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Bone morphogenetic proteins (BMPs) belong to the trans-
forming growth factor-β superfamily of extracellular 

signaling proteins and play crucial roles in embryonic devel-
opment, adult tissue homeostasis, and in the pathogenesis of 
a variety of diseases.1 The highly conserved BMP signaling 
pathway comprises the BMP ligands, 2 types of receptors 
(type I: ALK1, 2, 3, and 6 and type II: BMPR2, ACTR2A, and 
ACTR2B), and signal transducers, the Smad proteins. Once 
activated, the receptor complex phosphorylates the carboxy 
terminus of the receptor-regulated Smad proteins, Smad1, 5, 
and 8. Activated receptor-regulated Smad proteins interact 
with the common partner Smad, Smad4, and translocate to the 
nucleus, where the Smad complex directly binds defined DNA 
sequences and regulates target gene expression.2

BMPs were reported to promote survival of human pul-
monary arterial endothelial cells (ECs) and circulating endo-
thelial progenitor cells isolated from normal subjects. This 
antiapoptotic effect induced by the BMP signaling pathway 
on vascular EC is, in part, because of the decrease in cas-
pase-3 activity.3

CRYAB is a soluble cytoplasmic protein and a member 
of the small heat shock protein (sHSP) family. CRYAB was 
identified initially as an abundant structural eye lens protein 
but seemed later to be expressed in the heart, skeletal mus-
cle, central nervous system, kidney, and lung of mice.4 It is 
induced by heat shock, proinflammatory cytokines, and oxida-
tive stress and plays a role in cellular growth, migration, dif-
ferentiation, and development.5–7 CRYAB has chaperone-like 
properties, binds to both desmin and cytoplasmic actin, and 
helps to maintain cytoskeletal integrity.8 As in the case of other 
chaperones and sHSPs, CRYAB can bind to unfolded proteins 
and can prevent their denaturation and aggregation.9 CRYAB 
has been shown to protect cells against apoptosis induced by 
different factors, such as DNA-damaging agents, tumor necro-
sis factor-α, tumor-necrosis-factor related apoptosis inducing 
ligand, hydrogen peroxide, etc.10–12 CRYAB is known to protect 
vascular EC from apoptosis, in part, by binding to caspase-3 
and blocking its autoproteolytic maturation.10,13,14 CRYAB is 
also considered as an oncogenic protein, by protecting cancer 
cells against apoptosis induced by chemotherapeutic agents, 
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Objective—To investigate the role of bone morphogenetic proteins (BMPs) on α-B-crystallin (CRYAB) expression and its 
physiological consequences on endothelial cells (ECs).

Approach and Results—We report that the gene encoding for the small heat shock protein, CRYAB, is a transcriptional 
target of the BMP signaling pathway. We demonstrate that CRYAB expression is upregulated strongly by BMPs in an 
EC line and in human lung microvascular ECs and human umbilical vein ECs. We show that BMP signals through the 
BMPR2-ALK1 pathway to upregulate CRYAB expression through a transcriptional indirect mechanism involving Id1. We 
observed that the known antiapoptotic effect of the BMPs is, in part, because of the upregulation of CRYAB expression in 
EC. We also show that cryab is downregulated in vivo, in a mouse model of pulmonary arterial hypertension induced by 
chronic hypoxia where the BMP pathway is downregulated.

Conclusions—We demonstrate a cross-talk between BMPs and CRYAB and a major effect of this regulatory interaction on 
resistance to apoptosis.   (Arterioscler Thromb Vasc Biol. 2013;33:2577-2584.)
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by interacting with proapoptotic proteins, or inhibiting cas-
pase-3 activation.10,12,15 In cardiomyocytes, it was shown that 
CRYAB silencing promoted cell death after exposure to H

2
O

2
, 

and that CRYAB has a protective role against apoptosis, by 
a mechanism involving translocation of CRYAB into mito-
chondria and by interacting with different proteins, including 
voltage-dependent anion channels and caspase-3.16

Here, we show that BMPs induce CRYAB expression by a 
transcriptional, indirect molecular mechanism, which requires 
the BMPR2 and ALK1 receptors and the transcription factor 
Id1. BMPs protect EC from serum starvation and hypoxia-
induced apoptosis and the protecting effect is, in part, because 
of a strong upregulation of the antiapoptotic protein CRYAB. 
cryab is downregulated in the lung of a mouse model of pul-
monary hypertension induced by hypoxia, a condition in 
which the BMP signaling pathway has decreased activity.

Materials and Methods
Materials and Methods are available in the online-only Supplement.

Results
BMPs Upregulate CRYAB in 
Human Microvascular ECs
Microarray RNA profiling experiments were performed to 
identify BMP target genes in human microvascular EC-1 
(HMEC-1) stimulated for 7 or 24 hours by 10 ng/mL of 
BMP4. Among the modulated genes, including ID1, ID2, 
and ID3, which were markedly upregulated (data not shown), 
we observed a strong upregulation of CRYAB expression by 
BMP4 at both 7 and 24 hours of stimulation.

We confirmed, by real-time polymerase chain reaction 
(PCR), the upregulation of CRYAB expression in HMEC-1 
treated by 10 ng/mL of BMP4 for 24, 48, and 72 hours 
(4.3±4.1, 8.6±0.7, and 7.5±1, respectively; Figure 1A). 
CRYAB mRNA was also increased by other members of the 
BMP growth factors family, BMP7 (fold increase at 4.8±0.9 
at 24 hours, 4.8±1.8 at 48 hours, and 3.4±0.06 at 72 hours) 
and BMP9 (fold increase at 86.5±6.3 at 24 hours, 25.1±0.8 
at 48 hours, and 15.1±1.5 at 72 hours), similar to BMP4 
(Figure 1A). In human lung microvascular ECs (HLMEC), 
BMP7 and BMP9 increased CRYAB expression, whereas 
BMP4 had no effect on CRYAB expression (Figure I in the 
online-only Data Supplement). BMP9 also induced CRYAB 
expression in human umbilical vein ECs (HUVEC; Figure 
I in the online-only Data Supplement). By Western blot, 
we observed that CRYAB levels were increased strongly in 
HMEC-1 treated with BMP4, BMP7, and BMP9 compared 
with control cells (Figure 1B).

CRYAB Induction by BMPs Is 
Transcriptional Indirect
To characterize the molecular mechanism involved in the 
BMP-induced CRYAB upregulation, we inhibited DNA 
transcription or mRNA translation by pretreating cells with 
actinomycin D or cycloheximide, respectively, before BMP 
stimulation. When protein translation was stopped by cyclo-
heximide, CRYAB expression was not upregulated in response 
to BMP (Figure 2A), showing that this regulation depends 
on the induction of the expression of a protein and is there-
fore indirect. Blocking mRNA transcription by actinomycin 
D treatment also abolished the induction of CRYAB expres-
sion by BMP (Figure 2A), showing that this regulation 
depends on mRNA transcription. However, this actinomycin 
D experiment does not differentiate between CRYAB mRNA 
transcription and the transcription of an intermediate protein 
mRNA. To directly study the transcription of CRYAB mRNA, 
we analyzed the transcriptional level of the CRYAB gene by 
measuring its pre-mRNA expression by real-time PCR using 
primers that hybridize to intronic sequences of the gene and, 
therefore, specifically recognize pre-mRNA. After 5 hours of 

Nonstandard Abbreviations and Acronyms

BMP bone morphogenetic protein

EC endothelial cell

HLMEC human lung microvascular EC

HMEC human microvascular EC

HUVEC human umbilical vein EC

sHSP small heat shock protein
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Figure 1. Bone morphogenetic proteins (BMPs) 
upregulate CRYAB in human microvascular endo-
thelial cell-1 (HMEC-1). Serum-restricted HMEC-1 
was stimulated with 10 ng/mL of BMP4, BMP7, 
or BMP9 for 24, 48, or 72 hours. A, Expression of 
CRYAB was quantified by real-time reverse tran-
scription polymerase chain reaction analysis. The 
relative CRYAB mRNA level was normalized to 
RPL32 mRNA level and expressed as a fold change 
relative to untreated cells. Results are mean±SD 
values of 3 independent experiments. *P<0.05, 
**P<0.01, and ***P<0.001 relative to untreated cells. 
B, Immunoblotting for CRYAB. Blot was reprobed 
for β-actin to control for differences in protein 
loading.
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BMP treatment, pre-mRNA levels were strongly induced by 
BMP4 or BMP7 stimulation (6.5±2- and 6.1±1-fold respec-
tively; Figure 2B). These data show that CRYAB is induced 
at the transcriptional level by BMPs. Altogether, these results 
indicate that CRYAB induction by BMPs is dependent on a 
transcriptional indirect mechanism and does require de novo 
synthesis of proteins.

CRYAB Upregulation by BMPs Is Mediated 
by the BMPR2–ALK1–Id1 Pathway
We knocked down the expression of BMPR2 using a 
BMPR2-targeting siRNA (Figure II in the online-only Data 
Supplement). CRYAB upregulation at the mRNA level by 
BMPs was nearly abolished in HMEC-1 transfected with 
BMPR2-directed siRNA compared with those transfected 
with nonspecific siRNA (19.4±8.9% of control siRNA value) 
(Figure 3A), demonstrating that the upregulation of CRYAB 
expression by BMPs is mediated by BMPR2. We also investi-
gated the involvement of type 1 receptors, ALK1 and ALK3, 
using specific targeting siRNAs. BMP upregulation of CRYAB 
mRNA was nearly completely abolished in HMEC-1 trans-
fected with ALK1-directed siRNA (24±10.5% of control 

siRNA value) compared with those transfected with non-
specific siRNA (Figure 3A). In contrast, inhibiting ALK3 by 
siRNA did not significantly decrease CRYAB mRNA upregu-
lation (Figure 3A). Altogether, these results demonstrate that 
the upregulation of CRYAB expression by BMPs is mediated 
by BMPR2 and ALK1, but not by ALK3. ALK6 was not tested 
because it is not expressed in EC (data not shown).

The main intracellular signaling pathway activated by BMPs 
is the Smad pathway. We observed an induction of Smad 1/5/8 
phosphorylation after BMP treatment of HMEC-1 in a time-
dependent manner concomitantly with BMP-induced CRYAB 
expression (Figure III in the online-only Data Supplement). 
We tested the implication of the transcription factors Id1, Id2, 
and Id3, which are strongly induced by BMPs. After silenc-
ing these mRNA targets using specific siRNAs (Figure II 
in the online-only Data Supplement), we observed that ID1 
expression knockdown reduces CRYAB mRNA induction in 
HMEC-1 by 55±14%, whereas ID2 and ID3 knockdown did 
not modify significantly this induction (Figure 3B). These 
data corroborate the actinomycin D and cycloheximide exper-
iments, which suggested the transcription and translation of 
an inducer factor.

Role of CRYAB in the Antiapoptotic Effect 
of BMPs on Serum-Starved HLMEC
To determine whether the upregulation of CRYAB mRNA by 
BMPs plays a role in the antiapoptotic effect induced by BMPs 
on serum-starved HLMEC, we inhibited CRYAB expression 
using a specific siRNA targeting CRYAB mRNA (Figure II in 
the online-only Data Supplement). In cells transfected with 
a nonspecific siRNA, we observed an antiapoptotic effect of 
BMP7 in serum-free conditions. This effect was abolished in 
cells whose CRYAB expression is knocked down by a specific 
siRNA (Figure 4A). This observation was confirmed by flow 
cytometry because the percentage of annexin V–positive cells 
is higher when CRYAB-targeting siRNA is transfected in cells 
treated with BMP7 (6.9±2.2% in siCT-transfected cells ver-
sus 13.5±4.52% in siCRYAB-transfected cells) and BMP9 
(7.2±2.4% in siCT-transfected cells versus 13.7±4.7% in 
siCRYAB-transfected cells) compared with cells transfected 
with a control siRNA (Figure 4B and 4C).

These results suggest that BMPs protect EC from apoptosis, 
in part, by upregulating the antiapoptotic factor CRYAB.

Role of BMP and CRYAB in Hypoxia-
Induced Apoptosis in HUVEC
To corroborate results obtained on HLMEC by serum-starva-
tion–induced apoptosis, we used hypoxia as another inducer of 
apoptosis in EC. HUVEC were cultured in hypoxic conditions 
(1% O

2
). Apoptosis was measured by Hoechst 33342 staining 

to quantify condensed pyknotic nuclei in apoptotic cells. In 
hypoxic conditions, BMP9 induced a significant decrease of 
apoptotic cells in the presence of a control siRNA (41±7%; 
Figure 5). This antiapoptotic effect of BMP9 was no more 
detectable in cells transfected with a siRNA targeted on the 
CRYAB mRNA. Therefore, these results confirm in a different 
model of apoptosis (hypoxia-induced apoptosis) that CRYAB 
participates in the antiapoptotic effects of BMPs in EC.

A

B

Figure 2. CRYAB induction by bone morphogenetic proteins 
(BMPs) is transcriptional indirect. A, Serum-restricted human 
microvascular endothelial cell-1 (HMEC-1) was pretreated or 
not with cycloheximide (CHX) or actinomycin D (ActD) for 15 
minutes before being stimulated with BMP4, BMP7, or BMP9 
(10 ng/mL) for 5 hours. CRYAB expression was quantified 
by real-time reverse transcription polymerase chain reaction 
(PCR) analysis. The relative CRYAB mRNA level was normal-
ized to RPL32 levels and expressed as a fold change relative to 
untreated cells. Results are mean±SD values of 4 independent 
experiments. *P<0.05 relative to untreated cells. B, Serum-
restricted HMEC-1 was treated with 10 ng/mL of BMP4 or 
BMP7 for 5 hours. Nuclear RNAs were isolated and analyzed 
by real-time PCR using primers that hybridize to intron 1 and 
exon 2 allowing only the detection of the CRYAB pre-mRNA. 
CRYAB pre-mRNA expression was normalized to GAPDH mRNA 
expression and expressed as a fold change relative to untreated 
cells. Results are mean±SD values of 3 independent experi-
ments. *P<0.05 relative to untreated cells.
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Decreased BMP Activity Correlates With the 
Downregulation of CRYAB Expression In Vivo
BMP signaling is known to be altered in pulmonary hyper-
tension. Thus, we studied the BMP signaling pathway and 
cryab expression in the mouse hypoxia model of pulmonary 
arterial hypertension (PAH). Mice were exposed to chronic 
hypoxia for 35 days leading to the development of pulmonary 
hypertension as assessed by hemodynamic parameter mea-
surements (Figure IV in the online-only Data Supplement). 
In this model, a significant reduction of bmpr2 expression in 
mouse lung was observed (Figure 6A). In these conditions, 
we also observed a decrease of Smad 1/5/8 phosphorylation 
compared with control conditions (Figure 6C and 6D). These 
results confirmed that the BMP signaling pathway is down-
regulated in the mouse hypoxia model of PAH in our experi-
mental conditions.

We observed a significant downregulation of the cryab 
mRNA and protein in the lung of animals exposed to chronic 
hypoxia compared with those exposed to normal oxygen con-
ditions (Figure 6B, 6C, and 6D). These results show that cryab 
expression is downregulated in vivo during chronic hypoxia, 
and this downregulation correlates with the decreased BMP 
signaling pathway activity.

We analyzed the expression of cryab in the mouse lung 
by immunofluorescence staining. The expression of cryab 
in EC of small vessels was shown by double staining with 
antibodies against the EC-specific Von Willebrandt factor and 
CRYAB (Figure 6E). We observed that cryab is expressed in 

the mouse lung in various types of cells but at different lev-
els. In the lung parenchyma, the highest levels of expression 
are observed in EC, in smooth muscle cells (from vessels and 
airways) and in bronchiolar epithelial cells (Figure 6E; Figure 
VI in the online-only Data Supplement). We confirmed the 
specificity of the CRYAB antibody by performing a paral-
lel hybridization in similar conditions on mouse kidney. The 
results show specific expression of cryab in kidney vessels in 
EC and smooth muscle cells (Figure VII in the online-only 
Data Supplement).

Discussion
We demonstrate in this study a cross-talk between the BMP 
pathway and the sHSP family regulation, namely the strong 
induction of the CRYAB gene transcription and expression by 
BMPs. Experiments in vitro favor an indirect mechanism of 
transcription induction by BMPs because a protein biosyn-
thesis is required, as shown by cycloheximide experiments. 
Therefore, a transcription factor upregulated by BMPs is likely 
to be involved, and our results confirm this conclusion because 
Id1 knockdown strongly, but not totally, inhibits the induc-
tion. The absence of total inhibition could be because of either 
incomplete mRNA knockdown by siRNAs or the involvement 
of other intermediate transcription factors. Knockdown exper-
iments of intracellular intermediates of BMP signaling show 
that BMPR2 and ALK1 are required for the induction.

We initially identified the CRYAB transcriptional upregula-
tion by BMPs in an EC line (HMEC-1), and this result was 

A

B

Figure 3. CRYAB upregulation by bone morphogenetic proteins (BMPs) in human microvascular endothelial cell-1 (HMEC-1) is mediated 
by BMPR2 via the SMAD pathway. HMEC-1 was transfected with siRNA. After transfection, cells were starved overnight and treated or 
not with BMP9 (10 ng/mL) for 24 hours. Expression of CRYAB was quantified by real-time reverse transcription polymerase chain reac-
tion analysis. The relative CRYAB mRNA level was normalized to RPL32 levels and expressed as a fold change relative to untreated cells 
transfected with siCT or 2xsi CT. A, HMEC-1 was transfected with a nonspecific siRNA (control siRNA [siCT], 50 nmol/L or 2xsi CT, 100 
nmol/L), or with siRNA specifically targeting alk1, alk3, or BMPR2 (siAlk1, siAlk3, or siBMPR2, respectively, 50 nmol/L), or alk1 and alk3 
combined (siAlk1+siAlk3, 50 nmol/L each). Results are mean±SD values of 4 independent experiments. *P<0.05 relative untreated cells 
transfected with siCT or 2xsi CT. B, HMEC-1 was transfected with a nonspecific siRNA (siCT), or with siRNA specifically targeting Id1, 
Id2, or Id3 (siId1, siId2, or siId3). Results are mean±SD values of 4 independent experiments. ***P<0.001 relative to BMP9-treated cells 
transfected with siCT.
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extended to HLMEC, and HUVEC, 2 types of human primary 
culture of EC from different origins. However, we found some 
contrasted effects between BMPs in these cell types because 
BMP4, which induces CRYAB in HMEC-1, is not efficient in 

HLMEC, and BMP9 is clearly the most active inducer in all 
cell types.

We evaluated the physiological effect of BMPs in EC tak-
ing into account the known physiological effect of CRYAB. 
Indeed, CRYAB is a sHSP known to inhibit apoptosis through 
inhibition of caspase-3 activation. Because BMPs are known 
to inhibit apoptosis in EC,3 an effect which contrasts with the 
documented proapoptotic effects of BMPs during embryogen-
esis17 and also in adult vascular smooth muscle cells,18,19 we 
searched for a specific effect of BMPs on EC apoptosis through 
CRYAB. We observed a strong apoptotic effect induced by 
serum deprivation of HLMEC, and this effect was antago-
nized by BMP7 and BMP9 as attested by the lower percentage 
of annexin V–positive cells measured by flow cytometry after 
treatment with these peptides. This effect is dependent on the 
induction of CRYAB expression as the knockdown of CRYAB 
expression resulted in a nearly complete loss of the BMP anti-
apoptotic effect. We confirmed these results using hypoxia 
as a stress for inducing apoptosis in HUVEC. In this model, 
BMP9 also significantly decreased apoptosis, an effect sup-
pressed by inhibiting CRYAB expression. To eliminate an indi-
rect effect mediated by VEGF, we measured VEGF mRNA 
induction by BMP9 in HMEC-1, and we did not observe any 
induction (Figure V in the online-only Data Supplement).

Figure 5. Knockdown of CRYAB expression prevents the inhi-
bition by bone morphogenetic protein 9 (BMP9) of hypoxia-
induced endothelial cell apoptosis. Human umbilical vein 
endothelial cells were transfected with 50 nmol/L of siCT or 
sicryab, and treated or not with BMP9 (10 ng/mL). After 24 hours, 
cells were submitted to 24 hours of hypoxia (1% O2) followed by 
labeling with Hoechst 33342. The nuclear chromatin morphologi-
cal changes of apoptotic cells were analyzed, and the proportion 
of apoptotic nuclei was counted by fluorescent microscopy. 
Results are mean±SD of 4 independent experiments. **P<0.01 
relative to cells transfected with siCT, but not treated with BMP9.

A B

C

Figure 4. Knockdown of CRYAB expression prevents the inhibition by bone morphogenetic protein (BMP) of serum-depletion–induced 
endothelial cell apoptosis. Human lung microvascular endothelial cells were transfected with a nonspecific siRNA (siCT) or a CRYAB-
specific siRNA (siCRYAB). After transfection, cells were cultured in normal conditions (fetal calf serum [FCS]), in serum-free medium (SF), 
and in serum-free medium with 200 ng/mL BMP7 or BMP9 for 24 hours. A, Apoptosis levels were assessed by colorimetric ELISA mea-
suring histone-associated DNA fragments in the cytoplasmic fraction of cell lysates. Results are expressed as a fold change relative to 
cells transfected with siCT and cultured in FCS. Results represent mean±SD of 3 independent experiments. *P<0.05 relative to untreated 
cells cultured in SF medium transfected with siCT (B). C, Cells were labeled with annexin V-fluorescein isothyocyanate (FITC) and prop-
idium iodide (PI), and apoptosis was assessed by flow cytometry. C, Representative scatter plots of PI (y axis) vs annexin V-FITC (x axis). 
Absence of both markers (lower left quadrants) indicates viable cells; PI-positive alone (upper left quadrants) indicates cellular necrosis, 
whereas annexin V staining alone or together with PI (upper right and lower right quadrants) is indicative of early and late-stage apop-
tosis, respectively. B, Graph showing the quantification of annexin V–positive cells. Results are expressed as the percentage of annexin 
V–positive cells (PI+ and PI−). Results are mean±SD of 6 independent experiments. *P<0.05 vs serum-free siCT-transfected cells and 
§P<0.05 siCT-transfected cells treated with BMP7 and BMP9 vs siCRYAB-transfected cells treated with BMP7 or BMP9.
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We looked for a correlation between the activation status 
of the BMP signaling pathway and bmpr2 expression in pul-
monary tissues by investigating the expression and regula-
tion of bmpr2 in the mouse hypoxia model of PAH. In this 
model, we observed a downregulation of the BMP pathway, as 
shown by the pSmad1/5/8 decrease after chronic exposure to 
hypoxia, confirming previously published results.20–22 In this 
experimental condition, bmpr2 is also decreased in the mouse 
lung as measured by RNA expression and by Western blot. 
The expression of CRYAB was detected in pulmonary EC, but 
also localized in other cell types. Therefore, these results show 

that, in vivo, a BMP signaling decrease is associated with a 
decrease in bmpr2 expression, which is consistent with the 
BMP-induced CRYAB regulation found in cultured HMEC-1, 
HLMEC, and HUVEC.

A few hereditary vascular diseases result from decreased 
BMP signaling and are linked to genetic mutations abrogating 
a single allele function of a gene belonging to the BMP path-
way.23 Hereditary hemorrhagic telangiectasia is mainly caused 
by ALK1 (ACVRL1), Endoglin, and SMAD4 genes muta-
tions,24 and heritable PAH is linked to BMPR2 mutations but 
can also complicate ACVRL1-linked hereditary hemorrhagic 

A B

β-

C D

*

E

Figure 6. CRYAB expression in mouse lung exposed to normoxia or hypoxia. Total RNAs were isolated from lungs of mice exposed to 
normoxia or hypoxia (10% O2) for 35 days, and mRNA levels were quantified by real-time reverse transcription polymerase chain reaction 
analysis. Results are mean±SD values of 5 animals per group. A, BMPR2 expression was normalized to RPL13a levels and expressed 
as a fold change relative to normoxia. *P<0.05 relative to normoxic group. B, CRYAB expression was normalized to RPL13a levels and 
expressed as a fold change relative to normoxia. *P<0.05 relative to normoxic group. C, Immunoblotting of pSmad1/5/8 protein extracted 
from the lung of mice exposed to normoxia or hypoxia. All blots were reprobed with β-actin to correct for protein loading. D, Graph 
showing densitometry of immunoblots of CRYAB and pSMAD1/5/8. Band intensities were normalized to the β-actin blots. Results are 
represented as fold change relative to normoxia. Results are mean±SD values of 5 animals per group. *P<0.05 relative to normoxia. 
E, Immunofluorescence analysis of (a) endothelial cells (visualized by Von Willebrandt factor [VWF], green); (b) CRYAB expression (red) 
in normal mouse lung; (c) 4′,6-diamidino-2-phenylindole nucleus staining; and (d) merged images. Expression of CRYAB in endothelial 
cells of small lung vessels is indicated by arrows. Scale bar, 20 µm.
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telangiectasia.25 These 4 genes are receptors or coreceptors 
for the BMP ligands or intermediate signaling molecules. The 
cross-talk identified in our study between BMP and CRYAB 
might be of importance for understanding the physiopathology 
of these diseases because under stress conditions, a deficient 
BMP signaling might result in increased endothelial apopto-
sis, at least in part because of decreased CRYAB expression. It 
has been proposed that, after a stress to pulmonary EC in the 
lung, the selection of EC resistant to apoptosis and subsequent 
vascular smooth muscle cell proliferation could explain the 
remodeling observed in PAH.26

The cross-talk between BMP and CRYAB could have 
implication beyond resistance to apoptosis because CRYAB 
has wide physiological functions as sHSP. Indeed, CRYAB is 
known to be involved in resistance to oxidative stress induced 
by high glucose concentration in EC and to prevent apoptosis 
in mouse neonatal cardiomyocytes exposed to H

2
O

2
.14,16 BMP7 

was reported recently to protect mesangial cells from oxida-
tive stress, and it can be speculated that it might be through 
CRYAB induction.27

The BMP-CRYAB cross-talk might also be of importance 
for the abnormal angiogenesis observed when the BMP sig-
naling pathway is decreased by an ACVRL1 or Endoglin 
inactivating mutation such as in hereditary hemorrhagic 
telangiectasia because angiogenesis is a balance between 
vascular cell apoptosis and proliferation.28 BMP signaling 
plays a major role on the balance between endothelial tip 
cells, present at the tip of growing capillaries, and stalk cells, 
which have a proliferative behavior, form tubes and vessel 
branching.29 Cryab null mice present with decreased retinal 
vessel density and subtle defects in vascular pattern morpho-
genesis.30 After experimental retinopathy, cryab null mice 
show greater EC apoptosis, reduced neovascular tufts in the 
retina, and vessel leakage.30 CRYAB also stabilizes vascular 
endothelial growth factor and favors neovascularization in 
retinopathies.30 Taken together, these results and ours sug-
gest that CRYAB might be one of the BMP targets whose 
decreased expression can lead to the abnormal angiogenesis 
observed in hereditary hemorrhagic telangiectasia. We, and 
others, previously showed a strong inhibition by BMP9 of 
Apelin gene expression, encoding a peptide highly expressed 
in endothelial tip cells, which binds to its receptor present 
on stalk cells, where it promotes cell proliferation and ves-
sel branching through mTOR signaling.29,31 Therefore, the 
expected increase in apelin expression when BMP signaling 
is decreased might contribute synergistically with CRYAB 
decrease to the abnormal angiogenesis observed in mutation 
carriers of the BMP pathway genes.

In conclusion, we have detected a molecular link between 
the BMP signaling pathway and a chaperone protein act-
ing in different cell processes, in particular, in resistance to 
apoptosis, and this relationship might play a major role in the 
physiopathology of vascular diseases linked to BMP signaling 
deficiency.
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We show the strong induction of CRYAB, a chaperone protein which is a small heat shock protein, by bone morphogenetic proteins. This 
induction is transcriptional indirect and is dependent on BMPR2, ALK1, and the transcription factor Id1. We show that, in vitro, bone mor-
phogenetic protein inhibits endothelial cell apoptosis induced by serum starvation and by hypoxia, and that this inhibition is dependent on 
CRYAB induction. We also show in the mouse hypoxia model a decrease in the bone morphogenetic protein pathway activity and a decrease 
in CRYAB expression. We speculate that the CRYAB decrease observed in this model can favor initial apoptosis and secondary endothelial 
cell proliferation.
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