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Programmed cell death 5 (PDCD5) has been associated with human
cancers as a regulator of cell death; however, the role of PDCD5 in the
endothelium has not been revealed. Thus, we investigated whether
PDCD5 regulates protein kinase B (PKB/AKT)-endothelial nitric oxide
synthase (eNOS)-dependent signal transduction in the endothelium
and affects atherosclerosis. Endothelial-specific PDCD5 knockout mice
showed significantly reduced vascular remodeling compared with
wild-type (WT) mice after partial carotid ligation. WT PDCD5 compet-
itively inhibited interaction between histone deacetylase 3 (HDAC3)
and AKT, but PDCD5'"®, an HDAC3-binding-deficient mutant, did not.
Knockdown of PDCD5 accelerated HDAC3-AKT interaction, AKT and
eNOS phosphorylation, and nitric oxide (NO) production in human
umbilical vein endothelial cells. Moreover, we found that serum
PDCD5 levels reflect endothelial NO production and are correlated
with diabetes mellitus, high-density lipoprotein cholesterol, and cor-
onary calcium in human samples obtained from the cardiovascular
high-risk cohort. Therefore, we conclude that PDCDS5 is associated
with endothelial dysfunction and may be a novel therapeutic target
in atherosclerosis.
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Vascular endothelial cells (ECs) line blood vessels and have a
critical role in vascular homeostasis. Although the endo-
thelium is a simple monolayer, it regulates various vessel prop-
erties such as integrity, tone, and immune cell recruitment (1).
Nitric oxide (NO) is a potent vasodilator synthesized from L-
arginine by NO synthase in ECs. NO regulates the vascular tone
and blood flow by inhibiting vascular smooth muscle contraction.
Dysfunctional endothelium with reduced NO levels stimulates
the proliferation and migration of vascular smooth muscle cells
(VSMCs). In addition, reduced NO levels promote atheroscle-
rosis by increasing endothelial permeability, platelet aggregation,
leukocyte adhesion, and cytokine generation (2).

Programmed cell death 5 (PDCDS5) has a major role in cellular
apoptosis. PDCDS is expressed ubiquitously in various human
tissues and has highly conserved sequences among species (3). It
can dissociate the p53-Mdm?2 interaction and activate the p53-
dependent apoptotic pathway (4). PDCDS5 can also accelerate
the paraptosis (5) and autophagy (6, 7) pathways. Decreased
PDCDS expression is correlated with poor prognosis in various
human cancers (8-10). Endothelial PDCDS5 is up-regulated in
the ischemic zone during cerebral ischemic/reperfusion injury
(11), suggesting that enrichment of PDCD5 might affect endo-
thelial integrity. A few studies have reported that PDCDS protein
is present in human serum and is increased in some autoimmune
and inflammatory diseases (12, 13). The role of PDCDS in the
endothelium and the correlation between serum PDCD5 and
atherosclerosis remain unclear, however.

Histone deacetylase 3 (HDAC3), a class I HDAC, can remove
acetyl groups from lysine residues of histone and nonhistone
proteins. It is a component of transcriptional repression complexes
and presents mainly in the nucleus (14). A lack of HDACS3 leads
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to loss of heterochromatin and an increase in DNA double-strand
breaks, which affects proliferation (15). HDACS3 is also present in
the cytoplasm via a CRM1-mediated pathway and in the plasma
membrane via a CRM1-independent pathway, suggesting that
dynamic localization is a key regulator of HDAC3 function (14,
16). HDACS3 is an important factor in endothelial integrity and
regulates protein kinase B (PKB/AKT) phosphorylation and
activity (17).

In this study, in vivo analysis of endothelial-specific PDCD5
knockout (PDCD5cKO) mice demonstrated that PDCDS is an
essential factor for the progression of neointima hyperplasia. In
vitro analysis demonstrated that PDCDS inhibits AKT- endo-
thelial nitric oxide synthase (eNOS) signaling by dissociating the
HDAC3-AKT interaction, resulting in decreased NO produc-
tion. We found that serum PDCDS5 in human participants was
significantly correlated with diabetes mellitus, coronary calcium
burden, and high-density lipoprotein (HDL) cholesterol levels,
which are markers of endothelial dysfunction. Taken together,
our results strongly suggest that PDCDS5 plays a significant role in
endothelial dysfunction and could be a novel diagnostic marker
and therapeutic target in atherosclerosis.

Significance

Programmed cell death 5 (PDCD5) plays a pivotal role in cellular
apoptosis. Pathological relevance of PDCD5 is mostly found in
human cancers; however, the role of PDCD5 in noncancerous
diseases is not fully elucidated. Here we show that mice with
endothelial PDCD5 deficiency have elevated serum nitric oxide
levels and an atheroprotective effect in blood vessels. In addi-
tion, PDCD5 disrupts the HDAC3-protein kinase B (PKB/AKT)
interaction and inhibits AKT-eNOS signaling and nitric oxide
production in vivo and in vitro. Moreover, serum PDCD5 reflects
vascular endothelial status, which is significantly correlated with
cardiovascular risk. Our results demonstrate a mechanism of
endothelial homeostasis and provide a potential therapeutic
target for improving endothelial function.
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Results

PDCD5 Plays a Crucial Role in Atherosclerosis Progression. To deter-
mine endothelial-specific Tie2-Cre activity, we detected fluorescence
changes in cryosections of endothelium from carotid arteries of
ROSA™™C and Tie2-Cre/ROSA™ ™ mice (SI Appendix, Fig.
S1A). Semiquantitative RT-PCR revealed that significantly lower
intimal Pdcd5 mRNA levels in PDCD5cKO mice compared with
wild-type (WT) mice. In contrast, Pdcd5 mRNA levels in the
media and adventitia showed no significant difference between
PDCD5cKO and WT mice. Platelet endothelial cell adhesion
molecule-1 (Pecam-1), the marker for endothelium, was present
in the intima but not in the media and adventitia. In contrast,
a-smooth muscle actin (Sma), the marker for smooth muscle
cells, was not present in the intima. Quantitative RT-PCR
showed that Pdcd5 mRNA was rarely present in the intima of
PDCD5cKO mice (SI Appendix, Fig. S1B). Body weight and
electrocardiography findings were not different between the WT
and PDCD5cKO mice (SI Appendix, Fig. S1 C and D). Fur-
thermore, we did not find structural abnormalities, and the
fluorescence intensities of PECAM-1-stained endothelium were
not different between WT and PDCD5¢cKO lung, heart, or liver
(81 Appendix, Fig. S2 A and B).

We adapted a partial carotid ligation model to evaluate the role of
PDCDS5 in endothelial dysfunction (18, 19). At 6 wk after left carotid
partial ligation and initiation of a Paigen diet, neointima forma-
tion and luminal narrowing were significantly reduced in the
PDCD5cKO mice (Fig. 1C). DAB (3,3'-diaminobenzidine) immu-
nohistochemistry with SMA antibody showed significantly pro-
liferated media and neointima in the ligated arteries of the WT mice,
but not in those of the PDCD5cKO mice (Fig. 1B). Given the
inhibited neointima proliferation in the PDCD5cKO mice, we as-
sumed that PDCD5 expression of ECs could regulate the pro-
liferation of VSMCs. After PDCDS5 knockdown by siRNA in human
umbilical vein endothelial cells (HUVECs), we cocultured HUVECs
and human aorta VSMCs (HA-VMSCs) using 0.4-um pore co-
culture dishes. We found that the proliferation of HA-VSMCs was
significantly inhibited by PDCDS5 knockdown in HUVECs (SI Ap-
pendix, Fig. S34). Furthermore, PDCD5 knockdown elevated NO
production in HUVECs as measured by 4-amino-5-methylamino-
2", 7'-difluorofluorescein diacetate (DAF-FM DA) fluorescence
density (SI Appendix, Fig. S3B). Immunofluorescence staining for
PDCDS5, phosphor-AKT, and PECAM-1 showed that PDCDS5 was
elevated in endothelium of ligated arteries, whereas phosphor-AKT
was not elevated in WT mice. In contrast, both ligated and unli-
gated arteries of PDCD5cKO mice showed significantly elevated
phosphor-AKT expression in endothelium compared with WT mice
(Fig. 1B). Moreover, fluorescence intensity profiles showed in-
creased intensity of phosphor-AKT in endothelium of PDCD5cKO
mice (Fig. 1C). Collectively, these results indicate that endothelial
PDCDS plays a crucial role in vascular homeostasis.

PDCD5 Antagonizes AKT-eNOS Signaling by Inhibiting HDAC3-AKT
Interaction. We previously showed that PDCD5 binds to and in-
hibits HDAC3 function (20). Therefore, we next examined the
molecular basis of PDCD5 involvement in AKT signaling. Con-
sistent with a recent report (21), we also observed a selective in-
teraction between AKT and HDAC3 among class I HDACs (S
Appendix, Fig. S4 A and B). Immunoprecipitation in HUVECs
confirmed the endogenous interaction between HDAC3 and AKT
(SI Appendix, Fig. SAC). We also verified the direct interaction
between HDAC3 and AKT by a glutathione S-transferase pull-
down assay (SI Appendix, Fig. S4D). Because PDCD5 was found
to directly interact with HDAC3, we assumed that PDCDS5 could
regulate the HDAC3-AKT interaction. Immunoprecipitation as-
says revealed that overexpression of Flag-tagged PDCD5™ ' sig-
nificantly reduced the HDAC3-AKT interaction, whereas an
HDAC3 binding-deficient mutant (20), Flag-tagged PDCD5™R,
did not (Fig. 24). An in vitro competition assay demonstrated that WT
PDCDS5, but not mutant PDCDS™%, competitively inhibited AKT
binding to HDAC3 (SI Appendix, Fig. SAE). In situ proximity ligation
assays (PLAs) to verify that PDCDS5 overexpression in HUVECs
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Fig. 1. PDCD5 plays a crucial role in atherosclerosis progression. (A) Rep-
resentative micrographs of an H&E-stained carotid lesion at 6 wk after
partial ligation with a Paigen diet, showing the increase in media thickness
and neoinitma formation. (Scale bars: 50 pm.) The intima area, luminal area,
and intima/media ratio of partially ligated carotid arteries were quantified
using Image) software. Error bars indicate SD (n = 4). Sham, the sham sur-
gery group; ligation, the ligation surgery group. (B) Representative images
showing fluorescence staining of PDCD5 (red), phosphor-AKT (red), and
PECAM-1 (green) and DAB immunostaining of PECAM-1 and SMA in carotid
lesions of WT and PDCD5cKO mice at 6 wk after partial ligation and a Paigen
diet. Internal elastic lamina autofluorescence is shown in green, and the
vascular lumen border is indicated by white broad arrows. (Scale bars: 20
pm.) In A and B, L indicates vascular lumen; M, media; N, neointima. N.S., not
significant (P > 0.05); *P < 0.05. (C) Micrographs were analyzed for intensity
profile along the line drawn in white narrow arrows.

changes the HDAC3-AKT interaction revealed that 48 h after
transfection with the overexpression vector, Flag-tagged PDCD5™ "
overexpression effectively abolished the endogenous HDAC3-AKT
interaction, whereas Flag-tagged PDCD5™® overexpression failed
to inhibit the interaction with VEGF treatment (Fig. 2B). These
results suggest that PDCD5 inhibits the interaction between
HDAC3 and AKT.

We further examined the PDCDS functions in AKT signaling us-
ing PDCDS5 mutants. At 30 min after VEGF treatment, PDCD5%T
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Fig. 2. PDCD5 antagonizes AKT-eNOS signaling by inhibiting the HDAC3-
AKT interaction. (A) PDCD5 overexpression reduces the interaction between
HDAC3 and AKT. HEK293 cells were transfected with Myc-tagged PDCD5",
Myc-tagged PDCD5"R, HA-tagged AKT1, and Flag-tagged HDAC3. Total cell
extracts were immunoprecipitated with the Flag antibody. (B) In situ PLAs
showing changes in the endogenous HDAC3-AKT interaction from mock, Flag-
tagged PDCD5"", and Flag-tagged PDCD5"*® overexpression in HUVECs. The
number of dots per cell was counted using ImageJ software. Error bars indicate
SD (n = 21). (Scale bars: 20 um.) (C) Cells were transfected with Myc-tagged
PDCD5"" or Myc-tagged PDCD5"*® mutant and then treated with VEGF (10 ng/mL)
for 60 min. (D) DAF-FM DA staining for the determination of intracellular NO
production. Representative images of HUVECs in 60-mm dishes were obtained
by fluorescence microscopy at 60 min after VEGF treatment. Quantification of
the fluorescence density of each cell was determined using ImageJ software.
Error bars indicate SD (n = 10). (Scale bars: 100 pm.) (E) Tube formation assay
with PDCD5"R and PDCD5"T overexpression with VEGF treatment (10 ng/mL).
Error bars indicate SD (n = 3). (Scale bars: 400 pm.) (F and G) Changes in the
endogenous HDAC3-AKT interaction caused by PDCD5 knockdown using
siRNA in HUVEGs. (F) Coimmunoprecipitation assays showing changes in the
endogenous HDAC3-AKT interaction. HUVECs were harvested at 48 h after
PDCD5 siRNA transfection, and total cell extracts were immunoprecipitated
using HDAC3 antibody. (G) In situ PLA showing changes in the endogenous
HDAC3-AKT interaction. The number of dots per cell was counted using
ImageJ software. Error bars indicate SD (n = 8). (Scale bars: 20 um.) In A-G, N.S.
indicates not significant (P > 0.05); *P < 0.05.
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overexpression efficiently abolished AKT and eNOS phosphor-
ylation in HUVECs, whereas PDCD5™® overexpression did not
(Fig. 2C). Furthermore, Flag-PDCD5™" overexpression signifi-
cantly inhibited NO production measured by DAF-FM DA fluo-
rescence density, whereas Flag-tagged PDCD5R overexpression
did not (Fig. 2D). Tube formation assays revealed that compared
with PDCD5™® overexpression, PDCD5™' overexpression ef-
fectively blocked tube formation (Fig. 2E). Consistently, PDCDS5
knockdown strongly promoted the HDAC3-AKT interaction in
immunoprecipitation assays (Fig. 2F) and PLAs (Fig. 2G).

PDCD5 Is Required for Anti-VEGF-Mediated Endothelial Cell Dysfunction.
Bevacizumab, an anti-VEGF monoclonal antibody, effectively
blocks VEGF-dependent AKT phosphorylation (22) and NO
production (23). We next tested the possibility whether PDCDS5
is required for anti-VEGF action of bevacizumab. To do so, we
treated ECs with bevacizumab to evaluate endothelial function
in anti-VEGF conditions. A time-course experiment with bev-
acizumab showed that PDCDS levels increased after 4 h, with the
greatest induction occurring at 12 h. In addition, AKT and eNOS
phosphorylation decreased over time (Fig. 34 and SI Appendix,
Fig. S54). In contrast, PDCD5 expression significantly decreased
after VEGF treatment (10 ng/mL) for 60 min. However, VEGF
treatment with MG132 restored PDCDS5 expression (SI Appen-
dix, Fig. S5C).

We previously reported that the ubiquitination of PDCDS5
plays an important role in PDCDS5 function (20, 24); therefore,
we examined whether VEGF regulates the stability of PDCDS5 by
ubiquitination. Interestingly, ubiquitination of PDCDS increased
after VEGF treatment (SI Appendix, Fig. S5D). Importantly,
PDCD5 knockdown abolished bevacizumab-induced reductions
of AKT and eNOS phosphorylation (Fig. 3B and SI Appendir,
Fig. S5B), as well as cell viability (SI Appendix, Fig. S5E), sug-
gesting a critical role of PDCD5 in anti-VEGF signaling.

In tube formation and scratch assays, bevacizumab did not
inhibit migration or the formation of capillary-like tube struc-
tures in HUVECs with PDCDS5 knockdown (Fig. 3 C and D and
SI Appendix, Fig. S6 A and B). Furthermore, bevacizumab failed
to inhibit NO production in the absence of PDCDS5 (Fig. 3E and
SI Appendix, Fig. S6C). To determine whether changes in the cell
cycle caused functional changes in PDCDS5-knockdown HUVEC:s,
we performed FACS with propidium iodide staining. We observed
no significant changes on cell cycle analysis (SI Appendix, Fig.
S6D). Immunoprecipitation assays and in situ PLAs showed a
decreased HDAC3-AKT interaction after bevacizumab treat-
ment (SI Appendix, Fig. S7 A and B). In aortic ring assays, the
number of microvessels sprouting from aortic rings was not
inhibited by bevacizumab in PDCD5cKO mice and was signifi-
cantly higher in PDCD5cKO mice compared with WT mice. The
restoration of PDCD5 into PDCD5cKO aortas recovered the
action of bevacizumab, suggesting a critical role of PDCDS in
endothelial function and vessel formation (Fig. 3F and SI Ap-
pendix, Fig. SSF).

Inhibition of HDAC3 Suppresses AKT-eNOS Signaling. Here we found
that PDCDS5 inhibited VEGF signaling by dissociating HDAC3
from AKT. In addition, PDCD5 depletion further increased
AKT-eNOS signaling and abrogated anti-VEGF signaling. Thus,
we next examined whether inhibition of HDAC3 restores the
anti-VEGF action of bevacizumab in the absence of PDCDS. To
do so, we first assessed the effects of HDAC3-specific inhibition
and HDAC3 knockdown by siRNA. In HUVECs, AKT and
eNOS phosphorylation significantly decreased with increasing
concentrations of HDAC3 inhibitor (0-10 pmol/L). Those changes
were most notable at a concentration of 1 pmol/L (Fig. 44 and SI
Appendix, Fig. S84). In the presence of VEGF (10 ng/mL),
HUVEG: treated with siHDAC3 or HDAC3 inhibitor displayed
decreased AKT and eNOS phosphorylation (Fig. 4B and SI
Appendix, Fig. S8B) and NO production (Fig. 4C). In aortic ring
assays, ablation of PDCD5 gene further increased vessel sprouting
compared with WT mice. Consistently, bevacizumab failed to
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Fig. 3. PDCD5 is required for anti-VEGF-mediated EC dysfunction. (A)
Representative immunoblot images of bevacizumab-treated HUVECs (1 mg/mL)
at sequential time points over 24 h. (B) PDCD5 knockdown prevents bev-
acizumab-induced AKT and eNOS dephosphorylation. After 48 h of either
mock or siPDCD5 siRNA transfection, HUVECs were treated with bev-
acizumab for 12 h. Immunoblots were quantified using ImageJ Software.
Error bars indicate SD (n = 3). (C-E) The effects of PDCD5 knockdown in
HUVECs were determined by tube formation (C), wound scratch (D), and NO
production (E) assays. The images were quantified using ImageJ software.
Error bars indicate SD (n = 10). (F) Each isolated carotid artery from WT and
PDCD5cKO mice was embedded in Matrigel for microvessel sprouting in an
aortic ring assay. Aortic rings were treated with VEGF (10 ng/mL) and bev-
acizumab (1 mg/mL). Aortic rings were also transduced with adenoviral
vectors to rescue the expression of PDCD5 genes (Ad-PDCD5; 1 x 10'° viral
particles). Before being embedded in Matrigel, PDCD5 gene was transduced
to the aortic ring by Ad-PDCD5 in serum-free medium for 24 h. Microvessel
outgrowth was quantified by computerized image analysis. Error bars in-
dicate SD (n = 3). In A-F, N.S. indicates not significant (P > 0.05); *P < 0.05.

reduce vessel sprouting in PDCD5cKO mice (Fig. 4D). Im-
portantly, treatment of PDCD5cKO carotid arteries with HDAC3
inhibitor or shHDACS3 efficiently blocked vessel sprouting, ver-
ifying a crucial role of HDAC3 in AKT-eNOS signaling and NO
production (Fig. 4 D and E and SI Appendix, Fig. S8 C and D).
Consistent with HDAC3 inhibitor, treatment of AKT inhibitor
inhibited vessel sprouting of aortas, as we expected (Fig. 4F).

Serum PDCD5 Reflects Cardiovascular Risks. It has been reported
that PDCDS5 protein is present in human serum. We next ex-
amined whether serum PDCD5 originates in ECs. We success-
fully detected PDCDS5 protein in media containing HUVECs
under serum-free conditions (Fig. 54). Furthermore, bevacizumab
treatment increased PDCDS5 levels in a time-dependent manner
in both ECs and the medium (Fig. 5B). Interestingly, thPDCD5
enters cells via the shuttle system (25); therefore, we hypothesized
that the administration of rhPDCD5 could mimic circumstances
of PDCDS5 up-regulation in the endothelium. HUVECs treated
with increasing doses of thPDCDS5 (0-5 pg/mL) showed signifi-
cantly reduced AKT and eNOS phosphorylation (Fig. 5C).
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We next examined the significance of serum PDCDS in car-
diovascular disease. Serum nitrite/nitrate levels were significantly
higher in PDCD5cKO mice compared with WT mice (Fig. 5D).
In 86 randomly selected serum samples from the Cardiovascular
and Metabolic Disease Etiology Research Center—High Risk
(CMERC-HI) cohort, the results of Griess reactions revealed a
significant negative correlation between log serum PDCDS5 and
log serum nitrite/nitrate levels (» = 0.284; P = 0.008).

Finally, we analyzed the correlation between serum PDCDS5
and clinical cardiovascular risk factors in all 566 study participants.
The baseline characteristics of the participants are presented in S
Appendix, Table S2. The log-transformed serum PDCDS5 levels
were statistically different between males and females and were
correlated with hypertension, diabetes mellitus, left ventricular
hypertrophy, coronary artery calcium score, and HDL choles-
terol level (all P < 0.05; Fig. 5 F and G and SI Appendix, Fig. S9).
Multivariate regression revealed that diabetes mellitus, HDL
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Fig. 4. Inhibition of HDAC3 suppresses AKT-eNOS signaling. (A) HUVECs

were treated with increasing concentrations (0-10 pmol/L) of HDAC3 in-
hibitor for 24 h. Total lysates were immunoblotted with the indicated an-
tibodies. Immunoblots were quantified using Imagel) software. Error bars
indicate SD (n = 3). (B and C) HDAC3 inhibitor (1 pmol/L) or siHDAC3 was
treated with HUVECs for 48 h, then the HUVECs were incubated with VEGF
(10 ng/mL) for 60 min. Immunoblots were quantified using ImageJ software.
Error bars indicate SD (n = 3). (B) Total lysates were immunoblotted with the
indicated antibodies. (C) DAF-FM DA staining for the detection of intracel-
lular NO production. Quantification of the fluorescence density of each cell
was determined using ImageJ software. Error bars indicate SD (n = 7). (Scale
bars: 100 pm.) (D and E) Each isolated carotid artery from WT and endo-
thelial-specific PDCD5 knockout mice was embedded in Matrigel for micro-
vessel sprouting in an aortic ring assay. Microvessel outgrowth was
quantified by computerized image analysis. Error bars indicate SD (n = 4). (D)
An aortic ring assay was performed with Hdac3-shRNA-GFP adenovirus (1 x
10'° viral particles) and bevacizumab (1 mg/mL). Before being embedded in
Matrigel, aortic rings were treated with Hdac3-shRNA-GFP adenovirus in
serum-free medium for 24 h. (E) An aortic ring assay was performed with
HDAC3 inhibitor (1 pmol/L) and AKT inhibitor (1 pmol/L). In A-E, N.S. indi-
cates not significant (P > 0.05); *P < 0.05.
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Fig. 5. Serum PDCDS5 reflects cardiovascular risk. (A) HUVECs were cultured
without serum and other growth factors for 24 h. Cells and medium were
isolated by centrifugation, and the medium was concentrated by a 10 kDa-
cutoff spin column. (B) HUVECs with complete medium were incubated with
1 mg/mL bevacizumab for the indicated times. Excess protein was removed
from the media with a 30-kDa-cutoff spin column, and the media was then
concentrated by a 10- kDa-cutoff spin column sequentially. (C) Exogenous
recombinant human PDCD5 protein alone effectively inhibits AKT-eNOS
signaling. (D) A Griess reaction to detect serum nitrite/nitrate was performed
using 8-wk-old WT (n = 18) and PDCD5cKO mice (n = 9). Error bars indicate
SD. (E-G) Human serum PDCD5 levels were measured by indirect double-
sandwich ELISA. (E) Scatterplot of log serum PDCD5 and log serum nitrite/
nitrate. A Griess reaction for detection of serum nitrite/nitrate was per-
formed using the randomly selected serum samples from the CMERC-HI
cohort (n = 86). Pearson’s correlation coefficient, r, with P value was calcu-
lated for each sample. (F and G) Boxplots of log serum PDCD5. The hori-
zontal line within the box indicates the median, the boundaries of the box
indicate the 25th and 75th percentiles, and the whiskers indicate the highest
and lowest values of the results. (F) Associations between log serum
PDCD5 levels and clinical characteristics, including sex, hypertension (HTN),
diabetes mellitus (DM), and left ventricular hypertrophy (LVH). (G) Associa-
tions between log serum PDCD5 levels and cardiovascular risk predictors,
including coronary calcium (CAC) score, heart to femoral pulse wave velocity
(hfPWV), augmentation index (Alx), and HDL cholesterol level. *P < 0.05.

cholesterol level, and coronary artery calcium score were repre-
sentative of serum log PDCD5 (all P < 0.05; SI Appendix, Table S3).

Discussion

The vascular endothelium is a dynamic and multifunctional sys-
tem. Changes in endothelial function contribute critically to ath-
erosclerosis progression (26); therefore, a molecular and clinical
assessment of the endothelium is very important. Our translational
study provides evidence of PDCD5-dependent endothelial dys-
function through the AKT pathway. Elevated intracellular levels
of PDCDS5 dissociate the HDAC3-AKT interaction and inhibit
NO production. In the absence of PDCDS, the HDAC3-AKT
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interaction was increased and the anti-VEGF action of bev-
acizumab was abolished in HUVECs and mice aortas, highlighting
the critical role of PDCDS5 in AKT-eNOS signaling through
HDACS3. Furthermore, the serum PDCD5 level reflects athero-
sclerosis severity and NO production in humans. thPDCDS5 ef-
fectively interrupted AKT signaling. Collectively, our findings
delineate a role of PDCDS5 in endothelial dysfunction and ath-
erosclerosis progression (SI Appendix, Fig. S10).

PDCDS is a small, 14-kDa protein induced during apoptosis
(4, 20, 27). It is generally down-regulated in various cancers, and
the inhibition of PDCDS5 blocks apoptosis. Structurally, PDCD5
has a rigid core region and two dissociated terminal regions. The
N-terminal 26-residue fragment of PDCDS forms a stable a-helical
structure. PDCDS lacking the N-terminal structure does not induce
apoptosis in HL-60 cells (28). We previously reported that HDAC3
interacts with PDCDS, and the PDCD5"*®R mutant, which
has a defective interaction with HDACS3, did not alter HDAC3
activity (20). Because the alpha-helix structure can effectively
inhibit protein—protein interaction (29), we hypothesized that the
N terminus of PDCDS5 has a central role in protein—protein in-
teraction as well as PDCDS stability, and thus might perform
various functions. Otherwise, the C-terminal residues 109-115 of
PDCDS represent an important region for rhPDCDS5 internali-
zation, which increases the extent of apoptosis (25, 30). The
clathrin-independent endocytic pathways participate in thPDCDS5
internalization, and the exact mechanism depends on the cell.
Although various studies of rhPDCDS5 have been performed, the
significance of serum PDCDS has not been fully elucidated until
now. More importantly, the interesting question of how the
PDCDS5 protein is secreted by a cell has been unanswered.

In this study, we found that serum PDCDS5 levels reflect vas-
cular conditions, including NO production, and are significantly
correlated with diabetes mellitus, HDL cholesterol level, and
coronary calcium score. Diabetes mellitus is a major risk factor
for cardiovascular disease and endothelial function (31). A
previous study reported that HDL cholesterol alone can activate
the AKT-eNOS pathway (32). Although whether the coronary
calcium score is correlated with estimated endothelial dysfunc-
tion is controversial (33, 34), it is evident that coronary calcium
level reflects the risk of cardiovascular disease (35, 36). There-
fore, our results suggest that PDCDS is associated with endo-
thelial dysfunction and cardiovascular disease. Because the
CMERC-HI is a prospective cohort study, further analysis of the
correlation between serum PDCDS and cardiovascular outcomes
is needed. We found that exogenous PDCDS5 protein signifi-
cantly inhibited endothelial AKT phosphorylation and NO syn-
thesis in HUVECs. Thus, PDCDS protein present in the serum
might also induce endothelial dysfunction, and further evalua-
tion is needed to determine whether serum PDCDS5 enters and
affects ECs in an animal model.

We have identified some hitherto unreported intracellular
functions of PDCDS5. When endothelial dysfunction is induced in
the presence of anti-VEGF, intracellular levels of PDCDS5 are
increased, leading to collapse of the HDAC3-AKT interaction.
Thus, AKT signaling through HDAC3 is degraded, which may
interfere with the maintenance of endothelial integrity. In con-
trast, ubiquitination of PDCDS5 is increased with VEGF, and it
enhances HDAC3-AKT signaling. In other words, PDCDS is an
endogenous regulator of HDAC3, meaning that it can become a
new molecular target in endothelial-mediated disease.

Several studies have reported that global HDAC inhibitors,
such as trichostatin A, can prevent the progression of athero-
sclerosis (37, 38). In contrast, several groups have found that
HDAC inhibitors may stimulate atherogenesis (39). Those dis-
crepancies are due to the use of pan-HDAC inhibitors and
various microvascular components, such as intima, media, and
adventitia. Furthermore, HDAC function also depends on in-
teractions with various cytokines and immune cells in the blood.
To overcome the limitations of previous studies, one study has
used specific HDAC inhibitors, and further studies using a
conditional KO mouse system are needed. A recent study showed

Lee et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1712918115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1712918115/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1712918115

L T

/

1\

=y

that HDAC3 decreased Lys-20 acetylation and increased S473
phosphorylation of AKT (21). That study also revealed that
HDAC3-specific inhibitor suppressed the HDAC3-AKT inter-
action. In our study, the use of an HDAC3-specific inhibitor
reduced AKT and eNOS phosphorylation and NO production in
ECs. We also performed aortic ring assays to exclude the effects
of extravascular components, such as immune cells and cytokines,
and those assays produced results similar to those of our in vitro
experiments. Nevertheless, the possibility of interaction between
ECs and VSMCs remains, and the possibility of unintended ef-
fects of other types of HDACs cannot be completely ruled out.
Therefore, further studies of the functions of other HDACS and
microenvironments, including smooth muscle cells, are needed.

Taken together, our results reveal that PDCD5 negatively reg-
ulates AKT signaling through HDAC3 and has clinical implications
in the endothelium. Our results strongly suggest that PDCDS5 can
be a useful therapeutic target in cardiovascular disease.
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