). Historically, the ATR pathway was
considered to be inactive in quiescent lymphocytes,®such
as those from CLL patients. However, a recent study®
reported that ATR is active in primary CLL cells, and
accordingly we detected a rise in pS345 CHK1 level after
treatment with fludarabine (Figure 5B). We also confirmed
that MU380 leads to blockade of CHK1 autophosphoryla-
tion at S296 (Figure 5C). Moreover, we noticed reduction
of the CDC25C protein level; however, it was not
detectable in all tested samples (Online Supplementary
Figure S11).

To address MU380 impact on cell viability, we tested 96
non-stimulated CLL cultures (Online Supplementary Table
S3). A vast majority of these non-dividing CLL cells
responded to the inhibitor (100-400 nM) by clear concen-
tration-dependent viability decrease, with insignificant
differences among studied genetic groups: TP53-mutated
samples, mean ICs, = 337 nM; AT/V-mutated samples 385
nM; 11qg- deleted samples (the other AT allele intact) 355
nM; and ATAM-wt/TP53-wt samples 414 nM; healthy
PBMNC cultures were virtually inert to MU380 (Figure
5D). Apoptosis induction was already apparent at 100 nM
MU380 (Figure 5E). We also recorded similar response
when our CLL cultures were clustered according to the
presence of SF3B1 mutations, NOTCH1 mutations, [GHV
status, complex karyotype presence, or their therapy sta-
tus (Online Supplementary Figure $12).

- 245 -

Single-agent CHK1 inhibition in CLL e

haematologica | 2019; 104(12) m-



- M. Boudny et al.

CLL-16 CLL-55
PS296 CHK1 ‘e —
pS345 CHK1 s ~ ——
total CHK1 B — — —
B-ait -- -- _
MU380: -
B
100 * ATM-mut
& TP53-mut
+ ATM-wt/ TP53-wt
9 80+
B
= 601
Ke]
o
= 40
[
(@)
204
0 x r r r
g 2 oU0 P 10 phoortic leukemia (CLL) cels predreatod
C (MU380) [nM] clith ypro-prcoliferative stimuli. Pfi.mary CLL
cells were cultured in the presence of pro-pro-
c liferative stimuli for ten days and subsequent-
CLL-16 CLL-55 CLL-75 ly treated with MU380. (A) MU380 [1 uM; 24

hours (h)] enhanced RS (pS345) and abrogat-

——

C-PARP e s
B-actin

MU380:

Importantly, we also confirmed a decrease in viability in
CLL cells after transfection with siRNA targeting CHEK1
(Figure 5F and Online Supplementary Figure S13). Moreover,
to rule out the possibility of compound-specific MU380
effects, we confirmed a decrease in viability in non-stimu-
lated CLL cells using structurally different CHK1 inhibitor
CHIR-124% (Online Supplementary Figure S14). The mecha-
nism of cell death caused by MUS380 treatment included
apoptosis (PARP protein cleavage was detected in 19 of 22
tested samples), which was probably a consequence of
DNA damage accumulation (YH2AX rise in 8 of 10 sam-
ples). Concerning MUS380 impact on apoptosis-associated
proteins, we noted a frequent decrease in MCL1 (7 of 9
samples) and NF-kB (7 of 12 samples), whilst there was no
change in the level of BCL2 (12 samples tested). MU380
also reduced the MYC protein level in 4 of 6 samples and
total CHK1 level in 17 of 23 samples. Western blots for all
proteins listed above are presented in Online Supplementary
Figure S15.

total PARP messsss s e e T S

- + - + - +

ed CHK1 protein activation (pS296). (B) The
72-h treatment with MU380 reduced viability
of all tested samples; TP53-mutated (n=7),
ATM-mutated (n=3) and TP53-wt/ATM-wt
(n=3). The effect was similar (IC,, approx. 1
uM) with the exception of sample CLL-75 har-
boring complete ATM inactivation (viability
66% at 1 uM MU380). Error bars represent
standard deviation. (C) The 48 h treatment
with 1 uM MU380 led to cleavage of PARP
protein (C-PARP) in the tested samples.

—

Similarly to cell lines, we observed no accumulation of
pS3 protein or its downstream target genes after treatment
of primary (p53-wt) CLL samples with MU380; in con-
trast, inhibitor did not further increase the expression
elicited by fludarabine (Figure 5G and H).

MU380 suppresses growth of TP53-mutated
subcutaneous tumors in vivo

Finally, we also tested the activity of MU380 in vivo
using immunodeficient mice strain NOD-scid IL2Ry""with
subcutaneous tumors generated from MEC-1 cells similar-
ly as reported by Attianese et al.* In line with our previous
study,” subcutaneous tumors were readily visible on day
+14 post transplant; the tumors consisted of proliferating
MEC-1 cells (Ki-67- and CD20-positive) (Figure 6A). In
experiment I, we administered seven doses of MU380
between days +14 and +28 post transplant, and the
sequential measurement of tumor volume revealed signif-
icantly suppressed growth in the inhibitor group (n =7
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Figure 5. CHK1 protein level and effects of MU380 in non-stimulated chronic lymphocytic leukemia (CLL) cells. (A) The CHK1 protein was detectable in all tested
CLL samples using the sensitive detection kit. (B) The treatment with fludarabine [10 uM; 24 hours (h)] resulted in phosphorylation of the CHK1 protein on Ser345
residue indicating its activation. (C) Reduction of pS296 autophosphorylation after MU380 treatment (400 nM, 24 h). (D) The 72 h treatment with MU380 (100-400
nM) decreased viability of most CLL samples, with insignificant differences among the studied samples; wt-ATM/wt-TP53 (wt) versus TP53-mut P=0.199; versus
ATM-mut P=0.964; versus 11g- (the other ATM allele intact) P=0.849. The healthy peripheral blood mononuclear cell samples (n=3) were substantially less affected
(P<0.001). (E) MU380 elicited apoptosis as evidenced by the cleaved PARP (C-PARP) protein. The values indicate densitometric analysis set to 1.0 in control. (F, left)
Viability decrease in CLL cells transfected with siRNA targeting CHEK1. (F, right) Decrease in the CHK1 protein level after transfection with siRNA targeting CHEK1.
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83). Error bars represent standard deviation. ***P<0.001; **P<0.01.
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mice) compared to control animals (n = 8 mice) on average
by approximately 44% (Figure 6B and C). In experiment
II, we administered ten doses of MU380 between days
+14 and +25 post-transplant (inhibitor group n = 15 mice;
control group n = 8 mice), which again resulted in pro-
nounced tumor growth suppression on average by ~ 61%
in this case (Figure 6D).

The tumor cells from mice treated with MUS380 exhib-
ited a significantly increased RS level as evidenced by
accumulation of yH2AX (Figure 6E and F) and pS345
CHK1 (Figure 6F), while also manifesting moderately
increased apoptosis (Figure 6E).

No apparent adverse effects were observed in either
experiment.

Discussion

Chronic lymphocytic leukemia has long been consid-
ered a disease caused by gradual accumulation of malig-
nant B lymphocytes with disabled apoptosis induction.
However, this static view changed dramatically when
Messmer et al.” reported data on CLL cell kinetics in vivo,
revealing that malignant cell turnover is much higher than
appreciated, and may reach over 1% of a total clone per
day. Lymph nodes are the primary site of CLL cell prolif-
eration in vivo;*** approximately one-fourth of leukemic
cells in this compartment possess proliferative potential.*
Beside a simple cell renewal, proliferation is a prerequisite
for clonal selection of new genetic variants, and this phe-
nomenon is currently well-documented in CLL.*
Furthermore, CLL genome is characterized by deregulat-
ed expression of genes involved in DNA replication,
repair and recombination.” Taking these observations
into account, we surmised that targeting dividing
leukemic cells may represent a therapeutic strategy in
CLL and therefore hypothesized that CHK1 kinase,
which is essential for DNA replication and recombina-
tion-based repair, can be a suitable target.

We initially focused on obtaining sufficient quantities
of the metabolically robust CHKI inhibitor MUS380.
Although  structurally related clinical candidate
SCH900776 can certainly be considered one of the most
specific CHK1 inhibitors with excellent selectivity for
CHK1 over CHK2 or cyclin-dependent kinases,”” its
metabolic profile may not be optimal. Specifically,
SCH900776 contains the N-methylpyrazole motif, which
undergoes oxidative demethylation resulting in the for-
mation of significantly less selective metabolite and a
rapid decrease of active concentration in plasma.” In con-
trast, MUS380 contains highly unusual N-trifluo-
romethylpyrazole pharmacophore, which provides sub-
stantially better metabolic robustness and pharmacoki-
netic profile.”

The newly developed enantioselective synthesis of
MUS380 described here provides access to gram quantities
of enantiomerically pure substance, which enables thor-
ough in vivo testing of the compound.

In our in vivo experiments with xenotransplanted MEC-
1 cells, MU380 elicited strong and reproducible tumor
growth suppression that was accompanied by an ade-
quate molecular phenotype, namely the RS accumulation.
Although the induction of apoptosis was rather modest,
encouraging n vivo activity of MU380 opens up further
opportunities to test more intense administration of the

compound and/or its combination with additional appro-
priate agents.

MUS80 exhibited interesting single-agent activity in
tested leukemia and lymphoma cell lines that responded
via viability decrease with ICs, values between 142 and
500 nM. By virtue of this relatively uniform good reac-
tion, we were not able to find determinants that would
further stratify the response, except that leukemia cell
lines were more sensitive than lymphoma ones. Although
we hypothesized that a distinct RS level could justify this
observation, baseline CHK1 phosphorylations and
YH2AX, standard markers of RS, did not correlate with
the leukemia/lymphoma status.

Throughout our study, we focused on MU380 effects in
TP53-mutated lymphoid cells. Hypothetically, CHK1
inhibition should be effective in a p53-deficient back-
ground due to dysfunction of all major cell cycle check-
points and consequently complete impairment of cell
cycle control potentially resulting in mitotic catastrophe.
Nevertheless, our study indicates that this concept of
“inducing death by releasing the breaks”* may not be
completely straightforward. Initially, certain p53 mutated
cells surprisingly manifest G1-phase accumulation upon
CHK1 inhibition, which we consistently observed, for
example, in SU-DHL-4 cell line. Moreover, even the cells
responding to CHK1 inhibition by more forthcoming S-
phase accumulation and G2/M phase decrease are proba-
bly equipped with relevant mitotic entry control. This
was apparent from the co-inhibition of ATR with CHKI,
which resulted in increased MI and chromosome damage
compared to the sole CHK1 inhibition. In this respect,
recently recorded synergy between CHK1 and ATR inhi-
bition may not only be a consequence of more pro-
nounced replication collapse,” but of increased mitotic
damage as well.

Beside the proliferative fraction, the CLL cell popula-
tion also consists of non-dividing cells arrested either at
the G, (quiescent cells) or G, phase of the cell cycle.”
Intuitively, such cells might not respond to CHK1 inhibi-
tion due to low ATR** and CHK1 levels."* Nevertheless,
a recent study” reported apoptosis induction in non-
dividing CLL cells caused by treatment with a dual
CHK1/CHK2 inhibitor AZD7762. Moreover, we found
that CHEK is targetable in CLL cells using siRNA trans-
fection. Another recent work by Beyaert e al.* concluded
that ATR, despite its low level, is active in quiescent CLL
cells and phosphorylates downstream targets upon DNA
damage induction. Here, to our knowledge for the first
time, we document that non-stimulated CLL cells also
phosphorylate CHK1 upon DNA damage, despite the fact
that their CHK1 level is low. Notably, we also observed
significant MUS380 single-agent activity in non-dividing
CLL cells. Although the set of samples was enriched by
those with therapeutically unfavorable genetics, only a
few were resistant to our inhibitor. In fact, only 5 of 96
samples showed viability = 80% after 72 h treatment.
Interestingly, 3 of 5 samples harbored complete ATAM
inactivation (2 others were ATAM-wt/TP53-wt). Thus,
although the ATAl-mutated samples on average did not
manifest resistance, some of them were particularly
refractory. It is intriguing that non-cancerous cells with
ATM inactivation (fibroblasts from ataxia-telangiectasia
patient) also manifested strong resistance to MU380.

Overall, our results support the concept that CHK1 is a
critical protein for B-cell lymphomagenesis and that even
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Figure 6. MU380 suppresses tumor growth in vivo. (A) Immunohistochemical analysis of tumors. The tumors consisted dominantly of MEC-1 cells expressing the B-
cell specific antigen CD20. The cells were proliferating showing the high Ki-67 positivity. Bars represent 50 um. (B) Growth of the tumors in experiment . Mean tumor
volume at day (D)+29 was 1897 mm? in the control group (CTR) and 1072 mm? in the inhibitor group (P<0.001). Arrows mark the administration of MU380 (20
mg/kg) or 20% aqueous Kolliphor alone (mock control). (C) The tumors extracted at D+29 post transplant in Experiment . MU380: tumors from mice treated with
the inhibitor; CTR: tumors from control mice. (D) Growth of the tumors in experiment Il. Mean tumor volume at D+28 was 1771 mm? in the control group and 695
mm? in the inhibitor group (P<0.001). Arrows mark the administration of MU380 (20 mg/kg) or 20% aqueous Kolliphor alone (mock control). (E, top left) The repli-
cation stress was significantly increased in tumor cells from mice treated with MU380 compared to those from control animals (CTR) (P<0.001). (E, bottom left) In
the same comparison, apoptosis increase was modest. Samples were collected 24 h after the last administration of MU380. Bars represent 50 um. (E, right)
Quantitative evaluation of the immunohistochemical analysis. (F) Western blot analysis of replication stress markers in tumors from control and treated mice.
Samples were collected 24 h after the last administration of MU380. Tumors from two control (CTR) and two treated (MU380) mice are shown. Error bars represent
standard deviation. ***P<0.001; **P<0.01.
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(CLL). Rituximab was shown to act via various mechan-
isms, such as antibody-dependent cell-mediated cytotoxicity
(ADCC), complement-dependent cytotoxicity (CDC), direct
apoptosis, or sensitization to chemotherapy (reviewed in ref.
[1]). However, the biological function of CD20 and the
reasons for the impressive activity of rituximab and other
anti-CD20 antibodies remain elusive. It has been suggested,
but remains controversial, whether CD20 functions as a
calcium channel, couples with CD40 and MHCII, or B-cell
receptor (BCR), and whether it has a role in T cell-
dependent and -independent immunity [1—4]. This is also of
great clinical interest for the design of combinatorial treat-
ment of rituximab with BCR inhibitors, DNA damaging or
immunomodulatory drugs, or CAR T cells. We have pre-
viously shown that microenvironmental interactions upre-
gulate the CD20 levels on CLL cells through the CXCR4/
SDF-1 axis [5]. Here we describe that higher CD20
expression has a direct role in the BCR signaling in CLL
cells, and a BCR-proficient intra-clonal CLL cell

- 252 -


mailto:marek.mraz@email.cz
https://doi.org/10.1038/s41375-018-0211-0

Brief Communication

subpopulation is more efficiently eliminated by rituximab
in vivo due to higher CD20 levels.

We and others have described that CLL cells that have
exited the lymph node microenvironment to the peripheral
blood express low levels of chemokine receptor CXCR4
and high cell-surface levels of CDS5 [5, 6]. Recently, we
have shown that these CXCR4%™CD5"€" CLL cells also
have the highest CD20 levels within the CLL cells’ popu-
lation (both at cell-surface and mRNA level) [5]. This is due
to CD20 being directly transcriptionally upregulated by the
CXCR4 activation by its ligand SDF-1 (CXCL12) in the
CLL microenvironment [5]. We hypothesized that the
higher levels of CD20 on CXCR4“™CD5 e cells, which
is irrespective of their other clinico-biological character-
istics (Fig. la, Suppl. Figs 1, 2), make these CLL cells the
primary target of rituximab since it has been shown that
rituximab-mediated effects such as CDC depend on CD20
levels [7, 8]. To test this, we obtained peripheral blood
samples from CLL patients before and 24 h after rituximab
administration (375 mg/m?, single agent; administered as a
part of FCR regimen). This showed that rituximab primarily
and potently eliminates the CXCR4%™CD5M CLL cell
subpopulation corresponding to the cells with the highest
cell-surface CD20 levels (N =17, P<0.0001; Fig. 1b, c),
irrespectively of other clinico-biological characteristics
(Suppl. Fig. 3). The preferential elimination of
CXCR4%™MCD5EM cells was also maintained at day 3 in
patients treated by FCR (P <0.01; Suppl. Fig. 4). Notably,
we were also able to replicate the preferential elimination of
CXCR4YMCD5 M subpopulation in vitro by treating CLL
cells with rituximab in the presence of human complement
(Suppl. Fig. 5), suggesting that CDC is at least partially
responsible for the disappearance of CXCR4%MmCD5ieht
subpopulation in vivo. However, it is also possible that
other mechanisms such as ADCC or antibody-dependent
cellular-phagocytosis might play a role in vivo [9]. It is also
important to note that rituximab treatment in vitro without
complement did not affect transcription of CXCR4/CD5
(Suppl. Fig. 6), and we did not see any rituximab effect on
the CXCR4™CD5€" subpopulation in samples obtained
from a patient whose cells did not express cell-surface
CD20 (Suppl. Fig. 7). Overall, rituximab was in vivo ~9-
fold more efficient (range 2.1-128.1-fold) in eliminating
CXCR4%™CD5™E" CLL cells than CXCR4"€"CD5%™
cells (P=0.03). It is tempting to speculate that
CXCR44™MCD5EM cells are constantly eliminated after
they exit the lymph nodes if sufficient concentration of
rituximab (half-life ~1 week) and complement and/or
effector cells are present in the peripheral blood. It remains
unclear to what extent and how CLL cells survive in lymph
nodes in the presence of rituximab. Published studies sug-
gest that stromal cell-adhesion protects malignant B cells

2029
A B [ Pre rituximab
H=AB Bl Post rituximab
P<0.0001 2 P<0.0001
80001 2 L > 14+ i—l
o 6000 pORY:}
S 4000 =8 121
:
8 30001 4% 8 -
5 o3 (|
@ 20004 “g‘é, 6+
8 S5 4
i 1000- 33
= 0 24
ze []
0' -§ c L] )
N
< & o
s s ~o°6
b\@oo 6\@ » {\&
> & &
Q.
$) 9 ($) ($)
& & o F
C (i) (ii)
n=17
=
R~
S
[Te)
o
0 m 1 3
£ = 10 10 10 10 10
5 8 "
E 1 a POST RITUXIMAB
0 d U 105 0, o2
> 0,19 % 973
0 10A
-
[5)
°\a 10 @
101 Q4 QI;
ID‘ 102 103 10 10
Q(
CXCR4

Fig. 1 The CXCR4YMCD5™" CLL cell subpopulation is pre-
ferentially eliminated by rituximab in vivo. a The surface CD20
expression on CXCR4/CD5 CLL cells subpopulations. For patients’
characteristics see Suppl. Table 1. MFI mean fluorescence intensity.
b Absolute count of CXCR4“™CD5™" and CXCR4™"CD5%™ CLL
cells before (pre rituximab) and 24 h after rituximab (post rituximab)
infusion (N =17 pairs). The absolute count of CLL cells was deter-
mined from the fraction of CXCR4/CD5 subpopulations (flow cyto-
metry), and the number of CLL cells in the peripheral blood
(determined using flow cytometry and hematology analyzer). For
patients’ characteristics see Suppl. Table 3: CLL FCR 1-17. ¢ (i) The
percentage of CXCR49™CD5™ " CLL cells before (pre rituximab)
and 24 h after rituximab (post rituximab) infusion to CLL patients
(N =17 pairs). For patients’ characteristics see Suppl. Table 3: CLL
FCR 1-17 (ii) A representative example of flow cytometric analysis of
CXCR4/CD5 subpopulations in the peripheral blood obtained from
CLL patients before and 24 h after rituximab therapy in vivo

from rituximab effects (apoptosis and CDC) even when
CD20 is highly expressed [10, 11].

The rituximab-mediated pressure to eliminate the
CXCR4%mMCD5EM cells led us to further characterize these
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Fig. 2 CD20 supports BCR signaling and is associated with the pro-
liferative phenotype of an intra-clonal subpopulation of CLL cells.
a MFI for phospho-CD79a, phospho-Akt, and phospho-Erk measured
in CXCR4YmCD5e" and CXCR4™EMCD5%™ CLL cells (N = 14, for
patients’ characteristics see Suppl. Table 2: CLL 4-13, 19, 21, 23, 24).
b MFI for surface IgM on CXCR4%™CD5" " and CXCR4 €M CD5 %M
CLL cells (N =48; for patients’ characteristics see Suppl. Table 1).
¢ A representative immunoblot of CD20’s silencing (siCD20) effect on
phosphorylation of proteins involved in BCR signaling as compared

cells. We performed RNAseq (Illumina) profiling of mRNA
expression in highly purified CLL subpopulations sorted
according to the CXCR4/CD5 expression. This showed that
1103 genes are differentially expressed between
CXCR4Y™CD5"E"(CD20™") and CXCR4*¢"CD5%™
(CD20%™) subpopulations, and these are enriched for the
genes involved in BCR signaling (P =6x107°), MAPK
kinase activation (P =1x 107, migration (P =7 x 1071,
and actin cytoskeleton organization (P =9 x 10~'7) (Suppl.
Fig. 8, 9; Suppl. Tab. 4). Furthermore, we analyzed the
phosphorylation of the intracellular molecules involved in
BCR signaling and cell activation. The CXCR4%™CD5Pright
(CD20€M) cells displayed higher levels of phosphorylated
CD79a (P =0.0002), which is directly related to BCR
activation, pAKT (P<0.0001) and pERK (P <0.0001)
(Fig. 2a). The overall activated status of the
CXCR44mCD5ECD20""i8M) cells is evidenced by strong
enrichment in proliferative Ki67-positive cells (P <0.0001;
Suppl. Fig. 10, 11). This has been reported previously, and
authors hypothesized that the entry of CLL cells to the
lymph nodes, which induces proliferation, is a random re-
circulation process [6]. Indeed, our analysis of the telomere
length in the CXCR4/CDS5 subpopulations suggests that the
cells’ re-circulation to the lymph nodes and their exit to the
peripheral blood is random within the cell population

SPRINGER NATURE

with negative control (siNeg. Ctrl). Cells were harvested 48 h after
transfection for stimulation using anti-IgM (serum free media, 10 pg/
ml) for 1 min (pLYN) or 3 min (pSYK, pGABI, pERK) followed by
immunoblot analyses (for statistical analysis see Suppl. Fig. 16). The
shorter time for pLYN analyses was selected because it is the first
kinase activated after BCR crosslinking. Silencing of CD20 had no
effect on the expression of cell-surface Ig or the viability of cells
(Suppl. Fig. 17 and 18)

(Suppl. Fig. 12). Additionally, the analysis of variant allele
frequency from CXCR4/CDS5 subpopulations confirmed no
difference in the frequency of genetic variants between
these two subpopulations (difference smaller than 1.5% in
all cases) including genes recurrently mutated in CLL such
as TP53, SF3B1, ATM (Suppl. Fig. 13). These data together
with the telomere length analysis support the conclusion
that the difference in cell-surface markers and gene
expression pattern reflect the CLL cells’ re-circulation and
interaction in the immune microenvironment rather than a
genetic difference that would predispose specific cells to
migrate preferentially to lymph nodes.

Based on the findings above and the fact that CD20 is
upregulated in the microenvironment, we hypothesized that
higher levels of CD20 might be of direct importance for
BCR signaling. Notably, we have observed that
CXCR4%mCD5EM CLL cells not only have a 2-fold higher
cell-surface CD20 levels, but also have a 2.2-fold higher
cell-surface immunoglobulin  (sIg) expression than
CXCR4™EMCD5Y™ cells from the same patient (N = 48,
P <0.0001; Fig. 2b). This was also coupled with higher
responsiveness of CXCR4%MCD5EM(CD20 ) cells to
BCR crosslinking with anti-IgM as measured by calcium
flux (P =0.0015, Suppl. Fig. 14). Further, we asked whe-
ther CD20 is of direct functional importance for BCR
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signaling, since CLL cells with high CD20 have also higher
slg levels (see Suppl. Fig. 15). Silencing CD20 in MEC1-
cells revealed that CD20 affects the phosphorylation of
multiple BCR-associated kinases and proteins (LYN, SYK,
GABI, and ERK) after Ig-ligation (Fig. 2¢c, Suppl. Fig. 16).
Silencing CD20 also impaired LYN kinase phosphoryla-
tion, which is the first kinase phosphorylated in response to
BCR ligation. This suggests that upregulation of CD20 in
the microenvironment is required for proper activity of
BCR, and that CD20 is very “intimately” connected
with BCR. This is also supported by the impaired BCR-
induced calcium flux in MECI1 cells with silenced CD20
(Suppl. Fig. 19), and by a similar phenotype in mice defi-
cient for CD20 in B cells [12]. Our data show that the
subpopulation of CLL cells that interact in the immune
niches (CXCR44™CD5EMCD20EM cells) represents the
“aggressive” cells with the capacity for BCR signaling [13].
Interestingly, we observed that the effect of CD20 on
phosphorylation of BCR-associated kinases is not entirely
dependent on its calcium-channel function [2, 12], since the
effect of CD20 silencing was present also in calcium-free
media (Suppl. Fig. 20).

Overall, here we show that the high CD20 expression on
BCR signaling proficient CLL cells makes them the primary
rituximab target in vivo and leads to their more efficient
elimination. This can be replicated also in vitro (see Suppl.
Fig. 5) and suggests a rapid elimination by CDC in vivo.
Interestingly, the shrinking of the CXCR4%™CD5-
bright ey Pright sybpopulation in peripheral blood is also
prominent during ibrutinib therapy in vivo [5], which is due
to the inhibition of chemokine signaling and redistribution
of the cells [5, 14]. These two different drugs lead indirectly
to the elimination of the same CXCR4%™CD5 e C D20 ieht
CLL subpopulation. Moreover, we provide a first mechan-
istic demonstration that CD20 is directly involved in the
BCR signaling, and contributes to the activated status of an
intra-clonal “‘aggressive” subpopulation of CLL cells
(summarized in Suppl. Fig. 21). This could also explain
some previous observations suggesting that rituximab
binding to CD20 interferes with the BCR signaling cascade
[15]. It is tempting to speculate that rituximab’s clinical
success is at least partially attributed to the preferential
elimination of the intra-clonal proliferative subpopulation of
CLL cells with activated BCR signaling (with the con-
sequence of indirect “BCR inhibition”), which is of interest
for combinatorial therapy.
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miR-150 downregulation contributes to the high-grade
transformation of follicular lymphoma by upregulating
FOXP1 levels
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Follicular lymphoma (FL) is a common indolent B-cell malignancy with a variable clinical
course. An unfavorable event in its course is histological transformation to a high-grade
lymphoma, typically diffuse large B-cell lymphoma. Recent studies show that genetic ab-
errations of MYC or its overexpression are associated with FL transformation (tFL). However,
the precise molecular mechanisms underlying tFL are unclear. Here we performed the first
profiling of expression of microRNAs (miRNAs) in paired samples of FL and tFL and identified
5 miRNAs as being differentially expressed. We focused on one of these miRNAs, namely
miR-150, which was uniformly downmodulated in all examined tFLs (~3.5-fold), and observed
that high levels of MYC are responsible for repressing miR-150 in tFL by binding in its

® miR-150 is
downmodulated with
transformation of
FL leading to
upregulation of
FOXP1 protein.

® Upregulation of MYC
protein is responsible
for the repression of
miR-150 in
transformed FL.

upstream region. This MYC-mediated repression of miR-150 in B cells is not dependent on
LIN28A/B proteins, which influence the maturation of miR-150 precursor (pri-miR-150) in
myeloid cells. We also demonstrated that low miR-150levels in tFL lead to upregulation of its
target, namely FOXP1 protein, which is a known positive regulator of cell survival, as well as B-cell receptor and NF-«xB

signaling in malignant B cells. We revealed that low levels of miR-150 and high levels of its target, FOXP1, are associated
with shorter overall survival in FL and suggest that miR-150 could serve as a good biomarker measurable in formalin-fixed
paraffin-embedded tissue. Overall, our study demonstrates the role of the MYC/miR-150/FOXP1 axis in malignant B cells
as a determinant of FL aggressiveness and its high-grade transformation. (Blood. 2018;132(22):2389-2400)

the inactivation of the cell-cycle regulators CDKN2A/B, p53, and
MDM2.67:101517 Changes in malignant B-cell gene expression

Introduction
Follicular lymphoma (FL) is the second most common indolent

B-cell malignancy, with a variable clinical course. An adverse
event in the course of FL is histological transformation to a high-
grade lymphoma, which is associated with clinically aggressive
behavior and poor patient prognosis.”* FL most frequently
transforms to diffuse large B-cell lymphoma (DLBCL), with the
continuous risk of 2% to 3% per year.?® The effort to understand
and predict histological transformation in FL is an active area of
research, and several aberrations have been described as po-
tential drivers of this process.®'® The most common genomic
aberrations acquired during transformation include genetic le-
sions activating MYC protooncogene and mutations resulting in

© 2018 by The American Society of Hematology

and/or lymphoma microenvironment have also been associated with
FL progression and transformation.’®'7" Gene expression profiling
studies revealed that a MYC pathway “proliferation signature” is
associated with >70% of high-grade FL transformations.'®"
However, the precise molecular mechanisms underlying the
transformation of FL to DLBCL remain largely unknown.

Factors that might regulate the expression of protein-coding
genes involved in FL transformation are microRNAs (miRNAs).
These short noncoding RNAs can posttranscriptionally regulate
expression of variety of genes and thus fine tune essential cell
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functions. We and others have shown that this is needed for the
survival and normal maturation of B cells, immunoglobulin pro-
duction, and B-cell receptor (BCR) signaling regulation.??2> Ab-
errations in such miRNA-mediated regulation directly influence
malignant B-cell biology, as well as the prognosis of patients
(reviewed by Musilova and Mraz?*). The miRNA role in lympho-
magenesis was directly demonstrated in studies generating
miRNA mouse models, with an impact on B-cell lymphoma
development.?#24-28 However, the role of miRNA deregulation in
tFL is unclear.

Here we performed the first complex profiling of miRNA ex-
pression in paired samples of FL before and after its transforma-
tion to DLBCL. We identified 5 miRNAs as being differentially
expressed between FL and transformed FL (tFL). In our study,
we focused on one of these miRNAs, namely miR-150, which was
downmodulated in tFL. We show that low levels of miR-150 in tFL
lead to upregulation of FOXP1 protein, which is a direct target of
miR-150. We have previously shown that high-level expression of
FOXP1 increases BCR signaling propensity in chronic lymphocytic
leukemia (CLL).22 FOXP1 has been extensively studied in DLBCL,
where it is known to regulate survival and aggressiveness of B cells
(reviewed by Gascoyne and Banham??).3%-33 High FOXP1 levels are
associated with worse prognosis in DLBCL,**3” and FOXP1 is used
in numerous algorithms (such as Choi, Tally, and Visco-Young) that
distinguish the non-germinal center (non-GC) vs GC subtypes of
DLBCL.273843 We further show that upregulation of MYC protein is
responsible for the repression of miR-150 in tFL. Additionally, we
reveal that miR-150 and its target FOXP1 are strong prognostic
markers in FL, which further supports the relevance of the MYC/
miR-150/FOXP1 axis in malignant B-cell biology.

Methods

Patient samples and lymphoma cell lines
Formalin-fixed paraffin-embedded (FFPE) tissue or freshly frozen
lymph node biopsy material was obtained from the contributing
institutions, and the study was approved by the respective in-
stitutional review boards. The samples were obtained with
written informed consent. Patient characteristics are described
in supplemental Methods and supplemental Tables 1 and 2,
available on the Blood Web site. The samples were processed
for gene expression analysis and immunohistochemistry (IHC;
supplemental Methods).

RNA isolation and mRNA/miRNA

expression analyses

Total RNA was isolated from 10- to 20-um FFPE tissue sections
using a High Pure miRNA Isolation Kit (Roche) according to the
manufacturer’s protocol. Total RNA from freshly frozen tissue or cell
lines was isolated with TRI-Reagent (Sigma-Aldrich) as described
previously.** MiRNA expression profiling was performed using
TagMan Array Human MicroRNA A Cards v2.0 (377 miRNAs;
Thermo Fisher Scientific) and individual TagMan microRNA Assays
(detailed description provided in supplemental Methods).

Luciferase assay
Luciferase reporter assay was performed using psiCHECK2 re-
porter plasmid and the Promega Dual-Luciferase Reporter Assay
Kit (Promega) according to the manufacturer’s protocol (sup-
plemental Methods).

2390 & blood® 29 NOVEMBER 2018 | VOLUME 132, NUMBER 22

Transient miRNA or siRNA transfection and cell-
cycle analysis

A WSU-NHL B-cell line was obtained from the German Collection
of Microorganisms and Cell Cultures and cultured in RPMI 1640
supplemented with 10% fetal bovine serum in 5% carbon dioxide
at 37°C. B cells (0.75 X 10°) were electroporated (Neon Trans-
fection System; Thermo Fisher Scientific; program 1500 V per
20 ms per 1 pulse) with a short artificial miR-150 (1000 nM;
MISSION miRNA Mimic; Sigma-Aldrich), control miRNA (1000 nM;
MISSION miRNA Mimic Negative Control), short interfering RNA
(siRNA; 1000 nM; On-TargetPlus Smartpool siRNAs for FOXP1; GE
Dharmacon; Silencer Select Pre-Designed siRNA for MYC; Thermo
Fisher Scientific; or 1000 nM; On-Target Plus Smartpool Negative
Control). The WSU-NHL cell line was used for the transfection
experiments because of its FL-like features (GC origin and
presence of t[14;18]), relatively low-level expression of miR-150,
relatively high levels of FOXP1 protein, and sufficient silencing
efficiency and viability after transfection. After the indicated
period of time, all cells in the well were harvested for cell-cycle and
viability analyses and immunoblotting (supplemental Methods).

Statistical analysis

Univariate and multivariate Cox regression analyses of overall
survival (OS) were computed using Statistica 13.2 (TIBCO Soft-
ware Inc.; supplemental Methods). All other statistical analyses
were performed with GraphPad Prism software v5.0 (GraphPad
Software). All statistical tests were 2 sided, and P values <.05 were
considered significant.

Results

miR-150 is downregulated after transformation of
FL to DLBCL

To identify miRNAs that are changed upon FL transformation,
we analyzed the global expression of 377 miRNAs in 8 pairs
of samples (n = 16) from patients with FL that subsequently
transformed to DLBCL. The analyzed miRNAs contained most of
the miRNAs known to be associated with normal or malignant
B-cell biology (supplemental Table 3). This identified 4 miRNAs
(miR-150, miR-31, miR-222, and miR-517b) as downregulated
and 1 miRNA (miR-106b) as upregulated in tFL (P < .05; fold-
change =2; Figure 1A; supplemental Table 3). We further fo-
cused on miR-150 studies, because we have previously shown
that miR-150 plays an important role in CLL biology by regu-
lating transcription factor FOXP1 known to be of biological
relevance in multiple B-cell lymphomas.?2734.3537 mjR-150 was
the most constantly changed miRNA, with ~3.5-fold down-
modulation in FL (Figure 1A). To validate this, we analyzed miR-
150 expression by individual gRT-PCRs in an extended cohort of
26 paired FL-tFL samples (13 pairs, including the original 8 pairs)
and confirmed reduced miR-150levels in all examined tFL samples
(Figure 1B; supplemental Figure 1A). Additional miR-150 ex-
pression analyses in an extended cohort of tFLs (n = 18), non-
transformed FL (n = 66), and de novo DLBCLs (n = 41) validated
that miR-150 is consistently less expressed in tFL and DLBCL than
in FL (Figure 1C; supplemental Figure 2). The non-B cells in the
non-Hodgkin lymphoma samples (eg, T cells or stromal cells) did
not significantly affect the measurement of miR-150 levels (sup-
plemental Figure 3A), which was further supported by lack of any
correlation between miR-150 levels and the percentage of T-cell
infiltration in FL samples (supplemental Figure 3B).
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Figure 1. MiRNAs are differentially expressed in tFL. (A)
miRNAs were quantified in paired FL-tFL samples from 8 patients A
(analyzed by TagMan Array Human MicroRNA Cards; supple-
mental Methods). Expression of each miRNA was centered on the |
median miRNA expression in all samples and visualized in a 0.25 1.0 4.0
heatmap (MeV software). Lower expression is indicated in blue,
1op L P ) . — N m < 1o N © 389 g g N9
and higher expression in yellow (linear scale). The differences in D L s e s e B B T T T T T T Tl T
. . . [ L L L T e e e = e = = = S~ =)
miRNA expression between FL vs tFL were tested by paired t test I tFL
(P < .05; fold change =2). Patient characteristics are listed in FL
sup;?lementa\ Table. 1 (FL. pauentsI .1—8). All tFLs were transfor- hsa-miR-106b-5p
mations (transf) to histologically verified DLBCL. All RNA samples
in the analyses were isolated from FFPE tissue. (B) Validation of hsa-miR-31-5p
miR-150levels in paired FL and tFL samples from 13 patients. The h iR-150-5
same 16 samples from panel A and additional 10 samples (5 pairs) sa-mir- 0P
were analyzed by individual quantitative reverse transcription hsa-miR-222-3p
polymerase chain reaction (QRT-PCR; tested by paired t test; .
patient characteristics listed in supplemental Table 1 [FL patients hsa-miR-517b
1-13)). (C) miR-150 expression in patients who did not experience
transformation during follow-up (FL non-transf) and those with FL B C P<0.0001
before transformation (FL before transf; patient later transformed 1
to DLBCL), tFL (at sampling), and primary DLBCL (tested by Mann- P<0.0001
Whitney test). The median follow-up for patients in the non-
. P<0.0001
transforming FL group was 131 months (range, 2-276 months), the
’ ) : P<0.0001 NS
median follow-up for those in the FL before transformation group
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We also analyzed miR-150 levels in FL patient samples that later
developed transformation (n = 21) and those FL samples that did not
develop transformation during follow-up (n = 45). This showed that
there is no difference in miR-150 levels in cases that later develop
transformation (Figure 1C), and miR-150is only downmodulated after
transformation to DLBCL. The miR-150 levels also did not signifi-
cantly decrease with disease progression in FL (diagnosis vs relapse
[transformation excluded]; supplemental Figure 4). Altogether
these data demonstrate that miR-150 is consistently and
specifically downmodulated in tFL when compared with FL.

High levels of MYC repress miR-150 expression in
transformed FL

We further investigated the possible mechanisms for miR-
150 downmodulation in tFL. MYC was previously reported

LOW miR-150 LEVELS CONTRIBUTE TO FL TRANSFORMATION

to downregulate miR-150 in acute myeloid leukemia,** and
MYC mutations/translocations (~40% of tFL cases) and over-
expression are among the most frequent aberrations in
tFL.71077 We detected reduced miR-150 expression in splenic
B cells from transgenic MYC-overexpressing mice (MYC
transgene controlled by the immunoglobulin a heavy-chain
enhancer) compared with wild-type mice (Figure 2A-B). Fur-
thermore, the factors known to induce MYC and activate B cells
such as CD40 and interleukin-4 signaling,***” also lead to
downmodulation of miR-150 levels in malignant B cells (sup-
plemental Figure 5A-B). Importantly, silencing MYC in B cells
by siRNA led to upregulation of miR-150 expression in B cells
(Figure 2C).

We next assessed MYC protein levels by IHC in paired FL-tFL
samples from 14 patients for whom material was available. tFL
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Figure 2. MYC represses miR-150 expression in tFL. (A-B) The differences in MYC messenger RNA (MRNA) and miR-150 levels in B cells from transgenic iMyc® mice (MYC
transgene controlled by the immunoglobulin [Ig] a heavy-chain enhancer) compared with wild-type (WT) mice. The splenic B cells were purified from MYC hemizygous and
control (ctrl) spleens of relatively young mice before the development of any malignancy, which was verified by flow cytometry together with the sample purity (>95% B cells
postpurification; supplemental Methods). The differences between groups were tested by unpaired ttest. (C) miR-150 expression in WSU-NHL B-cell line transfected with siRNA
against MYC (siMYC) or siRNA negative control (siNeg. Ctrl) (n = 4). Statistical differences were tested by paired ttest. (D) Intensity of MYC IHC staining in paired FL-tFL samples
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samples were in great majority strongly positive for MYC staining
in a majority of B cells, and all had lower miR-150 levels com-
pared with FL samples, which were mostly weakly positive for
MYC (=5% MYC* cells); (Figures 1 and 2D-E; supplemental
Figure 6A-B). Study of additional 30 FL samples using tissue
microarrays showed that the MYC* (>5% positive cells) FL cases,
although rare (n = 7), had significantly lower miR-150 levels
(P < .05; Figure 2F). Similarly, IHC staining of de novo DLBCL
showed significantly lower miR-150 expression in highly MYC*
cases in comparison with MYC™ cases (supplemental Figure 8).
Additionally, the study of a cohort of rare samples of CLL cells
with MYC aberration (n = 29) also showed significantly lower
miR-150levels compared with CLL samples that did not harbor
MYC aberration (supplemental Figure 5C). These data suggest
that miR-150 is transcriptionally repressed by MYC and that
this could be an important feature of high-grade transformation
of FL.

miR-150 is directly repressed by MYC and its

maturation is not regulated by LIN28A/B proteins
It has previously been shown in AML cells that MYC upregulates
LIN28, which then inhibits the maturation of miR-150 from its
precursor.*> However, the regulation of miR-150 expression
could be cell type and context specific. Therefore, we analyzed
the expression of LIN28 family members (LIN28A and LIN28B)
in FL/tFL. The LIN28B mRNA was undetectable by qRT-PCR in
most FL specimens (?4% of cases had cycle threshold [Ct] value
>40), and LIN28A mRNA had median Ct value of 38.0 and was
not reliably detectable in most FL specimens. There was no
anticorrelation of LIN28A mRNA with miR-150 levels (supple-
mental Figure 9). Immunoblot analysis of LIN28A/B protein in
B-cell lymphoma cell lines and primary FL and CLL samples
revealed the absence of this protein in B cells (Figure 2G). The
expression of primary miR-150 transcript (pri-miR-150) in FL and
DLBCL strongly correlated with mature miR-150 levels (sup-
plemental Figure 10). pri-miR-150 was expressed at relatively
low levels (median Ct value, 32.7) when compared with mature
miR-150 (median Ct value, 21.7), suggesting that miR-150 is
efficiently processed from its precursor (pri-miR-150) in FL
B cells. We also did not find any association between the miR-
150 levels in B cells and functionality of p53 protein (supple-
mental Figure 11), which is frequently affected by aberrations
in tFL. We hypothesized that MYC regulates miR-150 expression
by binding directly to its upstream regions. Indeed, our
chromatin immunoprecipitation data for MYC have shown

that MYC directly binds in the region upstream of MIR150
transcription start site in malignant B cells (Figure 2H; sup-
plemental Figure 12).

Low levels of miR-150 lead to high levels of FOXP1
transcription factor

We have previously shown that miR-150 regulates the levels of
FOXP1 transcription factor in CLL cells.?2 Similarly to CLL cells,
the transfection of the non-Hodgkin lymphoma B-cell line WSU-
NHL with synthetic miR-150 reduced the FOXP1 levels by ~33%
(P < .05; Figure 3A). A luciferase assay with cloned 3’UTR region
of FOXP1 gene containing the putative miR-150 binding site
confirmed a direct physical binding of miR-150 to FOXP1, and
this was interrupted by introducing mutations in the region
encoding the miR-150 binding side (Figure 3B). This suggests
that FOXP1 is a relevant target for miR-150 in FL/tFL.

We further examined FOXP1 protein levels by IHC in FL and tFL.
The immunostaining of these paired FL-tFL samples showed
significantly stronger FOXP1 staining in tFL (P < .05; Figure
3C-D; supplemental Figure 6C). We also assessed the protein
levels of FOXP1 in the other 30 FL samples (in a tissue
microarray format). This revealed significantly lower miR-150
levels in FL samples with high FOXP1 positivity (Figure 3E).
These data suggest that miR-150 contributes to the regulation
of FOXP1 levels in both FL and tFL.

Impact of miR-150 on the cell cycle

We and others have previously shown that FOXP1 can directly
influence normal and malignant B-cell BCR signaling,?? positively
regulate NF-kB signaling activity,** and bind ~300 gene pro-
motors in malignant B cells.*® These data suggest that the miR-
150/FOXP1 axis might influence malignant B-cell behavior on
multiple levels. Additionally, several publications have reported
the role of FOXP1 in the proliferation and survival of activated
B-cell (ABC) DLBCL B cells.** To examine this, we transfected
B-cell line WSU-NHL with artificial miR-150 or siRNA against its
target FOXP1 (Figure 3A). Transfection with miR-150 or siRNA
against FOXP1 did not have any direct impact on cell viability
(supplemental Figure 15). However, the miR-150 transfection
resulted in a significantly increased percentage of cells in the
G1 phase and a reduced percentage of cells in the S phase,
which corresponded to reduced cell proliferation (Figure 3F;
supplemental Figure 16). However, we did not observe
changes in cell cycle or viability upon transfecting B cells with

Figure 2 (continued) from all 14 patients with available material (patient characteristics listed in supplemental Table 1 [FL patients 5-10 and 12-19]). Percentages of FL-tFL
samples are shown, which were scored as MYC~ (0% to 1% positive cells), mostly MYC™ (1% to 5% positive cells), MYC* (10% to 40% positive cells), strongly MYC™ (40% to 70%
positive cells), and very strongly MYC* (>70% positive cells). The number in each segment of the column indicates the number of samples with the corresponding intensity
of IHC staining. Each arrow indicates the change in the IHC staining category in each of the analyzed pairs (note that the angle of the line does not show the trend of
increase/decrease in percentage of positive cells). Representative images of the scoring of MYC staining in FL are shown in panel E and in supplemental Figure 7. The
statistical differences between 13 paired FL-tFL samples were tested by Wilcoxon matched-pairs test. For 1 patient, only the material from the tFL sample was available for
IHC (included in the graph but not in the paired statistical analysis). (E) Representative examples of differences in IHC staining for MYC between paired samples of FL (upper)
and tFL (lower) from 3 patients. Original magnification X400. (F) The miR-150 expression levels in FL samples scored as MYC~ (0% to 1% positive cells), mostly MYC™ (1% to
5% positive cells), weakly MYC* (5% to 10% positive cells), or MYC™ (10% to 40% positive cells) for MYC staining. P values were assessed by unpaired t test. Representative
images of the scoring of MYC staining in FL are shown in supplemental Figure 7 (MYC staining performed as tissue microarray blocks; supplemental Methods).
(G) Immunoblot analysis of LIN28 protein (LIN28A and LIN28B) in B-cell non-Hodgkin lymphoma (B-NHL) cell lines and primary samples. The membrane was overexposed
while detecting immunocomplexes, and no band(s) appeared in any B-NHL samples. Protein lysates from human embryonic stem cells (RESCs) were used as a positive
control for LIN28A/B. *Two bands identified by the anti-LIN28B antibody represent two isoforms of LIN28B protein. (H) ChIP analysis for MYC binding in the region upstream
of the MIR150 transcription start site in WSU-NHL cells. DNA from immunoprecipitates was assayed by gPCR on the independent amplicons upstream of the MIR150 gene
(—12.7 to —0.35kb relative to the MIR150 transcription start site [TSS]; supplemental Figure 12). The results are represented as percentage of DNA input; the error bars
indicate the standard error of the mean. Enrichment quantitation of immunoprecipitates with control IgG antibody was calculated to equal 1, and MYC IP was normalized
accordingly. NS, not significant.
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Figure 3. miR-150 regulates FOXP1 levels in FL/tFL. (Ai) Statistical analysis of the effect of synthetic miR-150 on FOXP1 levels in WSU-NHL cells (48 hours; n = 3). WSU-NHL
cells were transfected with siRNA against FOXP1 (siFOXP1) or siRNA negative control (siNeg. Ctrl) or miR-150 mimic (miR-150 MIMIC) or miRNA negative control (miR Neg. Ctrl)
and harvested after 48 hours. The siRNA against FOXP1 serves as a positive control. The blot images were quantified with UVitec Alliance 4.7, and the FOXP1/B-actin ratio in the
first sample (siNeg. Ctrl) was arbitrarily set at 1. The differences were tested by paired t test. (Aii) Representative immunoblot of FOXP1 levels in WSU-NHL cells transfected with
siRNA against FOXP1 or miR-150 mimic as described in panel Ai. *Two bands identified by the anti-FOXP1 antibody represent two isoforms of FOXP1 protein. (B) The luciferase
activity in HEK293T cells cotransfected with miR-150 mimic (400 nM) and luciferase reporter construct (15 ng), containing the 3'UTR region of wild-type or mutated FOXP1
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siRNA for FOXP1 (Figure 3F; supplemental Figures 15 and 16).
This suggests that miR-150 might regulate other targets be-
sides FOXP1 that are influencing the cell cycle independently
or together with FOXP1. This is also in line with other reports
showing that FOXP1 affects cell proliferation and survival in
ABC DLBCL, but not GC DLBCL, cell lines such as WSU-NHL
used in our study.??293% The effect of FOXP1 on cell pro-
liferation is likely to depend on the specific context of other
signaling pathways in individual patients with FL. Importantly,
primary FL samples with high FOXP1 levels have a higher
percentage of Ki67+ B cells (Figure 3G), suggesting FOXP1
relevance in proliferation in vivo.

Prognostic significance of miR-150 and FOXP1 in FL
Altogether our data suggest that miR-150 might play a role not
only in tFL but also in the behavior of FL B cells. Indeed, the
expression level of miR-150 is associated with characteristics
related to malignant B-cell biology and the outcome of patients
with FL. miR-150 expression was reduced in FL samples with high
Kié7 positivity (>30%; P = .01; Figure 4A) and in patients with
high FLIPI score (3-5; P = .03; Figure 4B). To assess the potential
prognostic impact of miR-150 levels in FL, we analyzed its ex-
pression in a cohort of FFPE samples and freshly frozen FL
samples that were available (to increase the size of the cohort).
The expression levels for miR-150 obtained by gRT-PCR from
both sample types (ie, FFPE and freshly frozen tissues were
highly concordant, which allowed us to include both sample
types in the analyses; r= 0.82; P = .006; n = 10 pairs of FFPE and
freshly frozen samples from the same biopsy; data not shown).
The patients with FL with relatively low miR-150 levels (divided
by median) had a trend toward a shorter OS than those with
relatively high miR-150 levels (P = .07; n = 85; Figure 4C). The
difference in OS was more pronounced and statistically signif-
icant when we compared patients with the lowest and the
highest miR-150 levels based on the terciles (median survival,
9.1 years vs not reached; P = .008; hazard ratio [HR], 3.5; confi-
dence interval [Cl], 1.3-9.2; Figure 4D) or quartiles of its expression
(median survival, 9.1 years vs not reached; P = .006; HR, 4.9; CI,
1.6-15.4; Figure 4E). To determine whether miR-150 is an in-
dependent predictor of OS, we performed a multivariate analysis,
which included several known prognostic markers (age, sex, FLIPI,
hemoglobin levels, lactate dehydrogenase levels, number of
lymph node areas involved, Ann Arbor stage, presence of B
symptoms, and miR-150 levels). This showed that miR-150 levels
retained independent predictive power for OS (supplemental
Table 4; P = .02). The prognostic value of low-level miR-150
expression was also retained (P < .05) when the patients who
experienced transformation during follow-up (n = 8; 9.4%) were
excluded from the OS analysis. Interestingly, miR-150 was also

significantly less expressed in patients who experienced early
death within 3 years from diagnosis or biopsy (transformation to
tFL excluded), and similar data were obtained for occurrence
of early relapse (<24 months), which suggests a potential to
identify the ~20% of patients with FL with the most aggressive
disease*” (Figure 4F; supplemental Figure 17). This also supports
the overall biological relevance of miR-150 for the behavior of
malignant FL cells. However, this will require further analysis in a
cohort of patients treated homogeneously and prospectively. It
has previously been shown that high-level expression of miR-155
is associated with ABC DLBCL®%>? and shorter survival in CLL3;
however, we did not find any association of miR-155levels with OS
or high-grade transformation of FL (supplemental Figure 18).

In univariate analyses, high-level FOXP1 expression was asso-
ciated with a significantly shorter OS in FL (median survival, 33
months vs not reached; P = .03; HR, 5.0; Cl, 1.1-22.6; Figure 4G).
Altogether, the adverse prognostic impact of low-level miR-150
expression and the reverse trend for FOXP1 provide support for
the relevance of these genes to the biology of neoplastic FL and
tFL cells.

Discussion

We have shown that the process of high-grade transformation of
indolent FL to a more aggressive lymphoma is associated with a
uniform downregulation of miRNA miR-150. We have demon-
strated that an increase in MYC levels represses miR-150 levels
in tFL. Downmodulating miR-150 leads to the upregulation of
FOXP1 transcription factor, which is a direct target of miR-150
and an important regulator of B-cell activation. Additionally,
some FL cases have relatively low miR-150 levels and therefore
higher levels of the FOXP1, which is strongly associated with
shorter OS in FL.

The histological transformation of FL to a high-grade lymphoma,
usually DLBCL, is associated with clinically aggressive behavior
and poor patient prognosis.’* Recently, several genetic lesions
acquired during the transformation process were identified, such
as MYC aberrations and CDKN2A/B or TP53 loss,®’:'> and high
AID expression was reported to increase the risk of tFL.>*
However, the role of miRNAs in this process is largely unknown.
Here we report the first complex profiling of miRNA expression
in paired samples of FL and tFL. A recent profiling of selected
miRNAs in FL-tFL (only 2 pairs of samples) suggested that
2 miRNAs (miR-17-5p and miR-31) change upon tFL.>* We have
identified miRNAs miR-150, miR-31, miR-106b, miR-222, and
miR-517b as differentially expressed in tFL. This partially vali-
dates and extends the previous findings, because we also

Figure 3 (continued) (supplemental Methods). As a negative control, we used a control miRNA mimic (miR Neg. Ctrl; 400 nM). Luciferase activity was measured 24 hours
posttransfection and compared by paired t test. (C) Statistical analysis of FOXP1 staining in paired FL-tFL samples from all 14 patients with available material (patient
characteristics listed in supplemental Table 1 [FL patients 5-10 and 12-19]). Percentages of samples with low (=30%), intermediate (inter; 30%-70%), and high (=70%) percentages
of FOXP1* cells are shown. The number in each segment of the column indicates the number of samples with the corresponding intensity of IHC staining. Each arrow indicates
the change in the IHC staining category in each of the analyzed pairs (note that the angle of the line does not show the trend of increase/decrease in percentage of positive cells).
The statistical differences were tested by Wilcoxon matched-pairs test. Representative images of the scoring of FOXP1 staining in FL are shown in panel D and in supplemental
Figure 14. (D) Representative examples of FOXP1 IHC staining between paired samples of FL (upper) and tFL (lower). Original magnification X400. (E) Differences in miR-150
expression levels between FL samples with low (=30%), intermediate (30%-70%), and high (=70%) percentages of FOXP1* cells from 30 FL patients with available material
(FOXP1 staining performed as tissue microarray blocks; supplemental Methods). P values were assessed by unpaired t test. Representative images of the scoring of FOXP1
staining in FL are shown in supplemental Figure 14. (F) Cell-cycle analysis of WSU-NHL cells transfected with synthetic miR-150 mimic or siRNA against FOXP1 or negative controls
for miRNA or siRNA. Cells were harvested after 24 hours (n = 10 independent experiments) and analyzed for cell cycle (supplemental Methods; supplemental Figure 16). Pvalues were
assessed by paired ttest. (G) The Ki67 proliferation index in FL samples with low (=30%), intermediate (30%-70%), or high (=70%) percentage of FOXP1+ cells from 27 FL patients with
available material (FOXP1 staining performed as tissue microarray blocks; supplemental Methods). P values were assessed by unpaired t test. NS, not significant.
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Figure 4. The association of miR-150 expression with biological characteristics of FL and survival of patients. (A) miR-150 expression in FL patients divided according
to terciles of Kié7 proliferation index (the differences were tested by Mann-Whitney test). All samples with available data on Kié7 were used in the analysis. (B) miR-150 expression in
FL patients divided according to Follicular Lymphoma International Prognostic Index (FLIPI) score (the differences were tested by Mann-Whitney test). All samples with available data
on FLIPI were used in the analysis. (C-E) Association of miR-150 expression with OS in FL. The OS is depicted using the Kaplan-Meier curves (with log-rank test) in the FL cohort divided
by median miR-150 expression (C) or by dividing the cohort into 3 (D) or 4 (E) groups based on terciles or quartiles of miR-150 expression, respectively. For all analyses, only patients
with histologically verified FL at the time of sampling (with no histopathological signs of transformation to DLBCL) were included. Patient characteristics are listed in supplemental
Table 2. (F) Differences in miR-150 levels between FL patients who experienced early death within 3 years from biopsy (death <3 years) or who died later (death >3 years) or are still
alive for longer than 3 years (alive >3 years) from biopsy. One patient with a follow-up time <3 years was excluded from the analysis. Similar data were obtained when only samples
obtained at diagnosis were included in the analysis (54 of 84 samples; supplemental Figure 17A) or in patients experiencing early relapse (<24 months; supplemental Figure 17B). For
all analyses, only patients with histologically verified FL at the time of sampling (with no histopathological signs of transformation to DLBCL) were included. The differences in miR-150
levels between individual groups were tested by Mann-Whitney test. (G) The OS in FL patients divided according to immunostaining for FOXP1 (30 FL patients with material available
as tissue microarray blocks; supplemental Methods). The patients were divided into 3 groups of samples with low (=30%), intermediate (inter; 30%-70%), or high (=70%) percentage
of FOXP1* cells. For all analyses, only patients with histologically verified FL at the time of sampling (with no histopathological signs of transformation to DLBCL) were included.
Representative images of the scoring of FOXP1 staining in FL are shown in supplemental Figure 14. NS, not significant.

observed downmodulation of miR-31 and upregulation of miR-
106b, which is part of the cluster homologous to miR-17-92 on
chromosome 7. It has previously been described that miRNA

expression profiles in tFL (DLBCL) and primary DLBCL are not
identical,®" but miR-150 had a similar expression pattern in both
entities when compared with FL (Figure 1C). Notably, none of
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Figure 5. A schematic overview of the MYC/miR-
150/FOXP1 role in the aggressiveness and high-
grade transformation of FL. MYC overexpression
caused by genomic aberrations (eg, translocations,
mutations, or duplications) or B-cell activation down-
regulates miR-150 expression during the transformation
of FL to DLBCL or in aggressive FL. Low levels of miR-
150 lead to the upregulation of its target, FOXP1.
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the significantly changed miRNAs are located in regions with
known genomic aberrations in FL/tFL.™

We focused on studying miR-150 because it was consistently
downmodulated in every tFL sample examined (fold change,
~3.5; Figure 1B). We have previously described low miR-150
levels in aggressive CLL,?2 and low levels of miR-150 have been
described in aggressive non-Hodgkin lymphomas.>*>8 Here we
show that MYC protein represses miR-150 expression in tFL,
which is compatible with the observed gain of MYC-activating
aberrations and expression in tFL.”-1%"7 In our experiments, MYC
silencing by siRNA increased miR-150 levels, and miR-150 levels
were low in B cells from transgenic MYC-overexpressing mice.
Additionally, CLL samples with activating MYC aberrations had
significantly lower miR-150 levels. MYC is known to directly
suppress the expression of large number of miRNAs®>? and activate
expression of the miR-17-92 cluster (and its homologs miR-106b-
25/miR-106a-92).¢° In accordance with previous findings, ¢! most
of our FL samples had weak MYC expression as assessed by
immunostaining. In contrast, paired tFL samples were strongly
MYC* compared with the pretransformation samples that were
MYC~ or showed only weak staining in a small number of cells.
However, we did observe higher MYC levels (>5% positive cells)
with lower miR-150 expression in a few FL samples from patients
who did not have tFL.

It has recently been shown that MYC upregulates LIN28 ex-
pression in myeloid cells, which inhibits miR-150 maturation from
its precursor pri-miR-150.%> We have shown that LIN28A/B is not
expressed in a panel of B-cell lines and FL samples. Additionally,
pri-miR-150 was effectively processed in B cells. These data
suggest that the decrease in miR-150 levels in tFL and some
cases of FL is mediated by MYC through a mechanism that
does not involve LIN28. This conclusion is supported by the
results of the MYC—chromatin immunoprecipitation experiments

LOW miR-150 LEVELS CONTRIBUTE TO FL TRANSFORMATION

identifying MYC binding sites in the upstream region of miR-150
gene in B cells.

We further investigated the effect of low miR-150 levels on
the expression of its direct target in B cells, namely FOXP1.22
We demonstrated that FOXP1 is upregulated with the trans-
formation of FL to tFL, and its levels are regulated by miR-150
in this context and in FL. FOXP1 has been extensively studied
in lymphoid malignancies, because its high levels are known
to be associated with worse prognosis in DLBCL and MALT
lymphoma,3#3%37 and FOXP1-staining is used in IHC algorithms
(eg, Choi, Tally, and Visco-Young) that distinguish the non-GC
vs GC DLBCL subtypes.??3843 FOXP1 belongs to a family of
forkhead box transcription factors and has been shown to be
required for early B-cell development and GC reaction.®42
In DLBCL cells, FOXP1 acts as a key transcription factor that
regulates expression of a large number of genes, including those
involved in cell survival, lymphocyte activation, chemotaxis,
cell cycle, and plasmacytic differentiation.2?:30.3348.63.64 \We and
others have shown that FOXP1 positively affects BCR signaling
and NF-kB pathway and Wnt signaling in malignant B cells?23363
and contributes to immune escape in DLBCL by suppressing
MHCII expression.®® Altogether, it has been shown that FOXP1
contributes to lymphomagenesis in vivo by affecting a number
of proproliferative and prosurvival genes and in ABC-DLBCL
by disrupting terminal B-cell differentiation.?? However, in vitro
in DLBCL cell lines, FOXP1 silencing can have an effect on
cell cycle and survival, or only on one or none of these cell
characteristics.>%-33¢¢ This is likely to depend on the context of
other factors determining certain aspects of FOXP1 functionality
(extensively discussed by Gascoyne and Banham??), which could
also explain why FOXP1 alone was insufficient to cause lym-
phomagenesis in mice.*® In WSU-NHL cells, transfection with
miR-150 resulted in significant reduction of S phase, but this was
not observed upon silencing FOXP1, suggesting that miR-150
regulates other targets that are influencing the cell cycle, alone
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or together with FOXP1. However, this does not exclude the
possibility that FOXP1 is involved in proliferation of primary
FL cells in vivo, and its known role in the activity of NF-kB and
BCR signaling suggests that it is plausible that it has some
role in B-cell proliferation. Importantly, we observed a signif-
icantly higher percentage of Ki67* cells in FL samples with high
FOXP1 protein levels, which is in accordance with other
studies. 303367

Recently, FOXP1 upregulation was associated with a process of
high-grade transformation of MALT lymphoma to aggressive
gastric DLBCL.%® In their report, the authors describe that
downmodulation of miR-34a in gastric DLBCL leads to upre-
gulation of FOXP1, because it is a target of miR-34a.¢¢% We
tested the expression of miR-34a and another FOXP1-targeting
miRNA, namely miR-181a,%? in paired FL and tFL, but these
miRNAs are clearly not downmodulated in most tFLs (sup-
plemental Figure 1B-C). We also tested the expression of
another known miR-150 target, namely MYB, regulation of
which by miR-150 is critical in immature B cells.?> MYB ex-
pression was not influenced by miR-150 levels in our previous
study in CLL,22 and we found no inverse correlation between
MYB and miR-150 levels in FL/tFL (data not shown). This in-
dicates that FOXP1 is likely to be a more relevant miR-150
target in FL/tFL B cells. We propose that MYC-induced re-
pression of miR-150 results in upregulation of FOXP1 in ma-
lignant B cells in tFL, contributing to transformation to DLBCL,
as summarized in Figure 5. Altogether, our data suggest that
MYC acts to activate oncogenic miRNAs (eg, miR-17-92 family)
and inhibits expression of tumor suppressor miR-150 during
tFL. Previous reports have also suggested a relevance of miR-
142-3p and miR-142-5p in the FL/DLBCL biology, because
their mutations have been described in DLBCL’® and tFL."®
However, we detected no mutations in mature sequences
of these miRNAs or miR-150 in the 24 analyzed paired FL-tFL
samples (supplemental Figure 19).

miR-150 expression could also determine the behavior of FL
B cells in patients who do not undergo transformation. miR-150
expression was reduced in FL samples with high Kié7 positivity
(>30%) and in patients with high FLIPI score (3-5), and fur-
thermore, patients with FL with lower miR-150 levels had a
shorter OS (median survival, 9.1 years vs not reached; P = .008;
HR, 3.5; ClI, 1.3-9.2]). miR-150 levels retained independent
predictive power for OS (HR, 2.8; P = .02) in a multivariate
analysis, which included several known prognostic markers
(age, sex, FLIPI, hemoglobin levels, lactate dehydrogenase
levels, number of lymph node areas involved, Ann Arbor
clinical stage, presence of B symptoms, and miR-150 levels).
miR-150 was also significantly lower in patients dying within
3 years from biopsy or diagnosis (FL transformation excluded)
or those with early relapse after therapy. This finding suggests
that measurement of miR-150 levels could be useful in iden-
tifying patients with FL with unfavorable prognosis as defined
by progression within 24 months after therapy*’ (supplemental
Figure 17), and this should be studied prospectively in a clinical
trial. The possibility to use FFPE samples to quantify miR-150
levels suggests its use as a relatively simple prognostic bio-
marker based on analyzing FFPE material available from rou-
tine biopsy evaluation. The circulating levels of extracellular
miR-150 in serum or plasma might potentially also serve as a
biomarker; however, previous findings in CLL suggest that the

2398 & blood® 29 NOVEMBER 2018 | VOLUME 132, NUMBER 22

serum/plasma miR-150 levels reflect tumor burden and lym-
phocyte count rather than the biology of malignant B cells.”?72
Univariate analysis showed that high protein expression of
FOXP1 as determined by IHC was associated with a signifi-
cantly shorter OS in FL (median survival, 33 months vs not
reached; P = .03; HR, 5.0; Cl, 1.1-22.6). During preparation
of this report, similar results demonstrating the association of
higher FOXP1 levels with shorter failure-free survival in FL were
reported.®” The adverse prognostic implications of low-level
miR-150 expression and increased expression of FOXP1 sup-
port an important role in progression of tFL and FL. However,
it is possible that miR-150 could also influence FL biology
by regulating translation of other genes besides FOXP1 that
contribute to malignant B-cell biology and their interplay with
genetic aberrations in individual FL cases.
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Ibrutinib inhibits CD20 upregulation on CLL B cells mediated by the
CXCR4/SDF-1 axis

Gabriela Pavlasova,'>* Marek Borsky,>* Vaclav Seda, "2 Katerina Cerna,-? Jitka Osickova,2 Michael Doubek,? Jiri Mayer,2
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Marek Mraz'-2
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Agents targeting B-cell receptor (BCR) signaling-associated kinases such as Bruton
tyrosine kinase (BTK) or phosphatidylinositol 3-kinase can induce mobilization of

* Microenvironmental
interactions upregulate CD20
expression in CLL cells
through the CXCR4/SDF-1
axis.

* Ibrutinib treatment causes
downregulation of CD20 in
CLL cells.

neoplastic B cells from the lymphoid tissues into the blood, which makes them potentially
ideal to combine with anti-CD20 monoclonal antibodies (such as rituximab, obinutuzu-
mab, or ofatumumab) for treatment of B-cell lymphomas and chronic lymphocytic
leukemia (CLL). Here we show that interactions between leukemia cells and stromal cells
(HS-5) upregulate CD20 on CLL cells and that administering ibrutinib downmodulates
CD20(MS4A1) expressionin vivo. We observed that CLL cells that have recently exited the
lymph node microenvironment and moved into the peripheral blood (CXCR4%™CD5Priont
subpopulation) have higher cell surface levels of CD20 than the cells circulating in the
bloodstream for a longer time (CXCR4°"9MCD54™M cells). We found that CD20 is directly
upregulated by CXCR4 ligand stromal cell-derived factor 1 (SDF-1a, CXCL12) produced
by stromal cells, and BTK-inhibitor ibrutinib and CXCR4-inhibitor plerixafor block SDF-1a—mediated CD20 upregulation. Ibrutinib also
downmodulated Mcl1 levels in CLL cells in vivo and in coculture with stromal cells. Overall, our study provides a first detailed
mechanistic explanation of CD20 expression regulation in the context of chemokine signaling and microenvironmental interactions,

which may have important implications for microenvironment-targeting therapies. (Blood. 2016;128(12):1609-1613)

Introduction

The introduction of inhibitors of kinases involved in B-cell receptor (BCR)
signaling, such as Bruton tyrosine kinase (BTK) or phosphatidylinositol 3-
kinase, has been a major therapeutic advance in chronic lymphocytic
leukemia (CLL)."? The small-molecule inhibitor of BTK kinase, ibrutinib,
can disrupt CLL cells’ capacity to interact with cells in the microenviron-
ment by interfering with chemokine-receptor signaling, which is important
for the chemotaxis of leukemia B cells to lymphoid tissues, and thus induce
their massive and lasting mobilization in the peripheral blood.'

The combined use of ibrutinib with anti-CD20 antibodies’™ or other
monoclonal antibodies (mAbs) has been suggested for the treatment
of patients with CLL because they use different mechanisms for
antileukemia activity. Additionally, we and others have previously
shown that microenvironmental interactions protect CLL and lymphoma
cells from rituximab-induced cytotoxicity'°? and chemotherapy-
induced apoptosis.!""'*> The ibrutinib-induced lymphocytosis suggests
that a combinatorial therapy with mAbs might overcome adhesion-
mediated antibody resistance and synergize with anti-CD20 mAbs.'%"?

Here we examined whether ibrutinib has an effect on the CD20
expression, and this revealed that the CLL cells of patients treated with

ibrutinib have lower expression levels of CD20 than the CLL cells
of the same patients prior to the therapy. Because ibrutinib interferes
with leukemia-cell trafficking to the lymphoid microenvironment, we
hypothesized that this downregulation might be because of the loss of
stimulation by microenvironmental factors. Indeed, here we described
that interactions of CLL cells with stromal cells induce the upregulation
of CD20 expression through the CXCR4/SDF-1 axis. We also ob-
served that ibrutinib inhibits SDF-1-induced CD20 expression and, in
CLL patients, leads to CD20 downmodulation in vivo.

Study design

Peripheral blood samples were obtained from untreated CLL patients or patients
treated with ibrutinib as a single agent (420 mg once daily). CLL cells were se-
parated from the blood samples using negative selection by RosetteSep Human
B Cell Enrichment Cocktail (StemCell Technologies) or Ficoll-Paque, followed
by magnetic anti-CD3 MicroBeads separation (Miltenyi Biotec). The study was
approved by the institutional review board, and samples were obtained with

Submitted April 5, 2016; accepted July 19, 2016. Prepublished online as Blood
First Edition paper, August 1, 2016; DOI 10.1182/blood-2016-04-709519.
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Figure 1. The effect of microenvironmental interactions on CD20 expression in CLL cells. (A) Relative CD20 mRNA (MS4A1) expression in samples obtained before
and during ibrutinib treatment of CLL patients (N = 8 patients; for characterization of CLL samples, see supplemental Table 1, sample no. CLL102-109). Samples were
acquired the day before the first administration of ibrutinib (Pre), and on day 15, and/or week 5 and/or week 12 after the first ibrutinib administration. (B) A representative
example of the gating of CXCR49™CD5P"9" and CXCR4°"9MCD5Y™ CLL cell populations analyzed using flow cytometry (top). The histogram of the surface CD20
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written informed consent. The coculture experiments with immortalized HS-5
stromal cells were performed as previously described.! Briefly, CLL cells were
seeded on plastic or a monolayer of HS-5 cells at a concentration of 2.5 X 10°
cells per mL per well. The cells were incubated in RPMI with 10% fetal bovine
serum (37°C, 5% CO,) for the indicated time periods and harvested for flow
cytometry, gene expression, or immunoblotting analyses (see supplemental
Methods, available on the Blood Web site). Statistical analyses were performed
using GraphPad Prism Software v 5.0.

Results and discussion

It has been suggested to therapeutically combine BCR-signaling in-
hibitors with anti-CD20 mAbs. Therefore, we investigated whether
ibrutinib affects CD20 expression on CLL cells. We analyzed samples
obtained from CLL patients treated with ibrutinib as a single agent
(preibrutinib vs postibrutinib; patients’ characteristics are summarized
in supplemental Table 1) and observed significant CD20 down-
modulation on the CLL cell surface and its messenger RNA (mRNA)
levels (Figure 1A and supplemental Figures 1 and 2E-F). Ibrutinib-
induced CD20 downmodulation has been also reported by others'* and
suggests that CD20 expression might be regulated by a yet unknown
mechanism in the context of microenvironmental interactions that
are disrupted by ibrutinib. We therefore focused on investigating the
effect of microenvironmental interactions on CD20 expression on
malignant B cells.

We assessed CD20 expression on CLL cell subpopulations defined
according to CXCR4 and CD5 levels. We and others have described that
CLL cells that have recently exited the lymph node microenvironment
and moved into the peripheral blood express lower levels of the
chemokine receptor CXCR4 and higher levels of the activation marker
CD5.'>'® The CXCR4%™CD5"" CLL cells have approximately
twofold higher cell-surface and mRNA expression of CD20 than
CXCR4*E"CD5%™ ¢ells (P < .01; Figure 1B-D). This suggests that
changes in surface CD20 levels within immune niches reflect changes in
gene transcription. Ibrutinib treatment in vivo also induced a reduction of
CXCR44™CD5#" CLL cell subpopulation (supplemental Figure 2).

We next tested the effect of CLL cell coculture with the stromal cell
line HS-5'" on CD20 expression with and without ibrutinib treatment.
This revealed that surface CD20 levels were significantly upregulated
on CLL cells cocultured with the HS-5 cell line compared with control
CLL cells cultured on plastic (P < .05; Figure 1E and supplemental

CXCR4/SDF-1 AXIS UPREGULATES CD20 IN CLL CELLS 1611

Figure 3), and ibrutinib inhibited the upregulation of CD20 (P < .05;
Figure 1E).

We further analyzed the CXCR4/CD5 CLL subpopulations and
observed that the CD20 expression gradually decreased with CLL cells’
transition from CXCR4%™CD5 M (o CXCR4™EMCD5™ (P < .01;
Figure 1F). This led us to hypothesize that the CXCR4/SDF-1 axis is
directly involved in CD20 regulation. Indeed, CLL cells treated with
SDF-1a (CXCL12), a ligand for CXCR4 produced by stromal cells,
significantly upregulated surface CD20 (Figure 1G). The CD20 up-
regulation induced by SDF-1a or HS-5 stromal cells was inhibited by
plerixafor (a CXCR4 inhibitor) (P < .01; Figure 1H and supplemental
Figure 4). Similarly, ibrutinib treatment also inhibited the CD20 up-
regulation induced by SDF-1a (P < .01; Figure 1H) or induced by CLL
cell coculture with stromal cells (P < .05; Figure 1E). This can likely be
explained by the previous finding that ibrutinib can directly prevent
CXCR4 phosphorylation and alter the function of BTK downstream
kinases.>*® Altogether, these data suggest that the CD20 down-
modulation induced by ibrutinib is at least partially because of the
inhibition of CXCR4/SDF-1a signaling that regulates its levels.

The addition of rituximab to ibrutinib largely mitigates ibrutinib-
induced lymphocytosis.” This implicates that rituximab is able to
eliminate circulating CLL cells, at least to some extent, despite lower
CD20 levels on ibrutinib-treated patients’ CLL cells. This suggests that
ibrutinib potentially has other mechanism(s) of action that facilitate
rituximab efficacy when the 2 drugs are given in a combination. We
therefore focused on the regulation of antiapoptotic molecules, namely
Mcll, because it has been shown that Mcl1 directly protects CLL cells
from rituximab-induced apoptosis and complement dependent cyto-
toxicity,'” and Mcl1 is rapidly downmodulated by rituximab infusion in
vivo.'® In Figure 2A, coculture of CLL cells with HS-5 cells leads to a
strong Mcl1 protein upregulation in CLL cells. We also observed higher
Mcll mRNA levels in the CXCR4“™CD5" " CLL subpopulation
that recently exited the lymph node niche (P < .05; Figure 2B).
Ibrutinib treatment resulted in significant (P < .05) downmodulation
of Mcll protein levels in CLL cells (Figure 2C) and the CLL-derived
cell line OSU-CLL cocultured with HS-5 (Figure 2D). Ibrutinib had no
significant effect on cell viability in these experiments (supplemental
Figure 5). Importantly, Mcll mRNA levels were also significantly
downmodulated after ibrutinib treatment in vivo (Figure 2E), but other
antiapoptotic molecules (such as Bcl2, Bel-XL, Bel-W, Bcel2Al, or
XIAP) were not affected (supplemental Figure 6).

In summary, microenvironmental interactions upregulate CD20
expression in CLL B cells through the CXCR4/SDF-1 axis (summarized

Figure 1 (continued) expression on CLL cells gated in the top panel (bottom). (C) The mean fluorescence intensity (MFI) for the surface CD20 on CXCR4%™mCD5Prioht
and CXCR4119"CD5%™ CLL cells (N = 21 pairs; for characterization of CLL samples, see supplemental Table 2). The statistical difference was tested by paired Student
ttest. (D) Normalized CD20 mRNA (MS4A1) expression in sorted CXCR4%™CD5P"9" and CXCR4*"9"CD5Y™ CLL cells (N = 7 pairs; purity >99% CD5*CD19" cells; for
characterization of CLL samples, see supplemental Table 2). The statistical difference was tested by paired Student t test. (E) Freshly obtained CLL cells (N = 6, purity
>99% CD5"CD19™ cells; for characterization of CLL samples, see supplemental Table 2) were seeded (2.5 x 10° cells per mL) on plastic (control) or an HS-5
monolayer. CLL cells were pretreated with vehicle (labeled HS-5) or ibrutinib (HS-5 + ibrutinib) for 2 hours prior to being seeded on the HS-5 stromal cells. The CLL cells
were treated with ibrutinib (1 wM) prior to seeding on stromal cells to ensure full BTK inhibition before the contact of B cells with HS-5 cells. The control stands for CLL
cells treated with vehicle and cultured on plastic with no contact with stromal cells. After 48 hours in cultivation, all cells in the wells were harvested and labeled with anti-
CD20 antibody and Annexin-V, and CD20 MFI was analyzed on viable CD105-negative cells (ie, CLL cells) by flow cytometry. CD105 was used as a stromal cell marker.
(F) A representative plot showing gating strategy of 5 subpopulations based on CXCR4 and CD5 expression (i). The relative surface CD20 expression in CLL
subpopulations gated according to CXCR4/CD5 levels (ii; N = 9 CLL samples). The statistical difference was tested by paired Student ¢ test. (G) Freshly obtained CLL
cells (N = 4, purity >99% CD5"CD19" cells; for characterization of CLL samples, see supplemental Table 2) were seeded on a plastic surface at a concentration of 2.5 x 10°
cells per mL and treated with recombinant human SDF-1a (100 or 500 ng/mL), or vehicle (control) and cultured for 24/48/72 hours. After the indicated cultivation
period, the CLL cells were harvested and labeled with anti-CD20 antibody and Annexin-V, and CD20 MF| was analyzed on viable cells using flow cytometry. MFI on the
control cells was set as 1. *P = .05. (H) Freshly obtained primary CLL cells (N = 5, purity >99% CD5*CD19" cells; for characterization of CLL samples, see
supplemental Table 2) were seeded on plastic (2.5 X 10° cells per mL) and treated with SDF-1« (labeled SDF-1a) or plerixafor and SDF-1a (SDF-1a + plerixafor) or
ibrutinib and SDF-1a (SDF-1a + ibrutinib). Ibrutinib (1 M) or plerixafor (5 ug/mL) was added to the cell culture 2 hours prior to SDF-1a treatment (500 ng/mL) to ensure full BTK/
CXCR4 inhibition before the contact of B cells with the SDF-1a chemokine. The control stands for cells that were treated with vehicle and cultured on plastic with no inhibitor or
SDF-1a treatment. After 48 hours in cultivation, all cells in the wells were harvested and labeled with anti-CD20 antibody and Annexin-V, and CD20 MFI was analyzed on viable
cells using flow cytometry.
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Figure 2. The effect of microenvironmental interactions and ibrutinib treatment on Mcl1 expression. (A) Representative immunoblot analysis of Mcl1 expression in
CLL cells (purity >95% CD5*CD19" cells) after culture on plastic (Ctrl.) or coculture with HS-5 cells (HS-5) for 24/48/72 hours. The purification of CLL cells after coculture
with HS-5 cells was performed using magnetic anti-CD105 MicroBeads (purity >95% CD5"CD19" cells). The blot images were quantified with UVItec Alliance 4.7 (UVltec
Cambridge), and the Mcl1/glyceraldehyde-3-phosphate dehydrogenase (GAPDH) in the first sample was arbitrarily set at 1. (B) Normalized Mcl1 mRNA expression in
sorted CXCR49™CD5"9" and CXCR4°""CD5Y™ CLL cells (N = 7 pairs, purity >99% CD5*CD19" cells). (C) Representative immunoblot analysis of Mcl1 expression in
CLL cells after culture on plastic or coculture with HS-5 (with or without ibrutinib treatment). The presence of ibrutinib target BTK in CLL was confirmed by immunoblotting
(supplemental Figure 8). The CLL cells were pretreated with ibrutinib (10 wM) or vehicle for 2 hours and then washed and seeded on plastic or confluent monolayer of HS-5
cells. The pretreatment of 2 hours with ibrutinib followed by washing was performed to minimize the off-target effects caused by the continuous ibrutinib presence. After the
indicated cultivation period, all cells in the wells were harvested, and B-cell purification after coculture with HS-5 cells was performed using magnetic anti-CD105 MicroBeads
(purity >95% CD5"CD19" cells). The blot images were quantified with UVItec Alliance 4.7, and the Mcl1/GAPDH in the first sample was arbitrarily set at 1. Above each
panelis a “+” or a “-” in the row labeled “ibrutinib” and/or “HS-5* to indicate the samples that were exposed to ibrutinib or cocultured with stromal cells. (D) Representative
immunoblot analysis of Mcl1 in the OSU-CLL cell line after culture on plastic or coculture with HS-5 (with or without treatment with ibrutinib). The presence of ibrutinib
target BTK in OSU-CLL cell line was confirmed by immunoblotting (supplemental Figure 8). The experiment was performed identically as described in panel C for CLL
cells. The Mcl1/GAPDH in the control sample was arbitrarily set at 1. (E) Relative Mcl1 mRNA expression in samples obtained before (Pre) and during ibrutinib treatment
of CLL patients (time of sampling indicated). The gene expression was analyzed in samples with enough RNA material available (N = 7 patients; for characterization of
CLL samples, see supplemental Table 1, sample no. CLL101-103 and 106-109 [other samples did not have enough RNA available]).

in supplemental Figure 7). It is likely that inducing CD20 in the context
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Komplexni mechanismy uc¢inku
inhibitoru ,,BCR signalizace® a vzniku
rezistence na tuto cilenou lécbu

u chronické lymfocytarni leukemie

Kostalova L."2, Seda V."2, Mraz M."2

ICEITEC - Stredoevropsky technologicky institut, Masarykova univerzita, Brno
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Transfuze Hematol. dnes, 25, 2019, No. 4, p. 301-308

SOUHRN

Nedavné zavedeni inhibitoru BTK ibrutinibu a inhibitoru PI3K idelalisibu predstavovalo revoluci v terapii malignit
vznikajicich z maturovanych B lymfocytd a u nékterych z nich se stalo primarni 1é¢ebnou strategii. K vseobecnému
prekvapeni vsak bylo zjisténo, ze tyto inhibitory cilici na utlumeni BCR drahy funguji komplexnéjsim mechanismem,
nez se predpokladalo. Zaroven u pacientl lé¢enych ,BCR inhibitory” vznikaji bodové i chromozomalini aberace
a zmeény ve fyziologii malignich B bunék, které jim poskytuji rezistenci k této lécbé. Nejdéle popsanymi aberacemi je
mutace PLCy obchazejici BCR komplex a mutace BTK branici kovalentni vazbé ibrutinibu, ale stale jsou popisovany
dalsi mutace zodpovédné za rezistenci. Navic relativni rezistence k [é¢bé BCR inhibitory mize nastat i negenetickym
adaptivnim mechanismem spocivajicim v aktivaci alternativnich drah a “kompenzaci“ inhibice kindz. Prikladem téchto
kompenzacnich mechanismd je aktivace PI3K-Akt a alternativni NFKB drahy, ¢i zvyseni hladiny BCL2, které dovolujf
preziti bunék s inhibovanou BTK. Zde se tak nabizi potencialné ucinné terapeutické kombinace BTK/PIZK inhibitord
s dalsimi cilenymi inhibitory pro klinické testovani. Alternativné Ize vyuzit [é¢iva, kterd by napodobovala klinicky efekt
BTK/PI3ZK inhibice napfiklad tim, ze brani adhezi ¢i migraci malignich B bunék (inhibice chemokinové drahy ¢iintegri-
nd) ¢i blokuji odpoveéd na podptrné signdly od T lymfocytl v mikroprostiedijako je IL4 (inhibitory STAT signalizace).

KLiICOVA SLOVA
CLL - BCR - inhibice - ibrutinib - idelalisib - rezistence - mikroprostredi

SUMMARY

Kostalova L., Seda V., Mraz M.

Complex mechanisms of action of ,,BCR signalling“ inhibitors and development of resistance to this targeted
therapy in chronic lymphocytic leukaemia

The emergence of the BTK inhibitor ibrutinib and PI3K inhibitor idelalisib represented a revolution in the therapy
of B cell malignancies. In some of these malignancies, they became the primary therapeutic strategy. However
,BCR inhibitors* function by a more complex mechanism than anticipated. The evolution of point mutations,
chromosomal aberrations and changes in the physiology of malignant B cells leads to resistance in some patients
treated with ,BCR inhibitors”. The most commonly described aberration is the mutation in PLCy bypassing BCR
signalosome or the mutation in BTK preventing the covalent binding of ibrutinib. However, additional mutations
leading to resistance are still being described. Furthermore, relative resistance to ,BCR inhibitors” can be caused
by non-genetic adaptive mechanisms leading to activation of alternative pathways and ,,compensation” of kinase
inhibition. For instance, PI3K-Akt and NFkB activation or BCL2 upregulation lead to B cell survival even after BTK
inhibition. This suggests some potentially effective therapeutic combinations of BTK/PI3K inhibitors together with
other targeted inhibitors for clinical trials. Alternatively, drugs mimicking the BTK/PI3K inhibition effect can be used
to prevent adhesion and migration of malignant B cells (chemokine and integrin pathway inhibition) or to block
the pro-proliferative signals from the microenvironment such as IL4 (STAT inhibitors).
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CLL - BCR - inhibition - ibrutinib - idelalisib - resistance - microenvironment
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V poslednich péti letech byla do 1é¢by B bunéc-
nych malignit vznikajicich z maturovanych B lymfo-
cytl zavedena 1éc¢iva cilici na BCR-asociované kinazy.
Prohlubovanim poznatkdl o patogenezi téchto one-
mocnéni se ukazalo, Ze signalizace z B-bunécného
receptoru (BCR) tizce souvisi se vznikem a progresi
onemocnéni, jako je chronicka lymfocytarni leuke-
mie (CLL), lymfom z plastovych bunék (MCL), difuzni
velkobunécny B lymfom (DLBCL), folikularni lymfom
(FL) a Waldenstrémova makroglobulinemie. Zavedeni
inhibitoru Brutonovy tyrosinkinazy (BTK), ibrutinibu
a inhibitoru fosfatidylinositol 3-kinazy (PI3K) idela-
lisibu predstavovalo revoluci v terapii B bunéénych
malignit a u nékterych z nich se stalo standardni
1é¢bou prvni linie, resp. relapsu choroby [1, 2]. Ke
vSeobecnému prekvapeni vsak bylo zjisténo, ze ,,BCR
inhibitory“ funguji komplexnéjsim mechanismem,
nez se inicialné predpokladalo, ktery zahrnuje i.¢inky
na jiné drahy nez BCR. Zaroven také cast pacientll
na lécbu nereaguje nebo u nich dochazi k vzniku re-
zistence. V nasledujicim textu se vénujeme popisu
molekuldrniho mechanismu t¢inku ,,BCR inhibitort“
se zaméfenim na CLL a komplexnim mechanismtm

adaptace a rezistence malignich B bunék na tuto 1écbu.
Pro poskytnuti t¢innéjsi terapie je nutné blizsi poro-
zumeéni témto kompenzacnim mechanismtim a navrh
novych terapeutickych kombinaci tak, aby bylo mozné
u pacientti napt. s CLL dosdhnout trvalé kontroly cho-
roby, ¢i pfipadné jeji tiplné eliminace pomoci reZimt
neobsahujicich chemoterapii.

Komplexni provazanost BCR signalizace a interakci
v mikroprostfedi u CLL

Pro vyvoj, zrani a funkci B lymfocytd je dulezita
spravna funkce B bunécného receptoru (BCR), kte-
1y je fyziologicky aktivovan vazbou antigenu. Vazba
antigenu generuje signal, ktery se kaskadou reakci
dostane az do jadra buriky, kde vyvola produkci protei-
nu zodpovédnych za prezivani, ¢i pfipadné podporuje
klonalni expanzi dané buriky. Do této reakce je zahrnut
kromé transmembranového imunoglobulinu i systém
proteinkinaz, adaptorovych molekul, ale téZ fosfataz
predstavujicich negativni regulatory aktivace (obr. 1).

Transmembranovy BCR na povrchu B lymfocytd
je slozen podobné jako jiné imunoglobuliny ze dvou
tézkych a dvou lehkych imunoglobulinovych fetézct.
Imunoglobulinové komponety BCR postradaji kina-

IL6R

TRAILR* | 45 A‘ \_)

BCR-TLR9-MYD88 komplex =

CERDULATINIB

Stromalni burika

PLERIXAFOR

IDELALISIB
DUVELISIB
UMBRALISIB

VENETOCLAX

Vysvétlivky:

Pro-proliferaéni a anti-apoptické drahy

4 rezistence u DLBCL
# rezistence u MCL * aktivace/zvy$eni exprese

* rezistence u CLL

Obr. 1. Schematické zndzornéni interakci v mikroprostredi malignich B bunék a |éCiv cilicich na tyto drahy
Cervené symboly (horni index) oznacuji proteiny, které jsou u jednotlivych chorob v pfipadé rezistence na BCR inhibitor ibrutinib mutovany

nebo kompenzatorné aktivovany (oznaceny 1).

*rezistence u CLL, *rezistence u MCL, “rezistence u DLBCL, taktivace/zvy3eni exprese
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zovou aktivitu a prenos signalu hloubéji do buniky je
tak zajistén jejich vazbou na dva heterodimery Igx
aIgB (CD79a/b), jejichz soucasti jsou funkéné dhlezité
tyroziny (ITAM). Pri vazbé antigenu na BCR docha-
zi k fosforylaci téchto tyrozin@ pomoci kinazy LYN,
coZ nasledné umozni aktivaci kinazy SYK (obr. 1). Za
zminku jisté stoji, Ze pro spravnou aktivaci SYK je po-
tfeba fosforylace jak Iga, tak i IgB. Absence, piipadné
zamezeni fosforylace jedné z téchto molekul, vede
k neschopnosti bunék navazat a fosforylovat SYK [3].
V dalsi fazi signalni drahy je pomoci SYK fosforylova-
na adaptorova molekula BLNK, ktera je d@ilezita pro
spojeni BCR s Brutonovou tyrozinkinazou a dal$imi
molekulami (viz obr. 1). Brutonova tyrozinkinaza (BTK)
je klicovou molekulou signalizace a jeji defekty vedou
k nespravnému vyvoji B lymfocyti a imunodeficitu
(imunodeficit vazany na chromozom X) [3]. Dal$imi
zlcastnénymi kindzami jsou fosfatidylinositol 3-kinaza
(PI3K) a fosfolipaza C-y (PLCy), spoustéjici signalizaci
tzv. sekundarnich poslt (inositol trifosfat, diacylgly-
cerol a ionty Ca*), které signal amplifikuji a pfenasi
ho z cytoplazmatické membrany k transkripénim fak-
tor@im v jadfe. Spole¢né s aktivaci téchto signalnich
mechanismt dochazi fyziologicky k aktivaci drah zod-
povédnych za utlumeni pravé probihajici signalizace.
Kinazou zodpovédnou za tuto negativni regulaci je opét
kinaza LYN, ktera tak v biologii B lymfocytli zaujima
jedinec¢nou dvoji roli. Hlavnim mechanismem jejiho
ucinku je fosforylace molekul FCyRIIB a CD22 s nasled-
nou aktivaci fosfataz (napf. SHIP1 ¢i PTEN) inhibujicich
BCR drahu (viz obr. 1).

Aktivita BCR drahy se u jednotlivych CLL pacienti
1isi, obecné vsak plati, Ze schopnost snazsi a silnéjsi
aktivace BCR signalizace je spojena s horsi prognézou
[4, 5]. Tyto poznatky prispély ke snaham o identifikaci
mutaci zptisobujicich konstitutivni aktivaci BCR signa-
lizace. PfestoZe jsou podobné aktiva¢ni mutace dobte
popsany u B lymfom1u (DLBCL a FL), a to s frekvenci az
30 %, u chronické lymfocytarni leukemie se takovéto
mutace nevyskytuji s vyjimkou rezistence na ,,BCR
inhibitory“ [6, 7]. Historicky je vSak dobfe znamo, Ze
dtlezitym prognostickym markerem u CLL je samotna
struktura BCR, a to jak na trovni vyuziti specifickych
variabilnich segmentd pro lehké a tézké fetézce imu-
noglobulinu, tak pfitomnost tzv. somatickych hyper-
mutaci v téZkém Tetézci pro imunoglobuliny v oblasti
determinujici vazbu antigenu, tzv. CDR3 oblast [8, 9,
10]. U pacient s tézkym fetézcem imunoglobulinu
(IGHV), kde nedoslo k jeho somatickym hypermutacim,
nachazime typicky vyraznéjsi aktivaci BCR drahy.

U casti pacientdi je v CLL bunikach exprimovana
také kinaza ZAP-70, kterd je T-lymfocytarni obdobou

SYK s funkci v aktivaci signalizace od T bunécného
receptoru. U CLL je jeji exprese Castéjsi v pfipadé ne-
mutovaného IGVH a je spojena s horsi prognézou.
Ukazuje se, Ze tato kinaza obecné napomaha v CLL
burikach silnéjsi aktivaci BCR signalizace [11, 12], ale
také podporuje adhezi CLL bunék ke stromalnim bun-
kadm a mtiZe modulovat i jejich odpovéd na cytokiny
[13]. Komplexni mechanismus ptisobeni ZAP-70 u CLL
je stale predmétem zajmu, nicméné jiz bylo popsa-
no, ze jeho fosforylovana forma asociuje s CD79b, coz
vyvolava zvysSeni aktivace SYK, a tim i posileni BCR
signalizace [11].

Aktivace BCR signalizace reprezentuje dtilezity pro-
-proliferac¢ni a anti-apopticky signal, ale sama o sobé
neni u vétSiny CLL bunék dostatecna k spusténi proli-
ferace. CLL bunky ztstavaji (podobné jako normalni
B lymfocyty) zavislé na kostimulac¢nich a podptrnych
signalech poskytovanych mikroprostfedim imunitnich
organt (pfedevsim lymfatickych uzlin), kde oproti pe-
riferni krvi CLL buniky prokazatelné aktivné proliferuji
[14, 15]. Mezi zdkladni slozky mikroprostiedi jsou faze-
ny predevsim Th lymfocyty [16], dendritické, ,,nurse-like”
burnky [17, 18] a stromalni butiky mezenchymalniho
ptvodu (viz obr. 1). Tyto buriky produkuji solubilni ¢i
membranoveé vazané proteiny, které u zdravych B lym-
focytl indukuji proliferaci a procesy spjaté s reakci na
antigen, kdezto u malignich B bunék podporuji pfede-
v$im pfezivani a expanzi. Esencialni je pro CLL buriky
interakce s Th lymfocyty, které poskytuji malignim B
lymfocytim stimulaci prostfednictvim produkce IL4
a CD40 ligandu. Sekrece IL4 vede u CLL bunék jednak
k nar@istu produkce anti-apoptotického proteinu BCL2,
jednak ke zvySeni produkce BCR a s tim spjaté vnitro-
bunécné signalizace [19]. Vazba B lymfocytu na CD40
ligand silné podporuje proliferaci, coz lze napodobit
in vitro ptidanim CD40L k CLL bunkam. Analogické
procesy probihaji také u pribuznych malignit, jako je
DLBCL, FL ¢ MCL [6].

Dalsi dlileZitou komponentou mikroprostfedi jsou
stromalni buriky, které jsou zdrojem nékolika che-
mokind a také produkuji zakladni komponenty extra-
celularni matrix. Adhezi CLL bunék k extracelularni
matrix a bunikam zajistuji integriny a tato adheze je
zasadnim zplisobem potencovana BCR signalizaci [3].
Terapeuticka inhibice BCR signalizace tak pfispiva
k vzniku lymfocytézy a zmenSeni lymfatickych uzlin
u pacientlh pravé inhibici schopnosti CLL bunék ad-
herovat. Pro CLL je pravdépodobné nejvyznamnéjsim
integrinem VLA4 (CD49d) zprostfedkovavajici interakci
se stromalnimi burikami vazbou na VCAMI a k extra-
celularni matrix vazbou na fibronektin (viz obr. 1).
VLA4 je dllezitym prognostickym markerem a jeho
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vyssi hladiny jsou asociované s horsi prognézou CLL
[20]. Tento integrin hraje také klicovou dlohu v tzv.
adhezi zprostfedkované rezistenci na chemo-imuno-
terapii [21]. Mezi molekuly produkované stromalnimi
burikami a dal$im podplrnym typem bunék tzv. ,nurse-
-like cells“ patii také cytokiny BAFF a APRIL (viz obr. 1).
Navazanim téchto liganddl z rodiny tumor nekroti-
zujiciho faktoru (TNF) dochazi k aktivaci NFkB drahy
a ochrané pred spontanni i indukovanou apoptézou.
Ibrutinib a idelalisib minimalné castec¢né inhibuji
signalni drahy adheze, CD40L, IL4, BAFF, APRIL a tyto
jsou zaroven moznym terapeutickym cilem nezavisle
nebo spolec¢né s inhibici BCR signalizace.

Velmi zajimavou vlastnosti CLL bunék je jejich
opakujici se re-cirkulace mezi periferni krvi a lymfa-
tickymi organy [22]. V krevnim feciSti dochazi u CLL
bunék ke zvySeni exprese membranového receptoru
CXCR4. Ten nasledné CLL burnky “navadi“ ke svému
ligandu, kterym je SDF1 produkovany myeloidnimi ¢i
stromalnimi bunikami v kostni dfeni. Vazba SDFI1 (tézZ
oznaceny CXCL12) na CXCR4 indukuje mobilizaci va-
penatych iontli, aktivuje kinazy PI3K, MAPK a protein
STAT3 a napomahd reorganizaci cytoskeletu, coz je za-
kladni prfedpoklad pro migraci [23]. Po vstupu burky do
mikroprostiedi dochazi v dtisledku interakci ke snizeni
CXCR4, coz umozni burice opustit uzlinu/kostni dren.
Takovato CLL bunka pak vykazuje charakteristicky
imunofenotyp CXCR4dim/CD5bright, coz je mozné
vyuzit pro rozliSeni bunék, které pravé vycestovaly
zmikroprostfedi [22]. Dal§im receptorem, ktery poma-
ha B lymfocytlm vcestovat do mikroprostfedi je CXCR5
a CXCR7 [24, 25]. Bylo ukazano, Ze BTK se icastni nejen
signalizace vedouciz BCR, ale také signalizace z chemo-
kinovych receptorti. Pouziti ibrutinibu, jakoZto latky
inhibujici BTK, tak interferuje nejen s aktivitou BCR,
ale také s migraci CLL bunék a jejich retenci v uzlinach.

Principy terapeutického ucinku ,, BCR inhibitora“
arezistence

Propojeni signalnich drah vedoucich z BCR, cytoki-
novych receptor a adheze je kli¢ové pro pochopeni me-
chanismu tc¢inku klinicky podavanych ,,inhibitord BCR
signalizace“. Pfestoze 1é¢ba ibrutinibem vede ve vét§iné
pfipadd CLL inicialné k dobré klinické odpovédi, tak
postupné dochazi u nékterych pacientii k relapsu a ne-
ztidka i k Richterové transformaci. Selhani terapie bylo
pozdéji dano do souvislosti se vznikem mutaci v BTK,
¢imz se vyrazné snizi afinita ibrutinibu. Nejcastéji se
jedna o substituci C481S, ale detekovany byly i varianty
C481F, C481R, C481Y nebo T4741 a T474S (26). Vlivem
toho dochazi k ,,prostupu® signali z BCR a preziti ma-
lignich B bunék [27]. Mutace C481S sama o sobé staci
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k ziskani relativni rezistence, ale pravdépodobné ne
uplné rezistence. Vznik Gplné rezistence je davan do
souvislosti s mutaci v genu pro fosfolipazu C-y (PLCy2;
predevsim R665W, S707Y a L845F) [28]. Mutace PLCy
v pozici 665 byly detekovany u ibrutinib rezistentnich
pacientd samostatné nebo spole¢né s mutacemi v BTK
[29]. Funk¢énim diisledkem této mutace je konformacni
zména PLCy, a s tim souvisejici aktivace B lymfocytt,
ktera je jiz nezavisla na BTK [27].

Nejen bodové mutace, ale i chromozomové zmeény
prispivajiu CLL pacientli k rezistenci. Delece kratkého
raménka chromozomu 8 s lokusem kédujicim receptor
pro TRAIL zplisobuje rezistenci k TRAIL indukované
apoptéze [30]. Naopak zisk genetického materidlu na
kratkém raménku chromozomu 2 (v lokusu 2p16.1-15)
vede ke zvySené expresi XPO1, ktery reguluje transport
nadorovych supresorti p53 a FOXO1 mezi bunéénym
jadrem a cytoplazmou, coZ pravdépodobné ovliviiuje
preziti malignich B bunék [31,32].

Zajimavé mechanismy rezistence byly popsany
i u DLBCL, kde je patogeneze ABC subtypu charak-
terizovana chronickou aktivaci BCR signalizace diky
mutacim v CD79 [33] a mutacemiv MYD88, ktery v sig-
nalni draze Toll-like receptoru (TLR) reguluje NFkB
transkrip¢ni faktor. Bylo popsano, Ze v pripadé DLBCL
tyto genetické zmény specificky reguluji odpovéd na
1é¢bu BCR-inhibitory. Napiiklad buriky ABC-DLBCL
nesouci mutaci v MYD88, ale nikoliv v CD79, jsou re-
zistentni k ibrutinibu. KdeZto pfipady s mutaci pouze
v CD79 nebo s mutaci jak v CD79, tak v MYD88 na 1lé¢bu
reaguji. Mechanismus, diky kterému jsou rezistentni
burniky s mutaci pouze v MYD88, neni prozatim zcela
znam, ale miiZe to souviset s nové objevenou funkci
MYDS88 v multi-proteinovém komplexu BCR spolecné
s TLR9-MYDS88 [34, 35]. MYD88%F mutace se nachazi
i u Waldenstromovy makroglobulinemie (~ 90 % pa-
cientil), ale u téchto pacientt je ibrutinib pfi 1é¢bé efek-
tivni [36]. Naopak mutace v chemokinovém receptoru
CXCR4 vedou k rezistenci na ibrutinib u ~30 % pacienti
s Waldenstromovou makroglobulinemii. Zde dochézi
knaruSeni internalizace CXCR4 receptoru, nepretrzité
aktivaci ERK a AKT kinazy a vysoké zivotaschopnosti
burnky. Signalizaci pfes mutovany CXCR4 receptor je
mozné inhibovat plerixaforem (CXCR4 inhibitor), ktery
senzitivizuje bunky k ibrutinibu [37].

Kromé mutaci v genomu bunék se u CLL a B bunéc-
nych malignit uplatiiuji negenetické mechanismy
adaptace ¢i rezistence, spocivajici v zapojeni alterna-
tivnich signalnich drah a interakcich v mikroprostredi
(viz obr. 1). Bylo popsano, ze u MCL bunék rezistent-
nich k ibrutinibu bez mutaci v BTK dochézi k vyuziti
alternativnich mechanismu, mezi které patfi aktivace
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PI3K-AKT molekul a alternativni NFkB signalni drahy.
Bunécné linie MCL vyuzivajici klasickou NFkB signalni
drahu jsou senzitivni k 1é¢bé ibrutinibem, rezistenci
naopak vykazuji bunky vyuzivajici alternativni NFkB
drahu [38]. Obecné je pfekvapivé, ze CLL buriky na
inhibici BTK reaguji jen velmi pomalou apopt6zou pro-
jevujici se mimo jiné mésice pretrvavajici lymfocytézou
u pacientti. Toto by naznacovalo, Ze bunky vyuzivaji
kompenzatorni mechanismy podporujici jejich preziti,
jako je aktivace PI3K/Akt drahy, a pfedpoklada se tedy,
Ze kombinace inhibitort BTK a PI3K-AKT by mohla
vykazovat synergicky terapeuticky efekt.

Terapeutické strategie pfekonani rezistence
na ,,BCR inhibitory*

Cilend inhibice proteinkindz je efektivni lé¢ebnou
strategii, ale podobné jako u chemoimunoterapie cast
pacientti na 1écbu nereaguje nebo u nich postupem
¢asu dojde ke vzniku rezistence. Jak bylo popsano
vySe, ke vzniku rezistence k ibrutinibu vede nejcas-
téji mutace C481S v BTK ¢i mutace R665W v PLCy.
Pfestoze inhibitor BTK nové generace, acalabrutinib,
vykazuje vyssi aktivitu a uzsi specifitu nez ibrutinib,
jsou pacienti s mutaci C481S k této 1é¢bé podobné re-
zistentni. DGvodem je stejny mechanismus u¢inku
acalabrutinibu, ktery se podobné jako ibrutinib vaze
na BTK v misté C481S. ReSenim miiZe byt vyvoj neko-
valentnich inhibitorti nezavislych na C481S, které do-
kazi pfekonat rezistenci a inhibovat BCR signalizaci.
Vysoce selektivni nekovalentni inhibitory BMS-986142
a GDC-0853 jsou jiz v ranych fazich klinického testo-
vani [39, 40]. Mutace R665W v PLCy vede ke zvySené
aktivaci této molekuly proteinem Rac2, a zda se, Ze
aktivace mutované PLCy stdle do urcité miry vyzaduje
aktivitu kindz LYN a SYK. Jednou z moznych strategii
prekonani rezistence zptisobené touto mutaci je proto
kombinace ibrutinibu s inhibitorem Rac2 (EHT 1864)
[28] ¢i inhibice proximalnich kindz LYN/SYK inhibi-

tory R406 nebo GS-9973 (inhibice SYK) ¢i dasatinibem
(inhibice LYN) [29].

Jak jiz bylo naznaceno diive, negenetické mecha-
nismy rezistence nejcastéji zahrnuji aberantni aktivaci
dalsich molekul BCR signalni drahy napt. PI3K/AKT.
Molekula PI3K se jako soucast signalnich drah acastni
mnoha bunécnych procesii a jeji inhibice je v kombi-
naci s ibrutinibem potencidlnim terapeutickym cilem.
V pripadé idelalisibu a dasich PI3K inhibitor jako
umbralisib je tato 1éCebna kombinace jiZ v relativné
pokrocilé fazi klinického testovani u MCL a CLL. Navic
bylo zjiSténo, Ze dalsi inhibitory PI3K duvelisib a PR6530
inhibuji fosforylaci AKT a pfeziti malignich B bunék
iupacientii s BTK mutaci C481S ¢i kompenzatorni akti-
vaci Akt [41, 42]. Naproti tomu ani idelalisib ¢i duvelisib
nedokazi inhibovat signalizaci pfes mutovanou PLCy,
a neni tak asi zcela vhodné jejich pouziti u pacientl
v ptfipadé rezistence na ibrutinib zptisobené specificky
touto mutaci [29]. Zd4 se tedy, Ze je raciondlni primarni
kombinace BTK a PI3K inhibitoru nebo aplikace PI3K
inhibitoru pfi vzniku rezistence na ibrutinib diky BTK
mutaci. Podobné racionalni strategii je pravdépodobné
pridani inhibitori molekul AKT, MEK1/2 nebo MAPK
k ibrutinibu (shrnuto v tabulce 1).

Kromé kombinace dvou riznych inhibitord je dalsi
moznosti vyvoj jednoho 1é¢iva inhibujiciho dva rozdil-
né cile. Vsoucasnosti tak vznikaji molekuly inhibujici
souCasné BTK a PI3K [43], pfipadné SYK a JAK-STAT (cer-
dulatinib). JAK-STAT signalni draha zprostfedkovava
signalizaci spousténou interleukiny IL4 a IL6, které
pres JAK kinazy aktivuji proteiny STAT3/6 (viz obr. 1).
Ty reguluji produkci anti-apoptickych proteinti MCL1
and BCL,, a buriky po navyseni jejich mnoZstvi snaze
unikaji apoptéze [44]. Cerdulatinib byl popsan jako
potentni inhibitor blokujici proliferaci primarnich CLL
bunék a oproti ibrutinibu je schopny snaze indukovat
apoptézu blokaci signall pro preziti vyvolanych IL4,
anti-IgM (aktivuje BCR) a CD40L [45]. Vyznam JAK-STAT

Tab. 1. Shrnuti moznych strategii pfekonani rezistence/adaptace pfi [é¢bé ,,BCR inhibitory*

PFicina rezistence/adaptace
Mutace v BTK

Mozné strategie prekonani rezistence
nekovalentnf inhibitory BTK (GDC-0853, BMS-986142)

inhibitory LYN (dasatinib) a SYK (R406, GS-9973)

Mutace v PLCy

inhibitor Rac2 (EHT 1864), inhibitory LYN a SYK

Aktivace AKT/PI3K drahy

kombinace ibrutinibu a PI3K inhibitoru (idelalisib, duvelisib, umbralisib)

Aktivace JAK-STAT signalizace

cerdulatinib, ruxolitinib

Zvysenad exprese BCL2

venetoclax

Chemokinova signalizace pres CXCR4

plerixafor
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signalni drahy pro prezivani bunék naznacuje také
klinicka studie kombinujici ibrutinib s inhibitorem
JAK ruxolitinibem [46].

Jednim ze slibnych pristupt je také inhibice anti-
-apoptickych molekul z rodiny BCL2, jejichz soucas-
ti jsou pro-apoptické proteiny BAX, BAK, BAD, BIM
a PUMA a anti-apoptické proteiny BCL2, BCL, , BCL,,
MCLI a BFL1. Bylo popsano, Ze u CLL a MCL pacientti 1é-
cenych ibrutinibem dochazi k mirnému zvyseni exprese
BCL2 a naopak poklesu MCL1 [22]. Neni zcela jasné,
jakym mechanismem k tomu dochazi a zda se jedna
o selekci bunék rezistentnéj$ich k bunécné smrti ¢i
o adaptacni mechanismus. Disledkem sniZeni exprese
MCLI1jezvySeni ,,zavislosti“ CLL bunék na expresi BCL2,
nebot tyto dvé antiapoptické molekuly hraji u této
choroby kli¢ovou roli. Venetoclax je malou molekulou
inhibujici antiapopticky protein BCL2, jehoz tikolem je
sekvestrace proteinft BAX a BAK (viz obr. 1). Uvolnéné
BAX a BAK proteiny zptisobuji apoptézu bunék per-
meabilizaci mitochondridlni membrany. Venetoclax
vykazuje skvély klinicky efekt pti podani samostatné ¢i
v kombinaci s monoklonalnimi protilatkami proti CD20
a uvedena pozorovani naznacuji, Ze jeho kombinace
s ibrutinibem by mohla byt z biologického pohledu pfi-
rozené synergicka. Je tfeba pfipomenout, Ze kombinace
BTK inhibice s rituximabem nepfinsi klinicky benefit,
nebot inhibice BTK vede k sniZeni hladin CD20 [22].

Jak jiz bylo zminéno, migrace CLL bunék do mikro-
prostiedi je dlilezita pro pfezivani nadorovych bunék.
Cilena lécba se tedy zameétuje i na chemokinové signal-
ni drahy, které tidi tento proces. Antagonisté CXCR4
plivodné vyvinuti pro 1é¢bu HIV, slouzi CXCR4 viru jako
koreceptor piivstupu do T lymfocytdi. Nicméné zahy se
ukazalo, Ze antagonista CXCR4 plerixafor nebo analog
T140 vyznamné narusuji migraci a adhezi CLL bunék
k stromalnim bunikam [23] a u CLL pacientli vedou k vy-
plaveni CLL bunék z lymfatickych tkani do krve, kde
jsou pristupnéjsi konvencnim 1é¢ivim (monoklonalni
protilatky, chemoterapie).

V neposledni fadé se kromé signalnich drah zamé-
fuje pozornost i na inhibici ostatnich bunécnych pro-
cesli asociovanych s BCR. Jednou z moznych strategii
prekonani rezistence je inhibice autofagie ¢i chapero-
nu Hsp90, ktery stabilizuje proteiny, brani ubikviti-
naci a proteosomalni degradaci [47]. Inhibice Hsp90
vede k degradaci BTK a IkB kinazy a inhibuje MAPK
a alternativni NFxB signalni drahu [48]. Navic Hsp90
inhibitor AUY922 dokaze obejit rezistenci k ibrutini-
bu u MCL. Podobné selinexor, inhibitor jaderného
pfenasece Exportinu-1 (XPO1), snizuje aktivaci AKT,
ERK a potlacuje expresi genu pro BTK, coz vykazuje
efektivitu i u rezistentnich bunék s BTK mutaci C481S
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[49, 50]. Vyzkum téchto inhibitordi cilici na kompen-
za¢ni mechanismy bunék je nicméné v ranych stadiich
klinického testovani a bude nutné bliz§i porozuméni
alternativnim mechanismtim rezistence malignich
B bunék.

ZAVER

Cilena terapeuticka inhibice BCR signalni drahy je
Kklicova pro 1écbu pacientdi s B bunéénymi malignitami
pochazejicimi z maturovanych B lymfocyt{i. Prvnimi
zavedenymi a relativné velmi uspé$nymi ,,BCR inhi-
bitory“ jsou 1é¢iva cilici na kindzy BTK a PI3K. Pro ¢ast
pacientti vSak neni 1écba BCR inhibitory G¢inna a/nebo
unich dochézi ke vzniku rezistence vznikem bodovych
ichromozomovych aberaci a zménami ve fyziologii ma-
lignich B bunék. Nejdéle popsanou aberaci zptisobujici
rezistenci na ibrutinib je mutace PLCy obchazejici BCR
komplex ¢i mutace BTK branici kovalentni vazbé 1é¢iva.
Zaroven je tfeba fici, Ze velmi malo rozumime mecha-
nism@m rezistence na PI3K inhibitory. Je zajimavé,
Ze relativni rezistence k 1é¢bé inhibitory mtiZe nastat
i negenetickym adaptivnim mechanismem diky akti-
vaci alternativnich drah signalizace a “kompenzaci
inhibice kinadz (shrnuto v tabulce 1). Pfikladem téchto
kompenzacnich mechanismi je aktivace PI3K-AKT
a alternativni NFkB drahy, které obchazi inhibovanou
BTK a plisobi anti-apopticky. Zde se nabizi terapeuticky
potencial kombinace inhibice PI3K a BTK, coz dobfte ilu-
struje existence témeft desitky probihajicich klinickych
studii cilenych na soubéznou inhibici BTK ibrutinibem
a PI3K idelalisibem a nékolika dal$ich studii vyuzivaji-
cich jiné PI3K inhibitory.

Vzhledem ke zvySujicimu se poc¢tu pacientil se ziska-
nou rezistenci u CLL ¢i primarni rezistenci u B lymfom
jsou v soucasnosti vyvijeny nové 1écebné strategie.
Zejména se jedna o testovani dalSich inhibitorh mo-
lekul BCR signalizace, jako jsou LYN, SYK, PI3K (jiné
nez delta podjednotky), AKT, inhibitori chemokino-
vych receptorli a anti-apoptickych proteinti. MoZnym
pristupem je také pouZziti multikinidzovych inhibitort
(napf. SYK + STAT). V budoucnu lze, doufejme, oceka-
vat, ze kombinace BTK inhibitoru s jednim az dvéma
dalsimi inhibitory povede ke kombinacim, které budou
schopny alesporn u nékterych CLL pacienti dosahnout
hluboké molekularni odpovédi bez nutnosti aplikace
chemoterapie.
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CLAIMS

What is claimed is:

1. A method of treatment of a hematological malignancy, said method comprising the step of

administering at least one GAB1 inhibitor to a subject in need of such treatment.

2. The method of claim 1, wherein the hematological malignancy is a myeloid neoplasm.

3. The method of claim 2, wherein the myeloid neoplasm is Myelodysplastic syndrome.

4. The method of claim 2, wherein the myeloid neoplasm is myeloid leukemia.

5. The method of claim 4, wherein the myeloid leukemia is Acute myeloid leukemia.

6. The method of claim 4, wherein the myeloid leukemia is Chronic myeloid leukemia.

7. The method of claim 4, wherein the myeloid leukemia is Monocytic leukemia.

8. The method of claim 4, wherein the myeloid leukemia is Promyelocytic leukemia.

9. The method of claim 1, wherein the hematological malignancy is a lymphoid neoplasm.

10. The method of claim 9, wherein the lymphoid neoplasm is Multiple myeloma.

11. The method of claim 9, wherein the lymphoid neoplasm is a lymphocytic leukemia.

12. The method of claim 11, wherein the lymphocytic leukemia is Chronic lymphocytic leukemia.

13. The method of claim 11, wherein the lymphocytic leukemia is Acute lymphocytic leukemia.

14. The method of claim 11, wherein the lymphocytic leukemia is Small lymphocytic leukemia.

15. The method of claim 9, wherein the lymphoid neoplasm is a lymphoma.

16. The method of claim 15, wherein the lymphoma is a relapsed or refractory lymphoma.
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18.
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22.

23.

24.

25.

26.

27.

28.

40

The method of claim 15, wherein the lymphoma is non-Hodgkin's lymphoma.

The method of claim 15, wherein the lymphoma is Mantle cell lymphoma.

The method of claim 15, wherein the lymphoma is Burkitt’s lymphoma.

The method of claim 15, wherein the lymphoma is Diffuse large B cell lymphoma.

The method of claim 15, wherein the lymphoma is Follicular lymphoma.

The method of claim 15, wherein the lymphoma is Marginal zone lymphoma.

The method of claim 15, wherein the lymphoma is Hodgkin’s lymphoma.

The method of claim 15, wherein the lymphoma is T cell lymphoma.

The method of claim 15, wherein the lymphoma is NK cell lymphoma.

The method of claim 15, wherein the lymphoma is Primary thyroid lymphoma.

The method of claim 15, wherein the lymphoma is Waldenstrom’s macroglobulinemia.

The method of claim 1, wherein the GAB1 inhibitor is a compound of formula I:

@

wherein

R2isan S;

R3 is H, an alkyl, or a halogen; and

R1 is an aromatic heterocycle or formula II
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ax)
wherein RS is an alkyl bonded to the NH group in formula I, and X is a halogen.

29. The method of claim 1, wherein the GAB1 inhibitor is a compound of formula III:

(6]
\\ R4
/_‘ P Rs
(III)
wherein

RS is a benzene, or a (substituted) aryl group, or a (substituted) heteroaryl group; and

R4 is a moiety of formula IV:

av
wherein R9 is an alkyl bonded to the N group of formula III.

30. The method of claim 1, wherein the GAB1 inhibitor is a compound of formula V:

V)
wherein
R6 is an H, an alkyl, or a halogen.

R7 is a moiety of formula VI:
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wherein R10 is an S or an alkyl bonded to the N-containing aromatic group of formula V; and R11 is an

H or an alkyl.

31. The method of claim 1, wherein the GABI1 inhibitor is a compound selected from the group

consisting of:

o
cl 0\\5 S..____\ ﬁ _@

SN E_NH QIEQ_C'

it

HN_N
o=_ N N
\
Cl
— /4 | 00 /©/
N\ /) s g’f ,\\S

inhGAB1-001

inhGAB1-002

inhGAB1-003

inhGAB1-004

inhGAB1-005
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inhGAB1-006

inhGAB1-007

inhGAB1-008

inhGAB1-009

inhGAB1-010

inhGAB1-011

inhGAB1-012
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inhGAB1-014
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inhGAB1-015

inhGAB1-016

inhGAB1-017

inhGAB1-018

inhGAB1-019 and
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O= (CH2)11CH3
©) inhGAB1-020

32. A method of treatment of at least one hematological malignancy, said method comprising a step of

co-administering at least one GAB1 inhibitor and at least one BTK inhibitor.

33. The method of claim 32, wherein the step of co-administering at least one GAB1 inhibitor and at

least one BTK inhibitor is a step of sequentially administering at least one GAB1 inhibitor and at least

one BTK inhibitor.

34. The method of claim 32, wherein the step of co-administering at least one GAB1 inhibitor and at

least one BTK inhibitor is a step of simultaneously administering at least one GAB1 inhibitor and at

least one BTK inhibitor.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

The method of claim 32, wherein the hematological malignancy is a myeloid neoplasm.

The method of claim 35, wherein the myeloid neoplasm is Myelodysplastic syndrome.

The method of claim 35, wherein the myeloid neoplasm is myeloid leukemia.

The method of claim 37, wherein the myeloid leukemia is Acute myeloid leukemia.

The method of claim 37, wherein the myeloid leukemia is Chronic myeloid leukemia.

The method of claim 37, wherein the myeloid leukemia is Monocytic leukemia.

The method of claim 37, wherein the myeloid leukemia is Promyelocytic leukemia.

The method of claim 32, wherein the hematological malignancy is a lymphoid neoplasm.

The method of claim 42, wherein the lymphoid neoplasm is Multiple myeloma.

The method of claim 42, wherein the lymphoid neoplasm is a lymphocytic leukemia.
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50.
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52.

53.

54.

55.

56.

57.

58.

59.

60
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The method of claim 44, wherein the lymphocytic leukemia is Chronic lymphocytic leukemia.

The method of claim 44, wherein the lymphocytic leukemia is Acute lymphocytic leukemia.

The method of claim 44, wherein the lymphocytic leukemia is Small lymphocytic leukemia.

The method of claim 42, wherein the lymphoid neoplasm is a lymphoma.

The method of claim 48, wherein the lymphoma is a relapsed or refractory lymphoma.

The method of claim 48, wherein the lymphoma is non-Hodgkin's lymphoma.

The method of claim 48, wherein the lymphoma is Mantle cell lymphoma.

The method of claim 48, wherein the lymphoma is Burkitt’s lymphoma.

The method of claim 48, wherein the lymphoma is Diffuse large B cell lymphoma.

The method of claim 48, wherein the lymphoma is Folicular lymphoma.

The method of claim 48, wherein the lymphoma is Marginal zone lymphoma.

The method of claim 48, wherein the lymphoma is Hodgkin’s lymphoma.

The method of claim 48, wherein the lymphoma is T cell lymphoma.

The method of claim 48, wherein the lymphoma is NK cell lymphoma.

The method of claim 48, wherein the lymphoma is Primary thyroid lymphoma.

. The method of claim 48, wherein the lymphoma is Waldenstrom’s macroglobulinemia.
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61. The method of claim 32, wherein the GAB1 inhibitor is a compound of formula I:

wherein
R2isan S;
R3 is H, an alkyl, or a halogen; and

R1 is an aromatic heterocycle or formula II
Rs

ey
wherein RS is an alkyl bonded to the NH group in formula I, and X is a halogen.

62. The method of claim 32, wherein the GAB1 inhibitor is a compound of formula III:

(o]
\\ R4
/, ot RS
(IID)
wherein

RS5 is a benzene, or a (substituted) aryl group, or a (substituted) heteroaryl group; and

R4 is a moiety of formula IV:
o]

5

b"‘\\\,/ av)

wherein R9 is an alkyl bonded to the N group.

63. The method of claim 32, wherein the GAB1 inhibitor is a compound of formula V:
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V)
wherein
R6 is an H, an alkyl, or a halogen.

R7 is a moiety of formula VI:

R1O~\-\/\ A;(?o
//

wherein R10 is an S or an alkyl bonded to the N-containing aromatic group of formula V; and R11 is an

(VD

H or an alkyl.

64. The method of claim 32, wherein the GABI1 inhibitor is a compound selected from the group

consisting of:
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65. The method according to claim 32, wherein the BTK inhibitor is selected from the group consisting

of ibrutinib, acalabrutinib, zanubrutinib, GDC-0834; RN-486; CGI-560; CGI-1764; HM-71224; CC-
292; ONO-4059; CNX-774; and LFM-A13.
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