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Abstract 

Cell communication systems based on polypeptide ligands use transmembrane receptors to transmit signals 
across the plasma membrane. In their biogenesis, receptors depend on the endoplasmic reticulum (ER)-Golgi system 
for folding, maturation, transport and localization to the cell surface. ER stress, caused by protein overproduction 
and misfolding, is a well-known pathology in neurodegeneration, cancer and numerous other diseases. How ER stress 
affects cell communication via transmembrane receptors is largely unknown. In disease models of multiple myeloma, 
chronic lymphocytic leukemia and osteogenesis imperfecta, we show that ER stress leads to loss of the mature 
transmembrane receptors FGFR3, ROR1, FGFR1, LRP6, FZD5 and PTH1R at the cell surface, resulting in impaired 
downstream signaling. This is caused by downregulation of receptor production and increased intracellular reten-
tion of immature receptor forms. Reduction of ER stress by treatment of cells with the chemical chaperone tauro-
ursodeoxycholic acid or by expression of the chaperone protein BiP resulted in restoration of receptor maturation 
and signaling. We show a previously unappreciated pathological effect of ER stress; impaired cellular communication 
due to altered receptor processing. Our findings have implications for disease mechanisms related to ER stress and are 
particularly important when receptor-based pharmacological approaches are used for treatment.
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Introduction
Most proteins that form the extracellular matrix, proteins 
destined for the cell surface and proteins that are released 
from the cell are co-translationally translocated into the 
lumen of the endoplasmic reticulum (ER) and trans-
ported to the cell membrane via the ER-Golgi system. 
Within the ER, chaperones and enzymes assist in pro-
tein folding, post-translational modifications, maturation 
and transport. Sophisticated ER quality control systems 
monitor and prevent the aggregation of proteins. Ideally, 
only properly folded and mature proteins leave the ER. 
The accumulation of misfolded proteins beyond cellular 
capacity triggers the unfolded protein response (UPR). In 
mammalian cells, there are three major ER-resident UPR 
regulators: IRE1α (inositol-requiring enzyme 1α), PERK 
(PRKR-like ER kinase) and ATF6 (activating transcrip-
tion factor 6) (Fig. S1). Under normal conditions, these 
proteins are inactive at the ER membrane due to binding 
by the chaperone BiP (binding immunoglobulin protein). 
When ER stress is triggered, BiP is released from these 
regulators to help process the accumulating misfolded 
proteins, leading to IRE1α, PERK and ATF6 activation. 
This in turn upregulates the expression of other UPR 
mediators such as XBP1 s (X-box binding protein 1), 
HERPUD1 (homocysteine-responsive endoplasmic retic-
ulum-resident ubiquitin-like domain member 1), ATF4 
or CHOP (C/EBP homologous protein) [1, 2]. The base-
line function of the UPR is to maintain ER homeostasis 
and preserve cell function, which is referred to as homeo-
static UPR [3–5]. However, when the ER’s ability to fold 
proteins or its quality control machinery is overwhelmed, 
the accumulation of misfolded proteins leads to ER stress 
that impairs cell function and survival.

The most abundant ER client proteins are the compo-
nents of the extracellular matrix (ECM), which consists 
of proteoglycans and collagens, fibronectins, elastins, 
and laminins [6]. Other classes of cell surface molecules 
are also transported and matured via the ER. These mol-
ecules include transmembrane receptors that respond to 
communication signals delivered by polypeptide growth 
factors, cytokines, morphogens, hormones and other 
ligands. Compared to the ECM components, transmem-
brane receptors are produced in small quantities. For 
example, approximately 1·6–80 × 103 fibroblast growth 
factor receptor (FGFR) molecules are present at the cell 
surface, which is 7·5–22 times less than the amount of 
ECM proteoglycans that function as FGFR coreceptors 
[7, 8]. In osteoblasts, the expression of ECM compo-
nents such as collagen1a1 is extremely high compared to 
the expression of receptors for the bone growth factors 
morphogenetic protein (BMP) and transforming growth 
factor β (TGFβ) [9]. Similarly, in cartilage, the relative 
expression of ECM components is significantly higher 

compared to FGF, TGFβ/BMP and integrin receptors. An 
example of this is FGFR3, which is expressed > 100-fold 
less than collagen2a1.[10] In addition, membrane recep-
tors are often unstable proteins that are highly dependent 
on folding [11], leading to the hypothesis that receptor 
biogenesis may be very sensitive to changes in the general 
state of the ER. This is suggested by studies in developing 
mouse embryos in which induction of transient ER stress 
by hypoxia leads to loss of FGFR1 signaling in cardiac 
progenitors, resulting in congenital heart defects due to 
aberrant morphogenesis [12].

ER stress has been well studied in numerous patho-
logical processes such as neurodegeneration, cancer, 
inflammation and diabetes (> 25,000 citations in Pub-
Med), identifying key molecules involved in this process 
[13–17]. In contrast, the effect of ER stress on transmem-
brane receptors has not yet been established, but emerg-
ing evidence suggests that receptor biogenesis is sensitive 
to ER conditions due to limited receptor expression and 
high folding requirements. In this study, we investigated 
how ER stress affects transmembrane receptor signal-
ing. In three disease models characterized by the pres-
ence of endogenous ER stress, multiple myeloma, chronic 
lymphocytic leukemia and osteogenesis imperfecta, we 
show that ER stress leads to the loss of key mature recep-
tors normally present at the cell surface. This impairs the 
cell’s ability to respond to extracellular stimuli, disrupts 
downstream cell signaling and contributes to cell pathol-
ogy through changes in the signaling milieu. Our findings 
have far-reaching implications for diseases associated 
with ER stress, as many treatments depend on sufficiently 
available receptors, and add a previously unappreciated 
dysfunctional cellular mechanism as a consequence of ER 
stress.

Results
ER stress impairs FGFR3 maturation in multiple myeloma 
(MM) cells
MM is a frequently diagnosed hematologic malignancy 
characterized by an accumulation of terminally differ-
entiated plasma cells [18]. A defining feature of plasma 
cells is their extensively developed rough ER, necessary 
for the production and secretion of thousands of anti-
body molecules per second [19]. Due to this secretory 
load, MM cells are probably operating at the maximum 
limit of the adaptive UPR. A mainstay of MM treatment 
is bortezomib (Bz), a 26S proteosome inhibitor that 
induces ER stress and causes apoptosis in MM cells [20, 
21]. Although the mechanisms underlying MM are com-
plex, a molecular finding in 15% of patients is the mark-
edly increased expression of FGFR3 as a result of a t(4;14)
(p16.3;q32) translocation [22].
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We hypothesized that induction of ER stress affects 
FGFR3 trafficking. FGFR3-expressing MM cells KMS11 
and KMS18 [23] were treated with three well-defined 
chemical inducers of the UPR: tunicamycin (Tu), which 
inhibits N-linked glycosylation by preventing the attach-
ment of oligosaccharides to proteins, thereby blocking 
protein folding and transit through the ER [24]; brefel-
din A (Br), which inhibits ER-Golgi protein transport by 
disrupting the association of the COP-I coat to the Golgi 
membrane [25]; and thapsigargin (Tg), which inhibits an 
ER Ca2+-dependent ATPase, thereby depleting ER Ca2+ 
stores and thus reducing the activity of calcium-depend-
ent chaperones [26]. The extent of ER stress was deter-
mined by western blot analyses of the expression of the 
UPR markers BiP, CHOP, IRE1α, XBP1s, ATF6, PERK, 
ATF4, and HERPUD1 [27] (Figs. S1, S2). Because induc-
tion of ER stress can lead to cellular toxicity, we deter-
mined the effect of Tu, Br, and Tg on cell proliferation of 
KMS11 and KMS18 to identify doses that induce toxic ER 
stress (Figs. S2A, B). Treatment with non-toxic doses of 
Tu, Br and Tg resulted in downregulation of the mature 
FGFR3 isoform and a partial loss of FGFR3 at the cell sur-
face, as detected by western blot and FGFR3 flow cytom-
etry on live KMS11 and KMS18 cells (Figs. 1A, B; S3A, B; 
S4A). Similarly, Bz downregulated FGFR3 expression and 
caused a loss of FGFR3 at the cell surface. Treatment of 
KMS11 and KMS18 cells with the cognate FGFR3 ligand 
FGF2 resulted in activation of the ERK MAP kinase sign-
aling pathway; ERK activation was lost in cells treated 
with Tu, Br, Tg, and Bz (Figs. 1C; S3C; S4B). This suggests 
that ER stress downregulated mature FGFR3 and reduced 
its downstream signaling.

To gain more insight into the effect of ER stress on 
FGFR3, 293T cells (Fig. S5) were transfected with human 
FGFR3 and treated with non-toxic doses of Tu, Br and Tg 

for 24 h. Mature FGFR3 migrated as a 128·3 kDa protein 
in SDS-PAGE gels (Fig. 1D) (Table S1); two additional iso-
forms of 118·6 and 107·6 kDa were detected, represent-
ing immature FGFR3. The differences in size are largely 
due to glycosylation, as shown in cell lysates treated with 
N-glycosidase F, which caused a ~ 17 kDa downshift on 
mature FGFR3 migration (Fig. 1E; 111·1 kDa FGFR3). Tu, 
Br and Tg produced different effects on FGFR3 matura-
tion. The mature 128·3 kDa FGFR3 was lost in Tu- and 
Br-treated cells in favor of the immature 107·6 kDa and 
118·6 kDa variants, respectively. In Tg-treated cells, the 
production of all FGFR3 variants was downregulated, but 
the cells still expressed some amount of mature FGFR3 
(Fig. 1D). The presence of FGFR3 on the cell surface was 
examined by flow cytometry in live cells. A statistically 
significant loss of cell surface FGFR3 was detected in cells 
treated with Tu and Br, but not in the cells treated with 
Tg (Fig. 1F). These data are consistent with the western 
blot analyses of FGFR3 expression (Fig. 1D) and indicate 
that induction of ER stress by Tu and Br leads to intracel-
lular retention of FGFR3.

To test whether the ER stress effect on FGFR3 migra-
tion is not due to de novo biogenesis after transfec-
tion, we analyzed Tu, Br and Tg effect on endogenously 
expressed FGFR3. We were unable to detect endogenous 
FGFR3 in cultured cells due to its low expression. There-
fore, we used CRISPR-Cas9 to introduce the 3xFlag 
epitope into the Fgfr3 locus in rat chondrosarcoma cells 
(RCS-F@F3 cells) (Table  S2) and detected endogenous 
FGFR3 by Flag western blot (Fig. S6). Treatment with 
Tu resulted in the accumulation of immature 107·3 kDa 
FGFR3, while Tg strongly downregulated the expression 
of all FGFR3 variants; RCS-F@F3 cells were found to be 
resistant to Br, as the downregulation of FGFR3 expres-
sion only occurred in cells treated with a near-toxic 

Fig. 1  ER stress impairs FGFR3 maturation and signaling in multiple myeloma cells. A Expression of endogenous FGFR3 in KMS11 cells treated 
with tunicamycin (Tu), brefeldin (Br), thapsigargin (Tg), and bortezomib (Bz), determined by FGFR3 western blot (black arrowhead, mature FGFR3 
at the cell surface; open arrowheads, immature FGFR3). Actin served as a loading control. Black, no ER stress; green, non-toxic ER stress; red, toxic 
ER stress (not determined for Bz). B Surface expression of FGFR3 in KMS11 cells, determined by flow-cytometry with FGFR3-PE antibody on live 
cells. The median intensity values were obtained and normalized to non-treated control. C The ERK MAP kinase phosphorylation (p) in KMS11 cells 
treated with 25–40 ng/ml FGF2 for 30 min. D 293T cells were transfected with human FGFR3, and treated with Tu, Br and Tg for 24 h to induce 
ER stress. E The molecular weight of mature FGFR3 is 128·3 kDa, due to glycosylation of immature, 107·6 kDa FGFR3, as evidenced in 293T cell 
lysates treated with N-glycosidase F (PNGase F). An additional FGFR3 variant (85·8 kDa), corresponding to 853 amino acids of transgenic FGFR3 
is observed after longer exposition of the blot. PNGase F-treated cell lysates were diluted to obtain FGFR3 amounts similar to cells treated 
with 1 µM Tu (actin blot, arrow). F Analyses of cell-surface expression of transfected FGFR3 in live 293T cells by flow-cytometry; data were expressed 
as the relative amount of cell-surface FGFR3 positive cells. G, H Cell-surface expression of transfected FGFR3 by immunocytochemistry on fixed, 
non-permeabilized RCS cells (left two panels), or cells permeabilized by Triton-X100 (dashed line, right panel). The graph shows the relative amounts 
of cells with surface FGFR3 signal. Note the intracellular retention of FGFR3 in RCS cells treated with Tu (arrowheads, versus arrows for cell surface 
FGFR3). DsRed co-transfection was used to track the FGFR3-transfected cells. I, J 293T-FGFR3 cells were treated with APY-29 (agonist of the IRE1α 
endonuclease activity) or KIRA6 (inhibitor of IRE1α kinase activity), and analyzed for FGFR3 expression by western blot. Statistical significances 
were calculated using Student´s t-test (p < 0·05; ** p < 0·01, *** p < 0·001); n.s. – not significant. Bar plots – mean ± S.E. n, number of independent 
experiments

(See figure on next page.)
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Fig. 1  (See legend on previous page.)
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concentration of Br (Fig. S7). Similar to 293T cells, the 
loss of FGFR3 at the cell surface was also due to intra-
cellular retention, as demonstrated by FGFR3 immuno-
cytochemistry of RCS cells treated with Tu (Fig. 1G, H). 
Taken together, we found that ER stress diminished cell 
surface FGFR3 which inhibited the FGF ligand-mediated 
signaling response.

Next, we modulated the activity of individual ER stress 
sensors (IRE1α, PERK and ATF6) by a total of six spe-
cific chemical inhibitors (Fig. S8) and determined the 
effect on FGFR3 biogenesis. APY-29 mimics the UPR by 
inhibiting IRE1α phosphorylation and activating IRE1α 
ribonuclease function [28]. In 293T cells stably express-
ing FGFR3 (293T-FGFR3; Table S2), treatment with APY-
29 resulted in downregulation of FGFR3 from the cell 
surface (Fig.  1I). KIRA6 is another modulator of IRE1α 
which inhibits IRE1α cytoplasmic kinase activity [29]; 
treatment with KIRA6 inhibited the expression of all 
FGFR3 variants (Fig. 1J). Modulation of PERK and ATF6 
activity by both agonists and antagonists had no effect on 
FGFR3 biogenesis (Fig. S9). Our data suggest that FGFR3 
transcript is sensitive to UPR-mediated RNA decay 
(IRE1α endonuclease activity) and that FGFR3 matura-
tion requires IRE1α kinase activity.

ER stress and FGFR1 maturation
We next asked whether ER stress negatively impacted 
the maturation of fibroblast growth factor receptor 
1 (FGFR1) tyrosine kinase with resultant decreased 
signaling through this receptor, again due to its role 
in human diseases. Human osteosarcoma U2OS cells 
stably expressing the BirA-HA-tagged human FGFR1 
(U2OS-FGFR1)[30] were treated with Tu, Br, or Tg for 
24 h to induce short-term ER stress (Figs. 2A, S10A-C). 
Cells were analyzed for FGFR1 expression by western 
blot analyses. The molecular weight of mature, fully gly-
cosylated FGFR1-Bir-HA is approximately 165.5 kDa 
(Fig. 2A, Table S1). ER stress induced by Tu and Br led to 
decreased levels of mature FGFR1 protein with a lesser 
effect induced by Tg. This was confirmed by FGFR1 flow-
cytometry on live cells, which showed a decrease of cell 
surface FGFR1 in cells treated by Tu and Br, but not Tg 
(Fig.  2B). The FGFR1 immunocytochemistry in Tu-
treated cells showed near absence of cell surface FGFR1 
with retention of the receptor in the ER, as evidence by 
immunostaining for ER protein calnexin (Fig. 2C).

Loss of membrane FGFR1 may lead to decreased FGF 
ligand binding on the cell surface. Imaging of cells treated 
with recombinant, Cy3-labeled FGF2 showed decreased 
association of Cy3-FGF2 on the cell surface (Fig.  2D), 
and was further supported by quantification of cell-asso-
ciated FGF2 by western blot which showed significantly 
lower signal in Tu- and Br-treated cells, while Tg had no 

negative impact (Fig. 2E). These data corresponded to the 
level of cell surface FGFR1 expression (Fig. 2B).

ER stress impairs FGFR1, LRP6 and PTH1R maturation 
in osteogenesis imperfecta (OI)
Next, we turned to OI, a heritable skeletal dysplasia char-
acterized by markedly increased bone fragility along 
with other systemic involvement [31]. OI is geneti-
cally heterogeneous, and the genes involved encode the 
type I collagen as well as genes involved in ER process-
ing, maturation and secretion of type I procollagen [32]. 
Extensive ER stress observed in OI osteoblasts is due to 
ER accumulation of misfolded type I collagen due to mis-
sense mutations in COL1A1 and COL1A2 genes [33–35]. 
The Aga2 is an OI mouse model caused by a heterozy-
gous Col1a1 mutation with established ER stress [36, 37]. 
We used Aga2 mice to determine the effects of ER stress 
on the biogenesis of transmembrane receptors impor-
tant for osteoblast function, the low-density lipoprotein 
receptor-related protein 6 (LRP6), FGFR1, and parathy-
roid hormone-1 receptor (PTH1R) [38, 39].

Calvarial bones were dissected from wildtype and Aga2 
mice and subjected to FGFR1, LRP6 and PTH1R western 
blot after removal of suture line tissues (Fig. 3A). FGFR1 
migrated as a 130 kDa mature cell surface variant and 
two immature variants of 108·4 and 91·2 kDa (Fig.  3B) 
(Table S1). FGFR1 was quantified and expressed relative 
to actin or GAPDH (Figs.  3C, S11A). We found down-
regulation of both total FGFR1 (all variants) and cell sur-
face FGFR1 (130 kDa variant) in Aga2-derived calvarial 
osteoblasts. In addition, the proportion of immature 91·2 
kDa FGFR1 variant increased (Figs. 3C, S11A), indicating 
accumulation in the ER. We were unable to distinguish 
between mature and immature LRP6, due to close migra-
tion large 200·9 and 181·7 kDa LRP6 (Fig. 3B). However, 
similar to FGFR1, expression of total LRP6 was downreg-
ulated in Aga2 osteoblasts compared to control animals 
(Figs.  3B, D; S11B). In osteoblasts derived from Aga2 
calvaria, PTH1R migrates as a mature 48·6 kDa variant 
and an immature variant of 45·7 kDa (Fig. 2B). Compared 
to the wildtype osteoblasts, Aga2 osteoblasts showed 
a significant increase in the total amount of (mature 
and immature) PTH1R, while the proportion  of mature 
(cell surface) PTH1R decreased (Fig.  3E). Our findings 
show that key receptors involved in osteoblast function, 
FGFR1, LRP6 and PTH1R, are negatively impacted by ER 
stress in an OI mouse model.

Next, we investigated how ER stress affected FGFR1 
function. Figure  2 shows that ER stress induced by 
Tu and Br resulted in a decrease in mature FGFR1 in 
U2OS-FGFR1 cells, with a lesser effect induced by 
Tg. To determine whether the loss of mature FGFR1 
impaired signaling, cells were treated with FGF2 and 
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analyzed for FGFR1 phosphorylation by western blot. 
Tu and Br reduced FGF2-mediated phosphorylation of 
FGFR1 by more than 60%; no effect was observed when 
treated with Tg (Fig.  3F). This suggests that ER stress 

causes intracellular retention of FGFR1 which inhibits 
the ligand-mediated signaling.

Chronic disorders such as OI produce consistently 
increased levels of ER stress. How does prolonged ER 

Fig. 2  ER stress and FGFR1 maturation. A Short-term ER stress experiments with U2OS-FGFR1 cells. Cells were treated with tunicamycin 
(Tu), brefeldin (Br) or thapsigargin (Tg) for 24 h (black, no ER stress; green, survivable ER stress; survival data in Fig. S10A-C). FGFR1 expression 
was analyzed by western blot (black arrowhead, mature FGFR1 at the cell surface; open arrowheads, immature FGFR1). B Cell surface FGFR1, 
determined by flow-cytometry on live cells. IC50 (mean ± S.E.) was calculated for Tu and Br; no changes in surface FGFR1 were found in cells 
treated with Tg. C Subcellular localization of FGFR1; calnexin immunolabeling indicates the ER. Note the absence of cell-surface FGFR1 (arrows) 
and its accumulation in ER (arrowheads) of cells treated with Tu and Br (scale bar, 10 µm). D Cells were treated with Cy3-labelled FGFR1 ligand 
FGF2, and the cell surface-bound Cy3-FGF2 was visualized by confocal microscopy (arrows). (E) Cells were treated with recombinant FGF2 
(rFGF2), and the cells surface-associated rFGF2 was determined by western blot. FGF2 signal was normalized to ERK expression, and plotted. 
Statistical significances were calculated using Student´s t-test (p<005; **p<0·01, ***p<0·001); n.s. – not significant. Bar plot – mean ± S.E. n, number 
of independent experiments
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stress affect FGFR1 signaling? To investigate this ques-
tion, we established a model of prolonged ER stress in 
which U2OS-FGFR1 cells were treated with Tu for a 
period of 4–5 days (Fig. 3G). Tu was chosen because it 
caused only minimal changes of total FGFR1 expression 
in the 24-h experiments, unlike Br and Tg (Fig. 2A). The 
cells tolerated the chronic ER stress well, as no effect 
of Tu on cell proliferation was observed for up to nine 
days (Fig. S10D-F). FGFR1 flow cytometry on live cells 
showed that treatment with Tu for 4–5 days reduced 
cell surface FGFR1 (Fig. 3H) without significantly alter-
ing the expression of total FGFR1 protein (Fig. 3I, top 
blot). This was reflected in signaling, as FGFR1 phos-
phorylation induced by FGF2 treatment decreased in 
Tu-treated cells, proportional to the downregulation of 
mature FGFR1 from the cell membrane (Fig. 3I, middle 
blot and graph). Our data demonstrate that chronic ER 
stress leads to impaired cell communication via FGFR1.

LRP6 forms complexes with members of the friz-
zled family (FZD) at the cell membrane, together serv-
ing as receptors for extracellular signals transmitted by 
morphogens of the WNT family [40, 41]. To further 
expand on our observation of decreased LRP6 levels in 
Aga2 mice (Fig. 3B, D), we treated 293T cells express-
ing FZD5 or LRP6 with non-toxic Tu, Br and Tg doses. 
This resulted in partial-to-complete loss of the mature 
~ 60 kDa FZD5 and intracellular retention of the imma-
ture variants (Fig. 3J) (Table S1). Similar effects of Tu, 
Br and Tg were observed on maturation of transfected 
LRP6 in 293T cells (Fig.  3J), and endogenous LRP6 in 
SAOS2 and RCS cells (Figs. S12, S13A-E). Loss of LRP6 
and FZD5 from the cell surface during ER stress can 
affect the cell response to WNT ligands. We treated 

SAOS2 cells and RCS with the recombinant WNT 
ligand WNT3A, and determined LRP6 phosphorylation 
at serine 1490, which is a hallmark of activation of the 
WNT pathway [42]. WNT3A-mediated phosphoryla-
tion was abrogated by Tu, Br, and Tg (Figs. 3K; S13F-I).

Activation of WNT signaling increases the transcrip-
tional activity of β-catenin. 293T cells stably transfected 
with the luciferase WNT reporter Super TOPFlash 
(293T-STF) were used to monitor the induction of tran-
scriptional activity of the WNT/β-catenin pathway [43]. 
293T-STF cells were treated with non-toxic doses of Tu, 
Br and Tg for 24 h, followed by a 24-h treatment with 
WNT3A. Significant inhibition of WNT3A-mediated 
TOPFlash transactivation was observed, reaching 89, 59 
and 95% reduction in cells treated with Tu, Br and Tg, 
respectively (Fig.  3L). Our data indicate that matura-
tion of FZD5 and LRP6 is impaired by ER stress and that 
ER stress inhibits WNT3A-mediated activation of the 
WNT/β-catenin signaling.

ER stress impairs ROR1 maturation in chronic lymphoid 
leukemia (CLL)
CLL is caused by a clonal expansion of mature CD5-
expressing B cells due to genetic alterations that regu-
late B cell receptor signaling, DNA damage response, 
RNA processing, cell cycle, and apoptosis [44]. In CLL 
cells, the UPR proteins CHOP and BiP were found con-
stitutively upregulated, indicating the presence of ER 
stress [45]. We collected peripheral blood samples from 
twelve CLL patients (Fig.  4A) and subjected the iso-
lated B lymphocytes to western blot analysis of ER stress 
markers. Compared to control B lymphocytes derived 
from five healthy individuals, CLL cells showed elevated 

Fig. 3  ER stress impairs FGFR1, LRP6 and PTH1R maturation in osteogenesis imperfecta. A The postnatal day 4 (P4) mouse skull with indicated 
calvarias used for sample collection. B Calvaria lysates of P4 wildtype (WT) and Aga2 (OI) mice were immunoblotted for FGFR1, LRP6 and PTH1R; 
actin and GAPDH served as loading controls. Black arrowhead, mature FGFR1 or PTH1R at the cell surface; open and red arrowheads, immature 
FGFR1 or PTH1R variants. C Total, cell surface (black arrow) and ER (red arrow) FGFR1 signal was quantified by densitometry, normalized to actin 
or GAPDH (Fig. S11) and presented as values relative to an average WT. D Total LRP6 expression was downregulated in Aga2 mice. E Total PTH1R 
expression was upregulated, and the portion of cell surface (black arrow) PTH1R was downregulated in Aga2 mice. F U2OS-FGFR1 cells were 
treated with tunicamycin (Tu), brefeldin (Br) or thapsigargin (Tg) for 24 h, stimulated with 100 ng/ml FGF2 for 30 min, and analyzed for FGFR1 
phosphorylation (p) by western blot; total FGFR1 levels and actin served as loading controls. pFGFR1 signal was normalized to total FGFR1, 
and plotted. G Chronic ER stress experiments. Cells were treated with Tu for 4–5 days, and analyzed (survival data in Fig. S10D-F). H Cell surface 
FGFR1 expression in cells treated with Tu, determined by flow-cytometry (no Ab, no FGFR1 antibody). I Cells were treated with Tu for 4–5 days 
before treatment with 100 ng/ml FGF2 for 30 min. pFGFR1 signal was normalized to total FGFR1, and plotted.  J 293T cells were transfected 
with plasmids expressing FZD5 and LRP6 receptors, and treated with Tu, Br and Tg for 24 h (black, no ER stress; green, non-toxic ER stress; red, 
toxic ER stress). Cells were analyzed for expression of given proteins by western blot (black arrowhead, mature receptor at the cell surface; open 
arrowheads, immature receptor isoforms). K SAOS2 cells (Fig. S12) were treated with indicated concentrations of Tu, Br and Tg for 24 h, stimulated 
with WNT3A for 90 min, and immunoblotted for LRP6 phosphorylated (p) at Ser1490. L 293T-STF cells were treated with Tu, Br and Tg, and WNT3A. 
The levels of TOPflash transactivation (fold activation by WNT3A relative to control) were graphed. Statistical significances were calculated using 
Student´s t-test (p < 0·05; ** p < 0·01, *** p < 0·001); n.s. – not significant. Bar plots – mean ± S.E. Scatter plots – individual animals (open circles) 
and mean ± S.E. n, number of independent experiments

(See figure on next page.)
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levels of ATF4, ATF6, HERPUD1, IRE1a, XBP1s, BiP 
and CHOP (Fig.  4B, C). Next, we investigated whether 
the biogenesis of transmembrane receptors is impaired 
in CLL. The receptor tyrosine kinase-like orphan recep-
tor (ROR1) was selected because it is highly expressed 
by CLL cells and represents an important oncogene and 
therapy target [46, 47]. ROR1 was expressed in all CLL 
samples and migrated on the acrylamide gel as a mature 
variant of 122·9 kDa and two immature variants (112·7 

and 108·3 kDa) (Fig.  4B) (Table  S1). This corresponded 
to the three variants of ROR1 (125·3, 199·3, 112·3 kDa) 
detected in Tu-, Br- or Tg-treated 293T cells expressing 
transgenic ROR1 (Fig. 4D). The extent of ER retention of 
ROR1 in CLL cells, including increased expression of the 
immature forms, correlated positively with the ER stress 
marker expression, peripheral blood leukocyte concen-
tration, the absence of IGHV hypermutation (which is 
associated with increased disease progression), and the 

Fig. 3  (See legend on previous page.)
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presence of TP53 mutations (Fig.  4E-G). Increased ER 
retention of ROR1 was also observed in patients who had 
previously undergone therapy.

BiP expression or treatment with TUDCA restore receptor 
maturation and signaling during ER stress
Next, we addressed the question of whether the disrupted 
receptor signaling during ER stress can be restored. 
Treatment of RCS cells with FGF2 resulted in activa-
tion of the ERK pathway; this activation was inhibited by 
treatment with a non-toxic concentration of Tu (Fig. 5A). 
Similarly, the FGF2-mediated phosphorylation of signal-
ing adapters FRS2 and GAB1, which regulate the relay of 
signal from FGFRs to ERK pathway [48] was inhibited by 
ER-stress (Fig. S14). The pKrox24(MapERK)Luc reporter, 
which expresses firefly luciferase [49], was used to moni-
tor the transcriptional activity of the FGF2-mediated 
ERK pathway. In RCS cells stably expressing the pKrox24 
(Table S2), treatment with FGF2 resulted in an approxi-
mately 26-fold increase in pKrox24 transactivation com-
pared to untreated controls (Fig. 5B); this transactivation 
was significantly reduced by Tu. The negative effect of Tu 
on FGF2 signaling was partially restored when cells were 
treated with the recently developed recombinant FGF2-
STAB protein, which exhibits increased thermal stabil-
ity and biological activity [50] (Fig. 5C). Thus, treatment 
with more potent ligand can partially compensate for the 
reduction of cell surface receptors due to ER stress.

Treatment of 293T cells with Tu resulted in a strong 
induction of BiP (Fig. S5B), which functions as an ER-
resident chaperone that is upregulated during the UPR 
[51] (Fig. S1). Expression of BiP together with FGFR3 in 
293T cells rescued the Tu effect on FGFR3 biogenesis, 
as evidenced by a reduction in ER retention of imma-
ture FGFR3 and a corresponding upregulation of FGFR3 
at the cell surface (Fig.  5D); similar data were obtained 
in 293T-FGFR3 cells (Fig. S15A). This suggests that 

supporting the adaptive UPR by elevating the cellular lev-
els of BiP stabilizes cell surface FGFR levels.

Restoration of ER function by pharmacological chaper-
ones can reverse impaired receptor biogenesis and signal-
ing. We developed a cellular assay to screen for molecules 
that restore receptor signaling disrupted by ER stress. 
This consisted of a pKrox24 transcriptional reporter 
linked to DsRed [49], inserted in RCS cells stably express-
ing a weakly activating FGFR3 variant (FGFR3-G380R) 
(Table  S2). Treatment of RCS-FGFR3-G380R:pKrox24-
DsRed cells with FGF2 resulted in DsRed accumulation 
as determined by western blot or fluorescence imaging 
(Fig.  5E, F). Tu downregulated mature FGFR3-G380R 
and inhibited the induction of DsRed by FGF2, moni-
tored by automated microscopy for 24 h. Both cellular 
phenotypes were restored by treatment with taurourso-
deoxycholic acid (TUDCA) (Figs.  5G-I; S15B). TUDCA 
has several proposed mechanisms to reduce ER stress, 
including inhibition of dissociation between BiP and 
PERK, resulting in reduced ER stress-mediated cell death 
and stabilization of the UPR [52]. In U2OS-FGFR1 cells, 
TUDCA restored Tu-mediated loss of FGFR1 cell surface 
expression, as shown by western blot for FGFR1 isoform 
expression (Fig. S15C) and FGFR1 flow cytometry on live 
cells (Fig. 5J, K). The FGFR1 signaling was also restored 
by TUDCA, as shown by the analysis of FGF2-mediated 
FGFR1 phosphorylation (Fig. 5L). These data suggest that 
ER stress alleviation by TUDCA restores transmembrane 
receptor maturation and signaling.

Discussion
In summary, we show that loss of transmembrane 
receptor signaling is associated with ER stress and thus 
impairs the cell’s ability to communicate, further con-
tributing to the pathologies caused by or accompanied 
by ER stress. Our results show that ER stress leads to 

(See figure on next page.)
Fig. 4  ER stress impairs ROR1 maturation in chronic lymphoid leukemia. A CLL patient status at the time when the peripheral blood biopsy 
was taken. Leu, the number of leukocytes per liter. FCR, Fludarabine, cyclophosphamide and rituximab; M, mutated IGHV. Minor M/mM, mutation 
detected in TP53 present with less than 5% variant allele frequency; CK, complex karyotype; Neg., negative. B B cells purified from CLL patients 
and healthy controls were analyzed by western blot for the expression and migration pattern of ROR1 and for the UPR markers PERK, ATF4, ATF6, 
HERPUD1, IRE1α, XBP1s, BiP and CHOP; actin was used as a loading control. Note the various degree of ER accumulation of ROR1 (black arrowhead, 
mature receptor at the cell surface; open arrowheads, immature receptor in the ER), and of ER stress among the CLL patients. C The UPR marker 
expression was analyzed by densitometry, normalized to actin and plotted as a ratio to an average healthy control (red dashed line). D 293T cells 
were transfected with C-terminally V5-tagged human ROR1 and treated with tunicamycin, brefeldin and thapsigargin for 24 h (black, no ER stress; 
green, non-toxic ER stress; red, toxic ER stress). Cells were analyzed for ROR1 expression by western blot (black arrowhead, mature ROR1 at the cell 
surface; open arrowheads, immature ROR1). E The ER ROR1 levels correlate with ER stress levels in CLL. The percentage of ER ROR1 in the 12 
analyzed CLL patients was plotted against UPR expression levels. F The ER ROR1 levels correlate with leukocyte counts in the peripheral blood 
of individuals with CLL. G The ER ROR1 levels correlate with the IGHV and TP53 mutation status, and the prior therapy. Statistical significances 
were calculated using Student´s t-test (p < 0·05; ** p < 0·01, *** p < 0·001); n.s. – not significant. Bar plots – mean ± S.E. Box and whiskers – min–
max 10–90%. Scatter plots – individual patients (open triangles) and linear regression (red line and the r2 and p values). n, number of individuals 
or independent experiments
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Fig. 4  (See legend on previous page.)
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decreased expression of ER trafficked receptors, which 
is due to downregulated receptor synthesis and intracel-
lular receptor retention (Fig. 6). These findings were not 
limited to a single receptor, but affected the receptor 
tyrosine

kinases FGFR1 and FGFR3, the pseudokinase receptor 
ROR1, the WNT signaling pathway receptors LRP6 and 
FZD5, and the parathyroid hormone receptor PTH1R, 
suggesting that ER stress affects a variety of cell com-
munication systems. Why transmembrane receptors are 
sensitive to ER stress may be due to their tight regula-
tion, which prevents uncontrolled activation that under-
lies many abnormal proliferative states. Once activated, 
transmembrane receptors are rapidly internalized. For 
FGFR1, treatment of cells with FGF triggers immediate 
internalization, as most FGF-FGFR1 complexes are local-
ized to early endosomes 5–15 min after stimulation [53–
55]. The endocytosed FGFR1 is degraded by the lysosome 
to suppress signaling, so that two hours after stimulation 
by the ligand, hardly any FGFR1 can be detected in the 
cells [54]. This rapid turnover requires a constant pro-
duction of new receptor molecules. Since the newly pro-
duced receptors constantly traverse the ER-Golgi system, 
their biogenesis is particularly susceptible to ER deterio-
ration compared to other proteins with slower turnover, 
such as components of the ECM. In addition, receptors 
are physiologically expressed at low levels, providing a 
strong barrier against uncontrolled signaling, but also 
placing increased demands on production. Finally, many 
receptors are unstable proteins that are highly dependent 
on chaperones to support their folding and stability [56–
58]. Our demonstration that ER stress affects membrane 
receptor availability has broad physiological significance, 
as demonstrated for multiple myeloma (MM) and FGFR3 
and in osteogenesis imperfecta (OI) for FGFR1 and LRP6.

In MM, ER stress led to downregulation of receptors 
at the cell membrane and impaired signaling, as dem-
onstrated for FGFR3. Induction of ER stress may be an 
effective strategy to reduce the expression of oncogenic 
receptors, as we have shown with bortezomib (Bz). The 
results suggest an alternative mechanism of action of 
bortezomib in MM: induction of ER stress leading to a 
reduction in FGFR3 and ERK signaling at the membrane, 
a known driver of MM pathology. As in MM, induction 
of ER stress may be beneficial in certain cancers, and 
treatments that take advantage of this cellular response 
could be concerned. Conversely, high ER stress is asso-
ciated with many cancers, including blood malignancies 
[2]. Perhaps not surprisingly, high levels of UPR signal-
ing can correlate with poor prognosis [59–64], prob-
ably because previously presented antigens are hidden 
within cells and often misfolded, making it difficult for 
immune cells, monoclonal antibodies, or kinase inhibi-
tors to intervene. This suggests that UPR signaling is not 
only tolerated but even favored by some cancers. Here we 
show that increased ER stress in CLL negatively corre-
lates with ROR1 membrane expression (Fig. 4). The pres-
ence of fully matured ROR1 positively correlated with 
expression of downstream mediators of ROR1 signaling 
Vangl2 and Dvl2 [65] in CLL cells, suggesting that differ-
ent levels of ER stress may regulate ROR1 signaling and 
oncogenic potential. A ROR1 immunotherapy is in devel-
opment [47], but our data suggest that the sensitivity of 
ROR1 to ER stress and its membrane expression may 
influence response. We also found that conventional CLL 
therapy likely increases ER stress, which may contrib-
ute to disease progression by reducing the availability of 
therapeutic targets. This suggests that ER stress therapy 
could restore cell membrane presentation of antigenic 
targets and improve CLL disease outcome.

Fig. 5  BiP and TUDCA restore cell surface receptor levels and signaling during ER stress. A Phosphorylation (p) of ERK MAP kinase in RCS cells 
treated by FGFR3 ligand FGF2. Vinculin and total ERK serve as loading controls. Relative pERK levels were determined and plotted on the right. 
B FGF2-mediated activation of FGFR3 signaling RCS cells, determined by transactivation of pKrox24 transcriptional reporter coupled with firefly 
luciferase; data were expressed as fold induction relative to untreated control. C Inhibition of FGF2-mediated pKrox24 transactivation by Tu 
was partially rescued by treatment with the thermally stable (S) variant of FGF2. D 293T cells were co-transfected with FGFR3 and BiP-Flag, 
treated with tunicamycin (Tu), and analyzed by western blot 24 h later. Percentage of ER (red arrowhead) and surface (black arrowhead) FGFR3 
was obtained by densitometry and plotted. E, F RCS-FGFR3-G380R::pKrox24-DsRed cells were treated with FGF2, and the DsRed induction 
was monitored by western blot (E) or live cell imaging (F; scale bar 50 µm). G Cells were treated with Tu and TUDCA, and analyzed by western blot 
48 h later (H), or treated with FGF2 and monitored by automated microscopy for additional 24 h (I). H TUDCA restored Tu-induced loss of surface 
FGFR3 (black arrowhead, mature FGFR3 at the cell surface; open arrowheads, immature FGFR3 variants). HERPUD1 was used to monitor ER 
stress, vinculin served as loading control (signal quantifications at Fig. S15B). I TUDCA restored Tu-induced loss of FGF2-mediated pKrox24-DsRed 
transactivation, monitored by live cell imaging. J U2OS-FGFR1 cells were treated with Tu and TUDCA for 48 h, and the surface levels of FGFR1 and its 
signaling were monitored by flow-cytometry (K) and western blot (L). K TUDCA restored Tu-mediated loss of surface FGFR1. Note the increase 
of surface FGFR1 produced by TUDCA alone. L TUDCA restored Tu-induced loss of FGF2-mediated FGFR1 phosphorylation (p) (graph, signal 
quantification). BiP was used to monitor ER stress, actin serves as loading control. Statistical significances were calculated using Student´s t-test (p < 
0·05; ** p < 0·01, *** p < 0·001); n.s. – not significant. Bar and line plots – mean ± S.E. n, number of independent experiments

(See figure on next page.)
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Even mild, non-toxic ER stress, which did not affect cell 
proliferation, resulted in a significant downregulation of 
cell surface receptors, as shown in U2OS-FGFR1 cells 
exposed to short-term or prolonged ER stress (Fig. 3F-I). 

The resulting changes in the cell’s response to its extra-
cellular environment are likely to alter cell function and 
need to be considered in studies addressing the mecha-
nisms of cell communication in both physiological and 

Fig. 5  (See legend on previous page.)
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pathological situations. One of the strengths of this study 
is that the insights gained in  vitro on the effects of ER 
stress on receptor maturation and cell surface receptor 
content could also be observed in vivo, as exemplified in 
OI.

Reduced levels of mature membrane receptors were 
detected in the calvarial bone of the Aga2 mouse, an 
established model for OI (Fig.  3A-E). Endogenous 
ER stress induced the downregulation of mature 
FGFR1 and increased the concentration of immature 
intracellular FGFR1. Conditional loss of FGFR1 in 
osteoprogenitors increases proliferation and delays dif-
ferentiation and matrix mineralization, whereas loss 
of FGFR1 in committed osteoblasts promotes corti-
cal mineralization and thickening [39, 66]. Interest-
ingly, low bone mass and high fragility is a hallmark 
of OI, while a specific feature of OI is that the bone 
matrix is abnormally highly mineralized [67, 68]. The 
etiology of this paradox is not known, but our results 

suggest that loss of FGFR1 signaling due to ER stress 
in osteoblasts through the effects on osteoprogenitors 
and then mature osteoblasts may be a factor leading to 
delayed osteoblast differentiation and then increased 
mineralization.

In vitro modeling of ER stress in several cell lines, 
including 293T, RCS and SAOS2, also negatively affected 
the expression levels of the mature WNT receptors FZD5 
and LRP6 (Figs. 3J-L, S13). WNT signaling is an impor-
tant regulatory pathway in osteogenic differentiation 
that promotes bone formation [69], and loss of WNT 
signaling due to mutations in WNT1 or LRP5 leads to 
undermineralized bone disorders, an autosomal recessive 
form of OI, and osteoporosis-pseudoglioma syndrome, 
respectively. In each of these disorders, loss of proper 
WNT signaling contributes to the disease phenotype [70, 
71]. Mouse models of OI showed impaired differentia-
tion of osteoblasts and mesenchymal stem cells, respec-
tively [72, 73]. Similar to altered FGF signaling, loss of 
signaling due to ER stress and decreased availability of 
the mature WNT signaling receptor negatively affects 
osteoblasts and may contribute to osteoblastic dysfunc-
tion in OI. Finally, endogenous ER stress in Aga2 osteo-
blasts increased the total amount of PTH1R protein and 
also immature PTH1R. The role of PTH signaling medi-
ated by PTH1R is complex. Abnormal constitutive PTH/
PTH1R activity increases bone resorption, but intermit-
tent activity has a positive anabolic effect on osteoblasts. 
These effects include increased proliferation and differen-
tiation of osteoblasts, reduction of osteoblast apoptosis, 
and enhancement of the WNT/b-catenin signaling path-
way [74]. Dysregulation of PTH1R expression is likely a 
further contributor to low bone mineral density and pro-
pensity to fracture in OI.

Our research demonstrates the collateral damage of 
ER stress on cellular communication and emphasizes 
the reversibility of the negative impact of ER stress on 
transmembrane receptor levels. We found that impaired 
receptor signaling can be restored by cell treatment with 
designer ligands, such as stabilized FGF2, or pharma-
cological chaperones that reverse ER stress and restore 
receptor biogenesis (Fig.  5). These findings could be 
exploited in disease treatment strategies by either alle-
viating or inducing ER stress to effectively modulate cel-
lular signaling. Finally, while precision medicine often 
addresses the importance of underlying genetic varia-
tion in disease, our findings suggest that while germline 
and somatic mutation are important targets, appreciat-
ing their effect on cellular biology, particularly ER stress, 
needs to be considered for as targeted treatments are 
employed.

Fig. 6  ER stress disrupts signaling via altered processing 
of transmembrane receptors. Transmembrane receptors transition 
through the ER-Golgi system during their biogenesis. When folded, 
modified and matured, the receptors are presented at the cell 
surface, bind their cognate ligands and initiate downstream 
signaling. Deterioration of ER function during ER stress alters receptor 
production, causes improper folding and degradation, or interferes 
with transport causing intracellular receptor accumulation. 
Collectively, these changes lead to loss of signaling-competent 
receptor molecules at the cell surface and impaired communication
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Methods
Cell culture, vectors, transfection and luciferase reporter 
assay
Table  S2 lists the cell lines used in the manuscript. 
Cells were propagated in DMEM (293T, RCS, U2OS), 
RPMI1640 (KMS11, KMS18) or McCoy’s 5a (SAOS2), 
supplemented with 10% or 15% (SAOS2) FBS and anti-
biotics (Invitrogen). RCS-FGFR3-G380R:pKrox24-DsRed 
cells were derived from RCS-FGFR3-G380R cells [75] 
using piggyBac transposase for stable integration of the 
TR01F plasmid [76] where the GFP encoding sequence 
was removed and NF-κB responsive element with Luc2 
gene were replaced by pKrox24(MapErk)DsRed reporter 
[49]. 293T-FGFR3 cells were derived from 293T using 
piggyBac transposase which stably integrated TR01F 
plasmid containing truncated CMV promotor and 
hFGFR3-V5 coding sequence. Recombinant FGF2 and 
WNT3A were obtained from RnD Systems; recombi-
nant FGF2-STAB was from Enantis; recombinant FGF2-
Cy3 was a kind gift from Prof. Lars Klimaschewski 
(Medizinische Universität Innsbruck, Austria). 
TUDCA and KIRA6 were from Sigma; tunicamycin, bre-
feldin A, thapsigargin, bortezomib, sephin 1, PF429242, 
AA147 and APY-29 were from Tocris; GSK2606414 was 
from Merck. Cells were transfected using the FuGENE6 
reagent (Promega), Lipofectamine 2000 (Invitrogen), or 
by electroporation using the Neon Transfection System 
(Invitrogen). Table  S3 lists all vectors used for transfec-
tion. For the luciferase assay, the pKrox24(MapERK)Luc 
firefly luciferase reporter [49] was transfected together 
with the pTK-RL vector (Promega) in 3:1 (µg of DNA) 
ratio into RCS cells, as previously described [77]. Cells 
were stimulated with 5  ng/ml of recombinant FGF2 or 
FGF2-STAB for 24 h, and the luciferase signal was deter-
mined using dual-luciferase assay (Promega). 293T-STF 
cells were analyzed for luciferase activity similar to RCS 
cells.

Western blot, deglycosylation assay and FGF2‑binding 
assay
For western blot, cells were harvested directly into the 
2xLaemmli sample buffer. Cell lysates were resolved by 
SDS-PAGE, transferred onto a PVDF membrane and 
visualized by chemiluminescence (Thermo). Table S4 lists 
the antibodies used for western blots. The pictures were 
taken on a Fusion Solo device (Vilber). Digitally acquired 
overlays of protein ladder migration and luminescent 
signal from at least two exposures of three independent 
experiments were used to determine the molecular mass 
of analyzed receptors (Table  S1), which was calculated 
from polynomic regression equation fitted on the migra-
tion of 10–250 kDa PageRuler Plus Ladder (Thermo). 
Figure S16 shows the position of closest ladder protein 

for each of the analyzed non-receptor proteins when it 
first appeared in the manuscript. Western blot signal 
was quantified in ImageJ. For the FGFR3 deglycosylation 
assay, transfected 293T cells were lysed in RIPA buffer (50 
mM tris–HCl pH 7·4, 150 mM NaCl, 0·5% NP- 40, 0·25% 
sodium deoxycholate, 2 mM EDTA, 1 mM Na3VO4 and 
protease inhibitors (Roche) at 4  °C/30 min, and cleared 
by 13,000 g/4 °C/15 min. Supernatants were mixed with 
0·5U of PNGase F (Roche), incubated at 37 °C/6 h and 
mixed with 5xLaemmli. For FGF2 binding, the U2OS 
cells were incubated with ice cold 2%BSA/PBS containing 
100 ng/ml FGF2 on ice for 30´, incubated at 37 °C for 30´, 
washed twice and lysed. Boiled cell lysates were resolved 
by SDS-PAGE, transferred onto a PVDF membrane and 
visualized by chemiluminescence (Thermo).

Immunocytochemistry, live‑cell imaging 
and flow‑cytometry
For immunocytochemistry, cells were fixed in paraform-
aldehyde and permeabilization by 0·1% Triton-X100/PBS 
was used. Images were taken on a Carl Zeiss LSM700 
laser scanning microscope with acquisition using the 
ZEN Black 2012 software. DsRed fluorescence was 
determined by automated microscopy (Nikon BioSta-
tion). Phase contrast and fluorescence signal images were 
automatically acquired every hour during a 24 h period. 
Signal was normalized to cell amounts in each image 
acquired from phase contrast. For flow cytometry, pel-
leted cells were incubated with the antibodies diluted in 
wash buffer (10%FBS/PBS) on ice/30 min, washed and 
the fluorescence was detected using BD FACS Aria II; the 
analysis was done in FlowJo (BD Life Sciences). Table S4 
lists antibodies used for immunocytochemistry and flow 
cytometry.

Human B lymphocytes
Peripheral blood samples were obtained from CLL 
patients during routine testing at the University Hospi-
tal Brno Czech Republic. CLL cells were separated using 
immunodensity negative selection (RosetteSep™ Human 
B Cell Enrichment Cocktail, RosetteSep™ Human CD3 
Depletion Cocktail; STEMCELLS Technologies). The 
purity was 95–99%, as determined by flow-cytometry. 
Similarly, the B-lymphocytes were separated from buffy 
coats obtained from healthy volunteers, with 80–92% 
purity. For all samples, written informed consent 
approved by the Ethical Committee of University Hos-
pital Brno was given in accordance with the Declaration 
of Helsinki. For western blot analysis, the cells were lysed 
in RIPA buffer, cleared by centrifugation, and mixed with 
5xLaemmli sample buffer.
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Animal experiments
Aga2+/- animals were maintained in a C57BL/6 back-
ground [36]. TheAga2+/-  colony was maintained 
through mutant alleles only passed through males. 
Both male and female animals were studied. All animal 
studies were terminated at P4 and euthanasia was per-
formed via isoflourane inhalation and cervical disloca-
tion according to AALAC protocols. Calvarial lysates 
were extracted from dissected P4 calvaria with suture 
line tissues removed and flash frozen in liquid nitrogen. 
Cells were extracted from frozen calvarial tissues via 
mortal and pestle and lysed in RIPA buffer (Millipore) 
supplemented with Halt Protease and Phosphatase 
Inhibitor (Thermo). The concentrations of a total 22 (12 
wildtype and 10 Aga2) calvaria lysates were determined 
using the Pierce BCA Protein Assay Kit (Thermo). Sam-
ples were subjected to SDS-PAGE electrophoresis on 
4–20% gradient gels (BioRad). Chemiluminescent and 
colorimetric images were taken on a ChemiDoc Touch 
Imaging System (BioRad).

Statistical analyses and adjustment of microphotographs
All experiments were performed at least in triplicates 
unless stated otherwise. The n values express the actual 
number of independent biological experiments, and are 
stated in each figure panel. In the bar and line graphs, 
data are presented as mean ± S.E. The scatter plots 
show individual animals or patients. The min-max in 
the box and whisker plots are defined by 10th-90th per-
centiles. Two-tailed Student´s t-test was used for statis-
tical evaluation of differences. Brightness and contrast 
were adjusted in microphotographs, homogenously 
throughout each panel.

Data sharing
All data generated or analyzed in the study are available 
from the corresponding authors on reasonable request.
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