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Abstract
Background and Purpose—Mutations in the Programmed Cell Death 10 (PDCD10) gene cause
autosomal dominant familial cerebral cavernous malformations (CCM3). To date, little is known
about the function of this gene and its role in disease pathogenesis.

Methods—We examined the effects of overexpression of wild type and two human disease-causing
variants of PDCD10 on cell death using three different methods (TUNEL and MTT assays and
caspase-3 activation). We analyzed expression of CCM3, activated caspase-3 and p38 in endothelial
cell lines using the serum-deprivation model of apoptosis induction. Finally, we assayed the effects
of siRNA-mediated inhibition of endogenous PDCD10 expression on cell death in endothelial cell
cultures.

Results—Over-expression of wild-type CCM3, but not disease-linked mutant forms, induced
apoptosis as confirmed by TUNEL and increased levels of activated caspase-3. Serum starvation of
endothelial cells, an inducer of apoptosis, led to increased expression of CCM3 and activation of p38
and ultimately, activated caspase-3. siRNA-mediated inhibition of CCM3 expression resulted in
decreased levels of p38 and activated caspase-3, and decreased cell death.

Conclusions—CCM3 is both necessary and sufficient to induce apoptosis in vitro in well-defined
cell culture systems. Even though it is currently unclear whether this effect on apoptosis is direct or
indirect through modulation of cell cycle, these results lead to the novel hypothesis that CCM lesions
may form as a consequence of aberrant apoptosis, potentially altering the balance between the
endothelium and neural cells within the neurovascular unit.
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Introduction
Cerebral cavernous malformations (CCM) are vascular lesions affecting almost exclusively
the central nervous system (CNS) and the retina1. Grossly, they are a collection of enlarged
sinusoidal vascular channels almost resembling a raspberry1. Ultrastructurally, these channels
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are lined by a single layer of endothelium, lack normal vessel wall elements such as smooth
muscle and are devoid of intervening normal CNS parenchyma2, 3. These lesions can occur
sporadically, or as a familial form due to mutations in three different transcripts, CCM1, 2, or
3: Krev1 Interaction Trapped 1 (KRIT1), MGC4607 or malcavernin, and Programmed Cell
Death 10 or PDCD10, respectively 4-14. Overall, mutations in these 3 genes account for
approximately 96% of familial cases 15. Despite the identification and characterization of these
three CCM genes, several questions regarding this complex disorder remain unanswered. These
include a sophisticated understanding of the function of the CCM genes and how mutations
lead to formation of lesions that almost exclusively affect the CNS and are focal in nature. It
has been suggested that the CCM lesions may be the consequence of hemorrhage-induced
proliferation, a process by which abnormal vascular beds cause reactive angiogenesis with new
vessel formation and coalescence 16, but mechanistic insight into lesion formation is lacking.

Recent molecular biological studies on the CCM1 and 2 proteins shed some light into their
functions. CCM1 was shown to bind to microtubules in vitro 17-19 and interact individually
with Krev1/Rap1a 19-21, ICAP1a 22, 23, β-catenin 21 and CCM2 24 in various in vitro
systems. CCM2 binds CCM1 and MEKK3 in a ternary complex and acts as a scaffolding
protein signaling through p38 following extracellular stimulation 24, 25. p38 pathway is known
to be important in diverse physiological processes ranging from proliferation to differentiation
to apoptosis 26. More recently, CCM3 was shown to be a part of this complex in vitro 18, 27,
28.

Despite this recent progress, little is known about the biological functions of the CCM3 protein.
It was first identified through a screen of genes expressed during the induction of apoptosis in
a premyeloid cell line 11. Recent evidence suggests that CCM3 binds to and is phosphorylated
by serine/threonine kinase 25 (STK25) and is dephosphorylated by binding to the phosphatase
domain of Fas-associated phosphatase-127.

Based upon these limited data, we sought to investigate the biological function of CCM3 and
specifically focused on its potential involvement in apoptotic pathways. We modulated CCM3
expression using cell culture based assays in vitro and examined its effects on cell death. Our
results indicate that CCM3 has a pro-apoptotic function in the cell culture models tested and
lead to the novel hypothesis that CCM lesions potentially form as a result of aberrant apoptosis
in the vasculature within the neurovascular unit.

Methods
Cell Culture

HeLa cells were plated in high glucose DMEM supplemented with 10% FBS, 1% penicillin/
streptomycin and 1% L-glutamine. Primary human umbilical vascular endothelial cells
(HUVECs) were obtained from the Vascular Biology and Transplantation Program at Yale
University (New Haven, CT). HUVECs were grown in M199 medium with 20% fetal bovine
serum (FBS) and 1% endothelial cell growth supplement (ECGS), on gelatin-coated (0.1%)
plates (J.T. Baker Inc.). Cells used in this study were obtained between passages 3 and 6. For
serum starvation assays, HUVECs were seeded on 0.1% gelatin coated culture slides and after
48 hours of attachment in standard media, cells were washed in 0.2% FBS medium, followed
by an additional 24 hour incubation in 0.2% FBS.

Expression Vector Construction
A PCR-amplified human PDCD10/CCM3 (hCCM3) cDNA fragment was subcloned into XhoI
and HindIII sites of the pEGFP-C3 vector (Clontech) or a pRFP-C3 vector containing
monomeric red fluorescent protein, resulting in a C-terminal GFP- or RFP-tagged CCM3,

Chen et al. Page 2

Stroke. Author manuscript; available in PMC 2010 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



respectively. Both expression constructs are indistinguishable in terms of transfection
efficiency and cytotoxicity in HeLa cells (data not shown). Expression plasmids carrying two
human disease causing PDCD10/CCM3 point mutations (c.283C>T and c.192delA) 12 were
generated from the pEGFP-C3-hCCM3 plasmid using a standard mutagenesis kit (Stratagene,
CA). All constructs were verified by direct sequencing.

Transfections
HeLa cells were seeded (1×105) in six-well plates. The pEGFP-C3-hCCM3 or pRFP-C3-
CCM3 and pEGFP-C3 or pRFP-C3 (empty) plasmids were transfected into the cell lines using
with lipofectAMINE 2000 (Invitrogen Corp., CA, USA) according to the manufacturer’s
protocols. After overnight incubation at 37°C to ensure attachment, the cells were transfected
with one of the previously mentioned plasmids encoding either the GFP-tagged wild-type
hCCM3, hCCM3 with a point mutation (c.283C>T), or a single base-pair deletion (c.192delA).

Western Blotting
Cells were harvested and total protein from the cells was extracted in a lysis buffer (50mM
HEPES, pH:7.4, 150mM NaCl, 10% glycerol, 1 %Triton X-100, 1.5mM MgCl2-6H20, 1mM
EGTA, 100mM NaF, 10mM sodium pyrophosphate and protease inhibitors, 1mM Na3V04,
10mg/ml leupeptin, 10mg/ml aprotinin and 4mM PMSF). Cell lysates were centrifuged to
collect supernatant, and equal amounts of protein, 50 μg/lane, (Bio-Rad protein assay system;
Bio-Rad Laboratories, Hercules, CA) were separated with 10% or 4-20% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (Bio-Rad Laboratories, CA) and transferred onto a
PVDF membrane (Bio-Rad Laboratories, CA). The membranes were incubated with primary
antibodies: anti-cleaved caspase-3 (Cell Signaling Technology, Inc., Danvers, MA), anti-
phospho-p38 or anti-p38 (Cell Signaling Technology), anti-GAPDH (Santa Cruz, CA), or anti-
GFP (Sigma Aldrich, MO) followed by the appropriate fluorescence-conjugated
(immunohistochemistry) or HRP-conjugated (Western blot) secondary antibodies.

Apoptosis Assays
Cells were permeabilized with 0.1% Triton X-100 in 0.1% sodium citrate for 2 minutes on ice
and the terminal deoxynucleotidyl transferase-mediated dUTP nick end-labeling (TUNEL)
reaction mixture (In Situ Cell Death Detection Kit, TMR-red, Roche) was applied for 1 hour
at 37°C. Cell counts were performed at 10 different fields in 5 separate transfection
experiments.

Cell Viability Assays (MTT)
Cell viability was measured using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium
(MTT) assay. Briefly, 72 hours following transfection, MTT was added to each well at a final
concentration of 0.5mg/ml for 4 hrs; the cells were subsequently lysed in dimethyl sulfoxide
(DMSO) and the amount of MTT formazan was quantified by determining the absorbance at
550 nm, using a microplate reader. Cell viability is expressed as a percentage of the control
culture value (GFP plasmid transfection group).

PDCD10 siRNA Inhibition
HUVECs were seeded on 6-well plates (5×104 cells/well). After attachment overnight, cells
were washed in PBS, and transfected with three sets of PDCD10 Stealth™ select siRNAs (25
base pair) (Unigene ID: Hs.478150), following the manufacturer’s protocol (Invitrogen
Corporation, California). As control siRNA, stealth RNAi negative control (Invitrogen) was
used. After 72 hours of incubation, HUVECs were washed and exposed to low serum (0.2%
FBS). At different time points, HUVECs were harvested for Western blotting. The membranes
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were incubated with the following antibodies: anti-phospho-p38 (Cell Signaling Technology),
anti-CCM3 29, or anti-GAPDH (Santa Cruz).

To quantify cell death occurring in the cultures, terminal deoxynucleotidyltransferase-
mediated UTP end labeling (TUNEL) analysis was performed as above. The percentage of
apoptotic cells was calculated from the positively labeled cells in each field (400x) from at
least 5 fields for each group.

Statistical Analyses
Data are presented as means ± SE of absolute values or percent of control and were analyzed
using either Student’s t-test (Figs. 1 and 2) or one-way ANOVA (Figs. 3-5). We initially
performed a global ANOVA test to check for significance and if proven, proceeded with pair-
wise comparisons to examine which groups were significantly different than the baseline.
Bonferroni correction was applied to correct for multiple testing unless specified otherwise
and p<0.05 was considered significant. The global ANOVA p-values and Bonferroni corrected
p-values for pair-wise ANOVA tests are reported.

Results
CCM3 Induces Apoptosis in HeLa Cells

We analyzed the effects of CCM3 overexpression in cell culture by transfecting HeLa cells
with the expression plasmid pEGFP-C3-hCCM3 (referred as GFP-CCM3 henceforth). GFP-
CCM3 (wild type) overexpression resulted in increased levels of apoptosis compared to vector
alone (Figure 1). A significantly larger proportion of apoptotic cells with fragmented nuclei
was observed in the population of GFP-positive (and, therefore, CCM3 expressing) cells
transfected with GFP-CCM3 compared to those from control transfections with empty vector
(Figure 1b). Protein expression of GFP and GFP-CCM3 was confirmed by immunoblotting
with anti-GFP (Figure 1c).

We then investigated whether CCM3-mediated cell death is associated with caspase-3
activation. Caspase-3 has previously been established as a terminal executioner of the apoptotic
cell death pathway 30. Activated caspase-3 was detected in apoptotic cells with fragmented/
condensed nuclei expressing CCM3 (Figure 2). These data indicate that CCM3 overexpression
in HeLa cells results in caspase-3 activation and cell death.

Disease-causing Mutated CCM3 Fails to Induce Apoptosis
We had previously reported four novel disease-causing PDCD10/CCM3 mutations in CCM
families 12. We introduced two of these point mutations (c.283C>T [M1], c.192delA [M2])
into the GFP-CCM3 expression vector. Both mutations lead to production of truncated proteins
(Figure 3a). We tested the effects of overexpression of mutated forms of CCM3 in HeLa cells.
As expected, overexpression of wild type CCM3 resulted in increased cleaved caspase-3 levels,
while overexpression of either mutant form of CCM3 (c.283C>T, c.192delA) had no effect on
cleaved caspase-3 expression (Figure 3b). In addition, overexpression of either CCM3 mutant
resulted in reduced cell loss by the MTT assay compared to wild type CCM3 (Figure 3c),
further suggesting that mutant forms of CCM3 fail to induce apoptosis.

Serum-deprivation of Endothelial Cells Results in Increased CCM3 Levels
Expanding upon a previously established assay for the induction of apoptosis in endothelial
cells 30, we cultured human umbilical vein endothelial cells (HUVEC) in low-serum media.
Serum-deprived HUVECs demonstrated an increase in cleaved caspase-3 protein levels by
Western blotting after 3 hours as expected (Figure 4a). Interestingly, CCM3 expression
increased upon serum-deprivation starting at approximately 30 minutes, prior to the increase
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in cleaved caspase-3 levels (Figure 4b). Following serum starvation, re-incubation of cells in
normal media (20% FBS) allows for cell recovery and restores (reduces) CCM3 expression to
normal levels (Figure 4c). In order to establish the mechanism of this increase in CCM3
expression, we incubated the cells with different concentrations of actinomycin D, a
transcription inhibitor. Actinomycin D treatment inhibits CCM3 expression confirming that
serum starvation causes an increase in CCM3 through transcriptional control (Figure 4d).

Because of previous evidence that the CCM1/2 complex signals through p38 24, 25 combined
with the possibility that CCM1, 2, and 3 may all interact 18, 27, 28, and signal through either
the same or parallel pathways, we hypothesized that CCM3 might also signal through p38.
Consistent with this hypothesis, serum deprivation that results in an increase in CCM3 levels
also resulted in a bimodal increase in activated phosphorylated p38 (p-p38) and activated
caspase-3 levels. Although the levels of p-p38 increase dramatically almost immediately upon
serum withdrawal, this early peak may not be related to increased CCM3 expression, as it is
occurs early after challenge, and before CCM3 levels significantly change at about 1hour
following serum starvation (Figure 4e).

In summary, serum deprivation of endothelial cells results in increases in CCM3 and
phosphorylated p38 protein levels followed by caspase-3 activation.

siRNA Inhibition of CCM3 Expression Reduces Endothelial Cell Apoptosis during Serum
Deprivation

Using the same serum-starvation model, we then reduced CCM3 protein levels with siRNAs
as described in Methods. HUVECs treated with CCM3 siRNA demonstrated decreased levels
of cell death, as shown by the TUNEL assay (Figure 5a,b). We then evaluated whether the
reduction of cell death correlated with reduction of caspase-3 activation. Serum-starved
HUVECs also demonstrated decreased activated caspase-3 levels after treatment with CCM3
siRNA (Figure 5c). This decrease in CCM3 and activated caspase-3 levels correlates with
decreased p38 activation after CCM3 siRNA transfection compared to cells treated with siRNA
controls (stealth RNAi negative control) (Figure 5d).

Discussion
Because CCM lesions in all three inherited forms of the disease are clinically and pathologically
nearly identical, we had hypothesized over 10 years ago that genes causing familial cavernous
malformations CCM1, 2 and 3 (KRIT1, MGC4607, and PDCD10, respectively) all participate
in a common or parallel pathways 7, 12, 31, and thus disruption of signaling would lead to
similar disease manifestations. To test this hypothesis, we previously investigated the
expression patterns of CCM1, 2, and 3 and showed that these proteins spatially and temporally
show similar expression patterns 29, 31-33. These proteins are specifically expressed
throughout the endothelium in many tissues and organs and within the neurovascular unit of
the CNS that consists of astrocytes, neurons and vascular endothelium 29, 31-33. Consistent
with this observation, recent data from yeast and mammalian systems demonstrate that CCM1,
2, and 3 physically interact 18, 24, 27, 28, confirming findings in zebrafish which demonstrate
that CCM1 and 2 act in a common pathway 34 with ccm1 and ccm2 mutants displaying
comparable vascular defects35. Similarly, in vivo studies in the mouse based on Ccm1 and 2
knockout models have revealed their non-redundant, vital roles in angiogenesis 36, 37 but
failed to reveal any breakthrough insights into their function.

On the other hand, multiple levels of in vitro evidence suggest that the CCM genes might play
a role in a variety of biological processes linking extracellular signals, including adhesion
(through β1 integrin 22, 23 or β-catenin 21 interactions) or stress (including osmo- or mechano-
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stress ) to various biological responses, including changes in morphology and proliferation
38. In this manuscript, we present data that link CCM signaling to apoptotic pathways.

Indeed, in vitro work has shown that the CCM1 protein, KRIT1, binds to microtubules 17,
18 in a folded state 19. Both Rap1a and integrin cytoplasmic domain associated protein 1 alpha
(ICAP1α) can disrupt KRIT1’s association with microtubules localizing it to endothelial cell
—cell junctions 19, 21. Interestingly, only ICAP1α appears to be able to unfold KRIT1 19.
After localization to the cell membrane through its FERM domain, KRIT1 binds to β-catenin
and plays a role in stabilizing adherens junctions and regulates endothelial permeability 21.
Through its NPXY domains, KRIT1 also binds CCM2 24, potentially recruiting CCM2 to these
junctions. CCM2 (Malcavernin) has been identified as a human paralog of the mouse
osmosensing scaffold protein for MEKK3 (OSM), which, after binding with CCM1 and
potentially this complex, might participate in the p38 mitogen-activated protein kinase (p38
MAPK) stress signaling pathway 24, 25. More recent evidence suggests that CCM3, at least
in certain biological states, might be part of this complex 18, 27, 28. Furthermore, upon
activation of this complex, CCM1 shuttles from the cytoplasm and the cell membrane into the
nucleus and therefore might interact with other nuclear molecules, including transcription
factors, which might influence basic cellular functions such as proliferation and apoptosis
39. Consistent with this hypothesis is the observation in C. elegans, in which kri-1, a CCM1
ortholog, interacts with DAF-16, a transcription factor, such that mutations in kri-1 lead to an
increase in life span 40.

Based on these observations, we investigated the biological functions of CCM3 using over-
expression or siRNA mediated inhibition of CCM3 expression. Previously published studies
showed CCM3 to be a part of a cohort of proteins up-regulated upon growth factor deprivation
and apoptosis induction in the TF-1 premyeloid cell line 11 as well as in a fibroblast cell line
41. Based on these data which suggested that CCM3 might play a role in apoptosis signaling,
we initially focused our attention at understanding the capacity of CCM3 to induce apoptosis
in the absence of exogenous pro-apoptotic stimuli. Over expression of CCM3 in HeLa cells
was in fact sufficient to induce increased levels of cell death as evidenced by both nuclei
morphology as well as caspase-3 activation, a well established common end pathway protein
in apoptosis 30, 42, 43. This increase in apoptosis and activated caspase-3 levels was abrogated
when cells were transfected with biologically inactive forms of CCM3, identified as mutations
causing CCM in patients with the familial form of the disease 12.

We then focused on whether CCM3 was induced in the presence of pro-apoptotic stimuli. With
the induction of serum starvation in HUVECs, CCM3 levels increased concomitantly with
increased levels of activated caspase-3 and p38. Interestingly, this increase in percentage of
apoptotic cells and activated caspase-3 and p38 expression levels was diminished when
endogenous CCM3 was blocked by siRNA, suggesting that CCM3 might be necessary for
induction of apoptosis in this in vitro model. Furthermore, although HUVECs represent a well-
characterized model of endothelial cell responses in culture, it is always possible that in the
context of the organism, endothelial cells behave differently. Thus, in vivo experiments are
needed to extend and confirm these findings. In addition, even though some of the molecules
involved in CCM signaling are known 18, many remain anonymous. Identification of these
molecules along with in vivo experiments are needed to dissect the biological role of CCM
signaling. Our results demonstrating CCM3 to be both necessary and sufficient for programmed
cell death in vitro in cell culture models provide a novel insight into this complex
pathophysiology.

The effects of CCM3 on apoptosis could be direct or indirect through cell cycle modulation.
Previous evidence in the literature suggests that interference with cell cycle progression can
lead to apoptosis 44. If true, CCM signaling can affect both proliferation 38 and apoptosis in
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a cell type dependent manner, potentially explaining observed effects of CCM3 on these
biological processes. Further work will be needed to answer these questions. Our results,
however, lead to the novel hypothesis of attenuated apoptosis affecting endothelial cells within
the neurovascular unit as a molecular mechanism underlying cavernous malformations. If
proven to be true in vivo, this might lead to a mechanistic understanding of the role of apoptosis
and cell cycle control in CCM pathophysiology, potentially having significant implications in
designing new therapies.

Conclusions
CCM3 is both necessary and sufficient to induce apoptosis in vitro in well-defined cell culture
systems. These results lead to a novel hypothesis that CCM lesions may form due to aberrant
apoptosis, potentially altering the balance between the endothelium and neural cells within the
neurovascular unit. Even though it is currently unclear whether this effect on apoptosis is direct
or indirect through modulation of cell cycle, the current data provide a testable hypothesis
about CCM lesion development and has potentially important implications for a mechanistic
understanding of CCM pathophysiology.
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Figure 1. CCM3 overexpression induces apoptosis in HeLa cells
a. HeLa cells were transfected with vector alone or GFP-CCM3 constructs (see Methods). 50
hours (hrs) after transfection, cells were fixed, and nuclei stained with DAPI (blue). Arrows
point to the GFP-CCM3-positive cells (green) with condensed or fragmented apoptotic nuclei.
Scale bar = 20 μm.
b. GFP-positive cells were quantified for apoptosis by scoring apoptotic nuclear morphology
as in (a). The percentage of GFP-positive cells with apoptotic nuclei was represented as mean
± SEM from three and four independent experiments for the 25 and 50 hour (hr) time point,
respectively (left panel). *P < 0.002, significant difference from GFP-transfected cells; #P
<10-3, significant difference from GFP-transfected cells (by Student’s t-test).
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c. Protein expression of GFP and GFP-CCM3 25 hrs after transfection was confirmed by
immunoblotting with anti-GFP. Anti-β-actin was used as loading control (bottom panel).
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Figure 2. CCM3 activates caspase-3 in HeLa cells
a. HeLa cells were transfected with vector alone or RFP-CCM3 construct. 40 hrs after
transfection, cells were fixed and immunostained with FITC-conjugated anti-active caspase-3
(green), and nuclei were labeled with DAPI (blue). Arrows point to RFP-CCM3-positive cells
(red) that are immunoreactive for active caspase-3. Arrowheads represent transfected cells that
are not active caspase-3 immunoreactive. Scale bar = 20 μm.
b. RFP-positive cells were assessed for caspase-3 activation by scoring active caspase-3-
immunoreactivity as indicated in (a). Histogram represents mean ±SEM from three
independent experiments for the 25 hr and 40 hr time point, respectively. *P < 10-3, significant
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difference from RFP-transfected cells; #P <10-3, significant difference from RFP-transfected
cells (by Student’s t-test).
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Figure 3. Mutant CCM3 fails to induce cell death in HeLa cells
Transient transfections in HeLa cells with the following expression plasmids: N=
untransfected; V= vector alone; CCM3= wild type GFP-CCM3 construct; M1 = GFP-CCM3
construct harboring the 283C>T mutation; M2 = GFP-CCM3 construct harboring the 192delA
mutation.
a. Western blotting for anti-GFP demonstrates transfection efficiency. HeLa cells were
transiently transfected, cell lysates were prepared and immunoblotted with an antibody against
GFP. The anti-CCM3 antibody 29 is downstream to the mutated sequences and thus fails to
recognize the truncated protein.
b. Transfection with wild type CCM3 increases cleaved caspase 3 expression levels, while
transfection with either mutated CCM3 construct has no effect on cleaved caspase 3 expression.
*P < 0.05 compared with untransfected group (n = 3).
c. Transfections with mutated CCM3 fail to elicit significant cell loss in comparison with wild
type CCM3. Cell viability was measured using the MTT assay (see Methods) and is graphed
as a percentage of the control culture value (GFP vector alone transfection group) as quantified
by determining the absorbance of cell cultures at 550 nm. *P < 0.05 vs. GFP plasmid
transfection group (n = 3).
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Figure 4. Serum-deprivation of endothelial cells results in increased CCM3, activated caspase 3
and p38 levels
a. Serum-deprived HUVECs demonstrate an increase in cleaved caspase 3 levels starting at 3
hrs post serum withdrawal (global ANOVA P<10-3). At different time points following serum
withdrawal, cells lysates were prepared, and the cleaved caspase 3 levels were detected with
Western blotting. Graphed densitometric analysis of cleaved caspase 3 is normalized to
GAPDH. *corrected P < 0.05 compared with the group in 20% FBS at 0 hour (n = 3).
b. CCM3 expression increases upon serum-deprivation starting at approximately 30 minutes,
preceding the increase in cleaved caspase-3 levels as above (global ANOVA P <10-5). * pair-
wise corrected P < 0.01 compared with the group at 0 hour (n = 3).
c. Addition of 20% FBS to the cell cultures reduces the increase of CCM3 expression elicited
by serum deprivation. Cells were cultured under 0.2% FBS for 1 hour, then exposed to 20%
FBS or remained in 0.2% FBS, as described in the Figure. The graphed densitometric analysis
of cleaved caspase 3 is normalized to GAPDH as demonstrated by the Western blot on top.
*P < 0.05 compared between the 0.2% FBS treated group and the 20% FBS-treated group at
8 and 24 hour time points (n = 3).
d. Actinomycin D treatment of serum-deprived HUVECs prevents the increase in CCM3
protein levels, indicating that serum deprivation causes an increase in CCM3 transcription.
HUVECs were incubated with various concentrations of actinomycin D, a transcription
inhibitor, for 4 hours in 20% FBS, then exposed to 0.2% FBS still containing various
concentrations of actinomycin D; cell lysates were prepared after 1 hour, and CCM3 levels
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were investigated with Western blotting. *corrected P < 0.01 compared with the group at 0
hour (n = 3).
e. Serum deprivation results in increase in phosphorylation of p38, again preceding the increase
in cleaved caspase 3 levels [see a.] (global ANOVA P <10-5). p38 phosphorylation increases
dramatically upon serum starvation at 5 minutes, followed by a second peak beginning at 3
hours post serum withdrawal. *corrected P < 0.05 compared with non-0.2% FBS-treated group
at 0 hour (n = 3).
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Figure 5. siRNA inhibition of CCM3 expression in endothelial cells results in decreased cell death,
p38, and cleaved caspase-3 expression
a. Serum-deprived HUVECs treated with CCM3 siRNA show decreased cell death.
Representative images (20x original magnification) at the 3-hour time point are shown for
untransfected HUVECs (no siRNA group, left panel) or those transfected either with control
siRNA (middle panel) or CCM3 siRNA (right panel). All groups were subjected to serum
deprivation (see Methods) and cell death was analyzed at various time points by TUNEL assay.
TUNEL-positive cells (green) are scarce in the sample treated with CCM3 siRNA (right panel)
compared to those untreated (left panel) or treated with control siRNA (middle panel).
b. The percentage of apoptotic cells was calculated from TUNEL positive cells in each field
(400x) and in at least 5 fields for each group (global ANOVA P <10-3 in both control groups
across all time points and within the 3 hour group). *corrected P < 0.05 compared with the
equivalent groups prior to serum deprivation (0 hour) (n = 3).
c. Serum-deprived HUVECs show decreased cleaved caspase 3 levels after treatment with
CCM3 siRNA (global ANOVA P < 10-3 in both control groups across two time points).
HUVECs were transfected with control siRNA or CCM3 siRNA, then were cultured under
serum deprivation conditions (0.2% FBS). Cells lysates were prepared at various time points
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and cleaved caspase 3 levels were analyzed using Western blotting. Serum deprivation results
in increase of cleaved caspase 3 in both the no siRNA and control siRNA treated groups, but
not in the CCM3 siRNA-treated group. *corrected P < 0.05 compared with the equivalent
groups prior to serum deprivation (0 hour) (n = 3).
d. HUVECs treated with CCM3 siRNA demonstrate decreased p38 activation (global ANOVA
P < 10-3 in p-p38/p38 and CCM3/GSDPH groups across 2 time points). Similar to the procedure
in [c], serum deprivation results in increase of p38 activation and CCM3 protein levels in the
no siRNA- and control siRNA-treated groups, but not in the CCM3 siRNA-treated group.
*corrected P < 0.05 compared with the equivalent groups at each time point (n = 3).
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