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Jsou nadory monoklonalni
nebo polyklonalni?

monoclonal tumors

polyclonal tumors
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Weinberg R.A. The Biology of Cancer, GS Garland Science, 2007




Jsou nadory monoklonalni
nebo polyklonalni?

» Klonalitu Ize studovat na zakladé sledovani né€jakého unikatniho
genetického/epigenetického markeru (napf. Barrovo télisko) =
tak |ze prokazat, ze bunécna populace v nadoru je monoklonalni

« obecny konsensus fika, Ze nadory jsou vétSinou monoklonalni
a jejich vyvoj za€ina jedinou odrodilou bunkou.

Z Uvodni prednasky kurzu Molekularni biologie nadoru



Jak studovat monoklonalitu/
polyklonalitu nadoru?

« Na zakladé sledovani néjakého unikatniho genetického/
epigenetického/biochemického markeru.

« napriklad Barrovo télisko

« V somatickych bunkach samicCiho embrya dochazi k nahodilé
inaktivaci chromozomu X. Karyotypicky se projevi umiCeny
kondenzovany chromozom jako malé, tzv. Barrovo telisko.



Inaktivace chromozomu X

Pribéh inaktivace chromozomu X:

1. upregulace xist a nasledny Xist
RNA coating - netranslatovana
RNA pokryje povrch
inaktivovaného chromozomu X

2. metylace H3K9 + hypoacetylace
H3K9 + hypometylace H3K4

3. metylace ostruvku CpG; H4
hypoacetylace; zvyseni obsahu
histonu macroH2A

o
b 4 <
H3 methyi Lys-9 hotspot
nicleation centel
Xist RNA-dependent recrui tment
of a histone H3 deacetylase/
methyltransfer:

faitd.
ase complex  ( HDAC ) g“Xlsr up-regulation

Spread of Xist RNA coating
and H3 Lys-9 methylation




Inaktivace
chromozomu X

Na pocatku vyvoje samicCiho
embrya jsou oba chromozomy X
(matersky i otcovsky) stejnée
aktivni.

Brzy béhem vyvoje dochazi k
nahodilé inaktivaci jednoho z nich,
coz zpusobi umlCeni témér vSech
jeho genu. VSichni ,potomci“ (cela
nasledna linie) téchto bunék dédi
tento znak.

Dospelé samici telo je tvoreno
klony bunék, které jsou bud Mp
(inaktivace paternalniho X) nebo
mP (inaktivace maternalniho X).

early embryo

random
X-inactivation

cells in adult
inherit the
pattern of
X-inactivation
of their ancestors
in the embryo

one cell becomes
ancestor of all
cells in the tumor

tumorigenesis



Studium klonality nadoru
pomoci Barrova teliska

« Teéemér vSechny geny na inaktivovaném chromozomu jsou
transkripCné reprimované.

 Na chromozomu X je lokalizovan gen pro glukoso-6-fosfat
dehydrogenazu (G6PD). Vice nez 30% afro-americkych zen je
v tomto lokusu heterozygotnich — maji dvé ruzné alely tohoto
genu. Dvé formy enzymu jsou rozliSitelné bud pomoci Skrobové
geloveé elektroforézy nebo diky tomu, ze jedna forma je
odolngjsi vuci teplotni inaktivaci.

« Diky inaktivaci X exprimuje kazda bunka zen — heterozygotek
jen jednu alelu genu G6PD.



Opatrné zahrati tkané odliSi oblasti (klony) bunék, které exprimuiji
teplotné rezistentni, stale aktivni formu enzymu G6PD (tmavé modré
teCky), od oblasti bunék exprimujicich teplem inaktivovany enzym.

Bunky jednotlivych oblasti jsou potomstvem embryonalni bunky, ve
které doslo k inaktivaci jednoho chromozomu X.

Weinberg R.A. The Biology of Cancer, GS Garland Science, 2007




Rozliseni dvou variant 77 A
glukoso-6-fosfat dehydrogenazy .7

« Varianty G6PD maji riznou

migration of GEPD enzyme ?Iektrofo’retickou pohyblivost ve
from various cells Skrobovém gelu.
tumors from
'J.‘;Z'J‘Zs' het:;z:ﬁ: " * 1965 - analyza leiomyomu

Mo o o' ' (benigni nadory délozni stény)
S o § afro-americkych zen/

R heterozygotek: kazdy nador nesl
E E & bud jednu nebo druhou variantu
< £ € G6PD.

- .- - > = Kazdy nador je velmi

- e = pravdépodobné klonem bunek

pochazejicich z jediné (,odrodilé®)
bunky!



Jak studovat monoklonalitu/
polyklonalitu nadoru?

Mixed Epithelial and Stromal Tumors of the Kidney:
Evidence for a Single Cell of Origin With Capacity
for Epithelial and Stromal Differentiation

Jennifer Bup-Jong Kum, MD,* David J. Grignon, MD,* Mingsheng Wang, MD,*
Ming Zhou, MD, PhD,T Rodolfo Montironi, MD,} Steven S. Shen, MD, PhD,§
Shaobo Zhang, MD.* Antonio Lopez-Beltran, MD,| John N. Eble, MD,*
and Liang Cheng, MD*

Bup-Jong Kum J. et al., Am.J.Surg.Pathol. 2011




nador ledvin (MEST)

« vzacny nador ledvin, s vyraznou prevahou vyskytu u zen
(pravdépodobné souvislost s hladinou hormonu)

« nadory prevazne benigni, jen vzacne maligni

« Nador tvoren jak epitelialnimi tak mesenchymalnimi bunkami.
Obecné je pfijimano, ze stromalni bunky v MEST jsou neoplasticke,
ale neni jednoznacné, zda (1) epitelialni buriky jsou také
neoplastické nebo (2) nejsou a jsou ovlivnény stromalnimi burikami
a hormony.

« Pokud by byly skuteCné neoplastickeé jak stromalni tak epitelialni
bunky, pfedpokladalo by to existenci (jediné ,,odrodilé")
progenitorove bunky s kapacitou dualni (mesenchymaini a
epitelialni) diferenciace.

=> analyza monoklonality puvodu




Mixed Epithelial and Stromal Tumors of the Kidney:
Evidence for a Single Cell of Origin With Capacity
for Epithelial and Stromal Differentiation

Jennifer Bup-Jong Kum, MD,* David J. Grignon, MD,* Mingsheng Wang, MD,*
Ming Zhou, MD, PhD,T Rodolfo Montironi, MD,} Steven S. Shen, MD, PhD,§
Shaobo Zhang, MD* Antonio Lopez-Beltran, MD,|| John N. Eble, MD,*
and Liang Cheng, MD*

» 21 zen s MEST, které prodélaly ¢asteCnou nebo radikalni
nefrektomii

> tkanové rezy pfipravené s formol-parafinovych bloku

» vySetreni inaktivace chromozomu X a genu HUMARA pro lidsky
androgenni receptor (human androgen receptor) v lokusu Xq11-12

Bup-Jong Kum J. et al., Am.J.Surg.Pathol. 2011




Priprava vysetrovanéeho
materialu

1. Laserova
mikrodisekce
epitelialni (E) a
stromalni (S)
komponenty MEST a
normailni (N) tkané z
tkanovych fezu
pripravenych z formol-
parafinovych blokl a
obarvenych
hematoxylinem a
eosinem.

Bup-Jong Kum J. et al., Am.J.Surg.Pathol. 2011
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Priprava vysetrovanéeho
materialu

Mikrodisekce E, S a N tkani

|lzolace DNA

St&peni restrikéni endonukledzou Hhal, citlivou na metylaci DNA
Amplifikace useku DNA (STR)

Elektroforéza DNA

Interpretace vysledku

Informativni byly vzorky, u kterych v nestépené kontrole byly dva
bandy pro dve alely genu HUMARA

V nadorové tkani byla nenahodila (tedy klonalni) inaktivace
chromozomu X prokazana vymizenim jednoho bandu ve vzorku
stépenem Hhal)

Spolecny progenitor E a S komponenty byl predpokladan tam, kde u
E i S komponenty chybéla stejna alela HUMARA



Interpretace vysledku

- + - + = + - o
< neinformativni vzorek,

pouze 1 alela genu

P u-
—= HUMARA v normaini

tkani

Case 12

N E S

< informativni vzorek

— m neklonalni, dvé alely

NPT genu HUMARA ve
vSech typech tkané -
Case 16 heterotyp

Bup-Jong Kum J. et al., Am.J.Surg.Pathol. 2011




Interpretace vysledku

<— prevaha ,vrchni“ alely
genu HUMARA v
epitelialni i stromalni
slozce nadoru —
monotyp, klonalni
zmena, spolecny
progenitor

< prevaha ,spodni” alely
genu HUMARA v
epitelialni i stromalni
slozce nadoru —
monotyp, klonalni
zmeéna, spolecny
progenitor

Bup-Jong Kum J. et al., Am.J.Surg.Pathol. 2011




Vysledky

z 21 pfipadu, 19 bylo informativnich

v 7 pripadech byla neklonalni inaktivace chromozomu X
(nekompletni stépeni Hha1? kontaminace nenadorovou tkani?
Nestabilni/variabilni inaktivace X)

ve 12 pripadech byla detekovana klonalni inaktivace chromozomu X
(tj. pritomnost jen jednoho alelického bandu genu FUMARA)

ve v§ech 12 pripadech byla shodna inaktivace chromozomu X v
epitelialni a stromalni slozce MEST

Bup-Jong Kum J. et al., Am.J.Surg.Pathol. 2011




Silna podpora toho, ze neoplastické jsou jak bunky
mesenchymalni slozky, tak bunky epitelialni slozky
MEST.

Silna podpora teorie, ze obe slozky nadoru — epitelialni
| stromalni — se vyvinuly ze spoleCné progenitorove
(,jediné odrodilé”) bunky, ktera mela kapacitu k dualni
diferenciaci.

Bup-Jong Kum J. et al., Am.J.Surg.Pathol. 2011




Ale!

Velikost “skvrn™ = €im vétsi, tim spisSe
uvidime monoklonalitu

Dominantni klon béhem progrese
nadoru (pseudomonoklonalita)

Senzitivita testu (nenadoroveé burky)-
korekce proti heterotypum - pokud
pomer alel 4:1 a vice — monotyp

» — — :w ——> monotyp neni dukaz
"R monoklonalniho pdvodu nadoru,

Ale heterotyp (pokud vylou€ime
technické problémy) prokazuje
multiklonalitu

Parsons B, Multiclonal tumor origin: Evidence and implication Mutat Res Rev Mutat Res 2018;777:1-18.




Metastazy - nezavislé klony?

B N P1 P2 LN1 LN2 LN3
- + - + - - + - + - +

+

Inaktivace X chromozomu (Hhal-
treated AR alely)

- Primarni melanom a metastazy v
lymfatickych uzlinach

Case 9

Metastazy a primarni nadory byly ve vétSiné pfipadu klonalni (se stejnou
inaktivaci X chr)

Ale v nékterych pfipadech se u pacienta objevila nezavisla metastaticka
loZiska s inaktivaci druhé alely (jiné nez u primarniho melanomu) -
pfitomnost vice nezavislych klonl transformovanych melanocytt

*Katona TM et al. Am J Surg Pathol. 2007 Jul;31(7):1029-37.




Laserova mikrodisekce -
nezavislé klony?

FIGURE 2. Analysis of X chromosome inactivation in urothelial carcinoma of
the bladder at the androgen receptor locus. Tumors with the same allelic
inactivation pattern were considered compatible with monoclonal origin; tu-
mors with different allelic inactivation patterns were consistent with polycional
origin. An altemative nonrandom pattem of X chromosome inactivation was
shown in four tumor samples obtained from different areas of the same tumor
(Patient 8). N is DNA from normal tissue as control sample; T1, T2, T3, T4 are
tumors from different compariments of the same urothelial carcinoma; DNA
was digested (+) or not digested (—) with Hha | prior to polymerase chain
reaction. The amplified DNA fragments harbor Hhal sites and CAG polymorphic
repeats.

Inaktivace X chromozomu
(Hhal-treated AR alely)

-(Mikro)sekce (T1-T5)
karcinomu mocoveho méchyre

9 pacientu informativnich, u 7 z
nich neklonalni inaktivace X, u 2
stejny pattern nenahodné
inaktivace ve vSech oblastech
nadoru

*Cheng L et al. Cancer. 2002;94(1):104-10.
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Genomic mutational

landscapes
s

Spatial genomic heterogeneity within localized, multifocal
prostate cancer

Paul C Boutros'~3, Michael Fraser*?3, Nicholas ] Harding"?3, Richard de Borja"%, Dominique Trudel>%,
Emilie Lalonde'2, Alice Meng?, Pablo H Hennings-Yeomans', Andrew McPherson$, Veronica Y Sabelnykova',
Amin Zia', Natalie S Fox"2, Julie Livingstone!, Yu-Jia Shiah!, Jianxin Wang!, Timothy A Beck!, Cherry L Have?,
Taryne Chong!, Michelle Sam!, Jeremy Johns', Lee Timms', Nicholas Buchner!, Ada Wong!, John D Watson!,
Trent T Simmons!, Christine P’ng!, Gaetano Zafarana®, Francis Nguyen', Xuemei Luo!, Kenneth C Chu!,
Stephenie D Prokopec’, Jenna Sykes”, Alan Dal Pra®, Alejandro Berlin®, Andrew Brown!,

Michelle A Chan-Seng-Yue!, Fouad Yousif!, Robert E Denroche!, Lauren C Chong!, Gregory M Chen!,

Esther Jung!, Clement Fung!, Maud H W Starmans!, Hanbo Chen!, Shaylan K Govind!, James Hawley!,
Alister D’Costa’, Melania Pintilie’, Daryl Waggott!, Faraz HachS, Philippe Lambin®, Lakshmi B Muthuswamy’,
Colin Cooper!'®-!2, Rosalind Eeles!®!3, David Neal'*!5, Bernard Tetu'®, Cenk Sahinalp®, Lincoln D Stein’,

Neil Fleshner!?, Sohrab P Shah'#-2°, Colin C Collins?*"*2, Thomas ] Hudson', John D McPherson',

Theodorus van der Kwast® & Robert G Bristow>*#

Herein we provide a detailed molecular analysis of the spatial heterogeneity of clinically localized, multifocal prostate

cancer to delineate new oncogenes or tumor suppressors. We initially determined the copy number aberration (CNA) profiles

of 74 patients with index tumors of Gleason score 7. Of these, 5 patients were subjected to whole-genome sequencing

using DNA quantities achievable in diagnostic biopsies, with detailed spatial sampling of 23 distinct tumor regions to assess
intraprostatic heterogeneity in focal genomics. Multifocal tumors are highly heterogeneous for single-nucleotide variants (SNVs),
CNAs and genomic rearrang ts. We identified and validated a new recurrent amplification of MYCL, which is associated
with TP53 deletion and unique profiles of DNA damage and transcriptional dysregulation. Moreover, we demonstrate divergent
tumor evolution in multifocal cancer and, in some cases, tumors of independent clonal origin. These data represent the

first systematic relation of intraprostatic genomic heterogeneity to predicted clinical outcome and inform the development

of novel biomarkers that reflect individual prognosis.
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Evidence of multiclonal prostate
cancer.

CPCGO0183 exhibits two regions
sharing no genomic aberrations at
either the CNA (copy number
abberations) (a) or SNV (single
nucleotide variants) (b) level,
suggestive of multiclonality.

Boutros PC et al. Nat Genet. 2015:47(7):736-45.



Table 1

XCI studies reporting evidence of multiclonality.”

Lesion or Tumar Type” Method and X-linked Marker Examined® # Heterotypic Ssmples/# Informative Authar Conclision®  Reference
Samples Analyzed (percentage)
Non-neoplastic lesions
ErdheimChester disease RFIP/methylation of AR 1/1 (100%) Muki [125
and PGK

Aquired aplastic anemia RFIP/methylation of AR &/'7 (85.7%) Multi & Mano [126)

Pre-neoplastic lesions

Bone marrow

Myeloproliferative neoplasms cDN A sequencing of Xdinked SNPs from 2/6(333%) Muli [127

individually cultured colonies

Breast

Usual ductal hyperplasia RFIP/methylation of AR 34/35 (97.1%) Multi & Mano [45])

Atypical ductal hyperplasia 26/39 (66.6%) Multi & Mano

FAat epithelial hyperplasia 23/26 (88.4%) Multi & Mano

Usual ductal hyperplasia RFLP/methylation of AR 9/12 (75%) Multi [41]

Ductal intraepithelial hyperplasia 1A 518 (27 8%)

Liver

Focal nodular hyperplasia RFIP/methylation of AR 9/13 (69.2%) Mano [44]

Focal nodular hyperplasia RFLP/methylation of AR 9/9 (100%) Multi [46]

Low grade dysplastic nodules RF1P/methylation of AR 38/57 (66.7%) N [42]

Uterus

Cervical intraepithelial neoplasia w/ glandular  RFIP/methylation of AR 4/4 (100.0%) Multi & Mano [43]
dysplasia

Lobular endocervical glindular hyperplasia RFIP/methylation of AR 4/9 (44.4%) Multi & Mano [128)
(LEGH)

Benign tumors

Adrenal Gland

Adrenal myeldlipoma RFLP/methylation of AR 4/4 (100%) Multi [129

Blood

Essential thrambocythemia RFIP/methylation of AR 2/61 (361%) Multi & Mano [130

Kid ney

Mixed epithelial and stromal tumors RFIP/methylation of AR 7/19 (36.8%) N [131)

Lung

Atypical cardnaid RFIP/methylation of AR 1/2 (50.0%) N [137

Mesothelial tumors

Adenomatoid tumor RFIP/methylation of AR 1/10 (10.0%) Mano [137]

Odontogenic tumors

Mixoma RFIP/methylation of AR 1/2 (50.0%) Multi [134)
Odantogenic keratocyst /5 (40.0%)

Ovary

Sertali-Leydig cell tumor RFLP/methylation of AR 7/10 (70.0%) N (135

Pancreas

Adnar cell cystadenoma RFIP/methylation of AR %5 (100%) Multi [136)

Pamitid oland

For tumors of myeloid
cell lineages, most (but
not all) evidence
supports monoclonal
tumor origin. Studies
summarized here support
multiclonal origin for at
least some portion of 53
different tumors that
develop across 24
different anatomical sites

When these data are extrapolated, taking into account the technical biases
against detecting multiclonality and the potential for pseudomonoclonality in
fully-developed tumors, it seems likely that most tumors are multiclonal.

Parsons B, Multiclonal tumor origin: Evidence and implication Mutat Res Rev Mutat Res 2018;777:1-18.




Multiklonalita nadoru

Sledovani osudu jednotlivych bunék tkané pomoci “lineage tracing” -
RosaConfetti gjlela (“Confetti mice”)

Rekombinace pomoci Cre rekombinazy (exprimovaneé v burikach slinivky - PDX -
pancreatic and duodenal homeobox 1 promotor) — vede k nahodné expresi jedné
ze 4 fluorescencnich znacek — stabilni, pfenasené na dcefinné bunky

- © g o
CX mice r.'c P P | =N
X x =[] -
" “9

CAGG promoter

pGK Neo pA

Rosa confetti

(o ! TAM gavage

Malignant progression (weeks)
L L

4

R
T

“Normal”

Maddipati R, Stanger BZ. Pancreatic Cancer Metastases Harbor Evidence of Polyclonality. Cancer Discov.
2015;5(10):1086-97.




Multiklonalita nadoru

Sledovani osudu jednotlivych bunék tkané pomoci “lineage tracingﬂ
RosacConfetti gljlela (“Confetti mice”) A a0M

Rekombinace pomoci Cre
rekombinazy (exprimované v burikach
slinivky — PDX - pancreatic and
duodenal homeobox 1 promotor) -
vede k nahodné expresi jedné ze 4
fluorescencCnich znaCek a souCasné
expresi onkogenniho Kras a depleci

p53 | krmocrrr e R

Monochromatic

Polychromatic

B PanINs

KPCX mice - rozvoj pankreatickych
nadord
Sekvence: ADM - PanIN - PDAC

KRT19/CFP/GFP/RFP/YFP Rl

24% ADM je polychromatickych -

ADM and PanIN counts *

vzniké Z rﬁanCh aCinérn iCh bunék Lesion | Monochromatic | Polychromatic TotaII 1001 =1 =7 Monochromati
a klonalni diverzita se ztraci s dalsi pom | useen | sween [ws] g oeof = D Potevemste
4 an % %, g 601
progresi PaniN | 141 (97%) 4 (3%) 145| 2
2 204 ’J-l
Maddipati R, Stanger BZ. Cancer Discov. 2015;5(10):1086-97. ol L L=




Multiklonalita nadoru?

Velka Cetnost potencialnich cancer-driving mutaci v histologicky normalnich
tkanich

- ZvySuje se s vékem, chronickym zanétem a expozici mutagenum

B Canonical tumour suppressor

M Canonical oncogene
B Canonical cancer driver (unclass) © Embryonic mutations

[T] Candidate cancer driver
[INot involved in cancer

LO

)PP

Mutations in dividing cells

- Post-mitotic

[B) Transient fitness advantage
a Transformed cell

@ Non-mutant cell

(=)
o OOOO °°°° S O OOOOO ooooOOOo
o|o19jo/clo]a\C olofo)a\Cio otololols HEEEREE
oo o<>°°<> olo °°°°° ol olo\ofo

Drivers (n)

|—> aCanoer clone

7 mrnsrrvi \r1g

Acha-Sagredo A et al. Ann Oncol. 2022;33(12):1239-1249.




F 1cm
MLL (P700S)

GRM3 (E228K)
NOTCH1 (V2453V)

Somatické mutace v
normalnich tkanich

Thus, aged sun-exposed skin is a patchwork of

thousands of evolving clones with over a quarter of cells
carrying cancer-causing mutations while maintaining the Yo
physiological functions of epidermis.

FGFR3(R248C)
Other driver TPs3(P250L)
mutations and
oy criver Lo ar Y ARID1A (P929S) NOTC(H4 (Fh7 3)250)
mutations ;. <clected
nselectec Y GRM3 (P680P)

Y
G © NOTCH13 B TPs3 O FGFR3

— 7YY
8 FAT1 @ RBMi10 O Other

Tumor evolution

Cancer twists. (Left) Utraviolet light-exposed normal skin is shown, containing a large and small clone of P53-mutant keratinocytes (dark
jonal cancer-causing mutations.

| umulated multiple driver
tations (darker blue arrows),

lcm

’I;JOTCH1-3IT’3 FGF:3 ' ' o (
=FATL  ®RBM10 O Othergenes Martincorena | et al. Science. 2015 May 22; 348(6237): 880—-886.




Somatické mutace v normalnich
tkanich — nepritel nebo ne?

Mutant clones in normal epithelium outcompete and eliminate

emerging tumours

Nadory jicnu mysi po expozici mutagenu - vétsina z nich

casem zmizi

Normal epithelium
10 days 18 months

10 days

[— i/ -— /

Tumours
10 days 1 month
— i/ — /
3 months 6 months
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Colom B et al. Nature 2021;598(7881):510-514




Nadorova heterogenita

monoclonal tumors polyclonal tumors
L, C 0000, 00 ©
normal behavior
------- L--------TRANSFORMATION---L---\--- admmm--
i cancerous behavior
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Nadorova heterogenita

monoclonal tumors polyclonal tumors
000000000 000000000

TRANSFORMATION - --

normal behavior L \

cancerous behavior




Nadorova heterogenita

monoclonal tumors polyclonal tumors
L, C 0000, 00 ©
normal behavior
------- L--------TRANSFORMATION---L---\--- admmm--
i cancerous behavior




A Genetic Heterogeneity

% Genetic Mutation

Genetic & Epigenetic
Heterogeneity

. Genotype A; Phenotype A
. Genotype A; Phenotype B
. Genotype B; Phenotype C

e Cancer Stem Cell

% Genetic Mutation

Heterogeneity can arise from both genetic and non-genetic mechanisms.
Intratumoral heterogeneity can arise through a variety of mechanisms.

(A) A strictly genetic mechanism can involve genetic mutations (lightening
bolt), some of which may give a clone a fitness advantage over nearby
tumor cells (light blue and orange genotype is more fit than green
genotype). This model can involve genetic fitness being selected for by
the local microenvironment.

(B) An alternative model involves cancer stem cells (CSCs), which arise
due to differentiation hierarchies that may not involve genetic alterations,
but may act in combination with mutations. A self-renewing tumor cell, the
CSC, can undergo asymmetric division, increasing the overall number of
CSC and non-CSC tumor cells. Genetic mutation of a CSC can lead to
the outgrowth of a more fit genetic clone (dark blue), that may or may not
be affected by the local microenvironment. Additionally, the
microenvironment can trigger phenotypic changes, such as what occurs
in a hypoxic environment (red cells). Importantly, if the original clone is
outcompeted over time, it would not be detectable in patient biopsies.

Neelakantan D et al. Cell Adh Migr. 2015;9(4):265-76.




Normal epithelial cell «”\»Normal endothelial cells
Epithelial cell with mutation 1 %‘ Immune cells
Epithelial cell with mutations 1 &2 . Mutant mesenchymal cells
Epithelial cell with mutations 1,2 &3 . Normal stem cell
Epithelial cell with mutations 1& 4 . Mutant stem cell

Four common explanations for how
monoclonal tumor origin results in
phenotypically and genetically
heterogeneous tumors.

Heterogeneity of monoclonal tumors
arises through mutation

accumulation and clonal selection (A),
through cooperation between malignant
and non-malignant cell types (B),
through epithelial to mesenchymal or
mesenchymal to epithelial transitions
(C), and through proliferation and
subsequent differentiation of a mutant
stem cell (D).

Parsons B. Mutat Res Rev Mutat Res 2018;777:1-18.




Nadorova heterogenita

Geneticka heterogenita

« Na pocatku vyvoje nadoru stoji nékolik mutaci aktivujicich
protoonkogeny a inaktivujicich nadorové supresory (monoklonalni
puvod nadora).

* Nicméné vyvoj nadort je mnohem komplexnéjsi proces pripominajici
Darwinovskou evoluci.

« Kombinace mnoha bunécnych cykld nutnych k vyvoji makroskopického

nadoru a zvysené genetické nestability umoznuji znacnou genetickou
diverzifikaci populace nadorovych bunék.

Marusyk A. et al., Nature Rev. 2012




Typy nadoru z hlediska genetické
nadoroveé heterogenity

Jednoduché klonalni nadory

maji minimalni uroven genetické nestability; jsou Casto fizeny
balancovanou translokaci; jsou malo geneticky heterogenni.

Nadory s komplexnimi klony

nesou stejneé fidici mutace, ale rozdilné subpopulace v nadoru maji
privatni genetické anomalie; ty jsou ,bézne” neutralni, ale maji
potencial stat se ridicimi mutacemi rezistence k cilené lIéCbeé.

Mozaikové nadory

slozeny z bunek, které sdileji nekteré prvotni genetické udalosti, ale
klonalni heterogenita je znacna.

Turner NC a Reis-Filho JS, Lancet Oncology. 2012




Nadorova heterogenita

Negeneticka heterogenita

« Je vlastni normalnim tkanim: témer vSechny bunky maji stejny genotyp, ale
vyrazné se fenotypové lisi.

« Je dvou typu: (1) deterministicka: souvisejici s tkanové specifickou
diferenciaéni hierarchii; a (2) stochasticka, ktera je odrazem prechodnych

rozdili mezi jednotlivymi burikami v dusledku fluktuace biochemickych procesu,
genove exprese a organizace chromatinu.

» Diferenciacni hierarchie nadorovych tkani (i) odrazi to, co je shrnuto v
konceptu CSC (Cancer Stem Cell): do urcCité miry kopiruje normalni diferenciaci
v hormalnich tkanich plus navySena ochota k dediferenciaci v dusledku

onkogennich mutaci; (i) mira diferenciace je
| vyznamnym
QD Tiszue stem cell 6@ D Stem cells prog nOSt|Ckym
/ \ ©’ faktorem.

Committed \\
progenitors @
Mon-ztem

/ \ \ Oifrritd Q@OOD cells gﬂoélrlzjsyk A. et al., Nature Rev.




Nadorova heterogenita

Negeneticka heterogenita nadorovych tkani

» Epigeneticka krajina a sit genové requlace: (a) vrcholy a udoli znazorfuiji
pfechodné a stabilni fenotypové stavy; (b) na osach hladiny nékterych
uréujicich faktord: (i) napf. transkripénich faktor spojenych s diferenciaci, ;.
vnitfni stav bunék; (ii) ristovych faktort v okoli buriky, tj. vliv nadorového
mikroprostredi (komplexni: angiogeneze, prestavba ECM, zanét, ...)

« Dynamika evoluce populace nadorovych
bunék vede ke koexistenci klonalnich variant

s genetickymi a epigenetickymi rozdily — a to

vSe s mnoha biologickymi a klinickymi
dusledky.

,_
[}
z
/

bunka
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S Attractor B
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High Attractor A

Marusyk A. et al., Nature
Rev. 2012
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Co ovlivinuje bunéecny fenotyp:
normalni vs. nadorova tkan

* Onkogenni mutace v nadorovych bunkach navysuji stochastickou
fluktuaci (noise) bunéénych procesu, coz muze navySovat Sanci na
prekonani ,hfebene” epigenetickeé krajiny a k fenotypovému
,prepnuti”.

» Genotyp je homogennéjsi v normalni tkani nez v nadoroveé tkani
(geneticka nestabilita).

« Mikroprostredi je v normalni tkani mnohem strukturovangjsi a ma
jen omezeny a organizovany pocet niches. Nadorova tkan je
dezorganizovana, ma mnohem vice a mené vyhraneénych niches.

« 'V normalni tkani je stabilnéjsi requlaéni sit' s niz§im pocétem signald
ovlivaujicich genovou expresi.

=> [ntegrace vSech téchto vlivi vede k vysSi variabilité méné stabilnich
bunécnych fenotypu u nadoru ve srovnani s normalni tkani.

Marusyk A. et al., Nature Rev. 2012




Co ovlivinuje bunéecny fenotyp:
normalni vs. nadorova tkan

Normal tissue: low phenotypic heterogeneity
Noise: low Genotypes: homogeneous Microenvironment: structured Network architecture: robust

/O

-‘-.A

Attractor A Attractor B Q’ Q’ Q’ Q’ Q’
I . ” . ” . ” . ” .

Tumour: high phenotypic heterogeneity
Noise: high Genotypes: heterogeneous  Microenvironment: disorganized Network architecture: noisy
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Marusyk A. et al., Nature Rev. 2012




Heterogenita v metastazach

« Otazka intranadorové — véetné ,intra- i inter-metastazove” —
heterogenity je nesmirné dulezita i v souvislosti s tim, Ze terapeuticka
rozhodnuti se nejvice délaji na zakladé analyzy primarnich nadoru,
ale nejCastejSi priCinou smrti byvaji vzdalené metastazy...

« Dva krajni modely: (1) ziskani metastatického potencialu jako finalni
krok v progresi nadoru z nejagresivnéjsiho klonu primarniho nadoru
— pak znacna podobnost primarniho nadoru a metastaz; (2) rany
rozsev nadoru a spise paralelni progrese nadoru primarniho a
metastaz — muze vést ke znaénym rozdilum...

« Experimentalne Ize dolozit oba modely a samozrejme mnoho
moznych variant mezi nimi..

» Obecné: nelze zobeciovat - ani jeden ze dvou uvedenych modelu...

Marusyk A. et al., Nature Rev. 2012




Heterogenita v metastazach

Stepwise progression .
P preg Dominant clone

E.arly . L. Minor clone
dissemination

Parallel progression

Marusyk A. et al., Nature Rev. 2012




Heterogenita v metastazach -
polyklonalni puvod

Adenoviral Cre

Potential outcomes at the metastatic site

Recombinase 6-8 weeks Model Sequence Multicolored
. @ /‘ —_— Metastases?
ROSAMT/MG MMTV-PyMT tumor organoids obligate . No
monoclonal origin
[CMV enh] EEPlO- Orthotopic mammary Countlung | ~~- -~ -~"T-TTTTTT TS oS T e s e S m e m e m T
loxP transplant metastases Polyclonal origin Yes
B Multicolored lung metastases
2 cells 3 cells 20+

mTomato

100+

1000+

DAPI

Cheung KJ et al

. Proc Natl Acad Sci U S A. 2016;113(7):E854-63.




polyklonalni puvod

Serial seeding?
Red or Cyan Only
Wait 3week‘ (64/64)
\ O Multicolored

; Wait 2 days
o —

@ mTomato+ MMTV-PyMT 8 CFP+ MMTV-PyMT Count lung (0/64)
tumor cells tumor cells metastases
D Multicolored intravascular emboli |
Vyhoda polyklonalniho seedingu?
D Input: single cells aggregated cells inset (lung metastases) E *x
o
-+ 120 -
S
Lungs g 80 4
{ Q
i =
. o 40 4
mTomato CFP DAPI VE-Cadherin + CD31 =
% 04 =
F Circulating tumor cell clusters vy e'\\g ed
- G
Multicolored Red Onl Cyan Onl
y y y «9° (e9° \©

Cheung KJ et al. Proc Natl Acad Sci U S A. 2016;113(7):E854-63.




Heterogenita v metastazach -
polyklonalni puvod

optical barcoding approach based on a multicolor panel of Lentiviral Gene Ontology

(LeGO) vectors

‘-
-~

S
1
1
1
1
1
‘1
L)
1
!
1

Cheung KJ et al. Proc Natl Acad Sci U S A. 2016;113(7):E854-63.




Lung metastases

Liver metastases

Lung metastases

Liver metastases o

1400

800

200

Num ber of metastases

30

0

Number of metastases

Cheung KJ et al. Proc Natl Acad Sci U S A. 2016;113(7):E854-63.

1600

1200 1
1000

600 1
400+

70T
60
504
404

204
104

S5

Metastatic
burden

- 88.7% polychromatic

123 4567 89101
Number of colors per metastasis

94 5% monochromatic

Metastatic
burden

4.5% polychromatic

1.2 3

Number of colors per
metastasis

11.3% monochromatic

Intrametastaticka
heterogenita metastaz v
plicich a jatrech

VétSina metastaz
monochromaticka, ale vice
polychromatickych mets v
plicich (17 %) nez v jatrech
(1.2 %)

Ale téchto 17 % tvori témeér
90 % celkového objemu
metastaz v plicich

Néktere klony Castéji spolu
v polychromatickych
loziscich




Dusledky nadorové
heterogenity

Biologicke
« Klonalni heterogenita jako pohon evoluce nadoru
« Biologické interakce mezi odlisSnymi nadorovymi klony

Kooperace mezi ruznymi klony - v o€nich discich Drosophily:

1. klon s overexpresi mutantni formy Ras onkogenu — mirny rust
2. Klon deficientni pro TS Scribble — bunécna smrt
3. Oba klony v blizkosti — velké metastatické tumory

//scnib~

Wu M et al. Nature. 2010;463(7280):545-8.




Biologické
« Klonalni heterogenita jako pohon evoluce nadoru
« Biologickeé interakce mezi odlisnymi nadorovymi klony

Subclonal cooperation drives metastasis by modulating local
and systemic immune microenvironments

Polyclonal tumours initiated from 5% IL11+ and 5% FIGF+RFP+ cells with 90% GFP+ parental
cells grew faster and were more metastatic than monoclonal and parental tumours
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Parental FIGF  IL11 Polyclonal

Monoclonal Janiszewska et al. Nat Cell Biol. 2019;21(7):879-888.




Dusledky nadorové heterogenity

Biologicke
« Klonalni heterogenita jako pohon evoluce nadoru
« Biologické interakce mezi odlisSnymi nadorovymi klony

Cooperation between melanoma cell states promotes
metastasis through heterotypic cluster formation

Melanomas can have multiple coexisting cell states, including proliferative (PRO) versus
invasive (INV) subpopulations that represent a “go or grow” trade-off;

INV and PRO cells form spatially structured heterotypic clusters and cooperate in the seeding
of metastasis, maintaining cell state heterogeneity. INV cells adhere tightly to each other and
form clusters with a rim of PRO cells.

Melanoma
@ F G )
o N ZMEL1 PRO :INV Surface Central Slice
&o © TFAP2
o @ N
—
PRO INV

1 Proliferation 1 Clusters
1 Metastasis
% ZMEL1 PRO : INV

PRO-INV CTC Cluster Janiszewska et al. Nat Cell Biol. 2019;21(7):879-888.

Metastasis Cooperation




Dusledky nadorové
heterogenity

Biologicke
« Klonalni heterogenita jako pohon evoluce nadoru
» Biologicke interakce mezi odlisnymi nadorovymi klony

Klinické
« ,Sampling” (vybér vzorku k analyze) a heterogenita v klinické
diagnoze

Marusyk A. and Polyak K., Biochim Bipophys Acta 2010

Marusyk A. et al., Nature Rev. 2012
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heterogeneity

Inter-tumour

Mixed dominance
Marusyk A. et al., Nature Rev. 2012

Dominance of clone 2

Dominance of clone 1

Heterogenita v klinicke d



Dusledky nadorové
heterogenity

Biologicke
« Klonalni heterogenita jako pohon evoluce nadoru
» Biologicke interakce mezi odlisnymi nadorovymi klony

Klinické
« ,Sampling” (vybér vzorku k analyze) a heterogenita v klinické
diagnoze

« Heterogenita v odpovédi na terapii (— selekce: ,bottleneck” a
docCasna redukce heterogenity — dalSi evoluce, progrese
rezistentnich klonda...)

Marusyk A. and Polyak K., Biochim Bipophys Acta 2010

Marusyk A. et al., Nature Rev. 2012




Heterogenita v odpoveédi na
terapii

Drug treatment
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Cancer cell population

Bot’(leneck®®®

Genetic heterogeneity ‘ ‘

Time
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Gerlinger M a Swanton C, Br J Cancer 2010




»2Ziskana“ rezistence k terapii

« Podle souCasnych znalosti je klinicky obraz tzv. ziskané rezistence k
terapii spiSe nasledkem pfitomnosti jiz existujicich odolnych klond,
které jsou ,pouze” vyselektovany léCbou. Napr. v komplexnich
klonalnich GIST s mutaci KIT nesou vSechny bunky aktivacni mutaci
KIT, ale mnohocetné sekundarni mutace KIT Ize nalézt u subklonu
daného nadoru a maji schopnost zpusobit rezistenci k 1€Cbé.

« obecne: Nadory s vysokou mirou geneticke nestability a s vysokym
stupném genetické heterogenity jsou spojeny se Spatnou
prognozou.

Turner NC a Reis-Filho JS, Lancet Oncology. 2012




Dekuji za pozornost

. , sobéstaénost v
poskozeni produkci rastovych
apoptézy II signald
osileni necitlivost k
P \ signaliim zastavujicim
angiogeneze 0 hunéény cvkiie

nestabilita
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