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Hyperglycemia-Suppressed SMARCADS5 Disrupts
Transcriptional Homeostasis to Facilitate Endothelial
Dysfunction in Diabetes

Ju Wang', Hui Zhou?, Jinhua Shao?, Shu Zhang?’, Jing Jin*

Departments of 'Nursing, *Geriatric, Xi'an No. 5 Hospital, Xi'an, China

Background: Dysfunction of vascular endothelial cells (ECs) plays a central role in the pathogenesis of cardiovascular complica-
tions in diabetes. SWI/SNF-related matrix-associated actin-dependent regulator of chromatin subfamily A member 5 (SMAR-
CADb) is a key regulator of chromatin structure and DNA repair, but its role in ECs remains surprisingly unexplored. The current
study was designed to elucidate the regulated expression and function of SMARCAS5 in diabetic ECs.

Methods: SMARCAS5 expression was evaluated in ECs from diabetic mouse and human circulating CD34" cells using quantita-
tive reverse transcription polymerase chain reaction and Western blot. Effects of SMARCA5 manipulation on ECs function were
evaluated using cell migration, in vitro tube formation and in vivo wound healing assays. Interaction among oxidative stress,
SMARCAS5 and transcriptional reprogramming was elucidated using luciferase reporter assay, electrophoretic mobility shift assay
and chromatin immunoprecipitation.

Results: Endothelial SMARCA5 expression was significantly decreased in diabetic rodents and humans. Hyperglycemia-sup-
pressed SMARCAS impaired EC migration and tube formation in vitro, and blunted vasculogenesis in vivo. Contrarily, overex-
pression of SMARCADS in situ by a SMARCAS adenovirus-incorporated hydrogel effectively promoted the rate of wound healing
in a dorsal skin punch injury model of diabetic mice. Mechanistically, hyperglycemia-elicited oxidative stress suppressed SMAR-
CA’5 transactivation in a signal transducer and activator of transcription 3 (STAT3)-dependent manner. Moreover, SMARCA5
maintained transcriptional homeostasis of several pro-angiogenic factors through both direct and indirect chromatin-remodel-
ing mechanisms. In contrast, depletion of SMARCAS5 disrupted transcriptional homeostasis to render ECs unresponsive to estab-
lished angiogenic factors, which ultimately resulted in endothelial dysfunction in diabetes.

Conclusion: Suppression of endothelial SMARCAS5 contributes to, at least in part, multiple aspects of endothelial dysfunction,
which may thereby exacerbate cardiovascular complications in diabetes.
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INTRODUCTION pressed vessel re-endothelialization [1]. In turn, vascular endo-

thelial dysfunction induced by hyperglycemia is thought to be
As a major public health problem worldwide, diabetes mellitus ~ one of the key risk factors that predispose microvascular dis-
(DM) exerts a grave influence on the vascular endothelium.  eases, ultimately leading to high morbidity and mortality. To
The alterations in vascular endothelial cells (ECs) include im-  this end, restoration of endothelial function represents a prom-
paired cell migration, hyporesponsiveness or unresponsiveness  ising strategy for the treatment of diabetic vascular complica-
to angiogenic stimulation, blunted wound healing and sup-  tions [2]. The defective angiogenesis may partially be caused
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SMARCADS regulates endothelial dysfunction in diabetes

by reduced expression of vascular endothelial growth factor
(VEGF) and growth factors. Because compelling evidence
points to that VEGF may be beneficial for patients with diabe-
tes and coronary artery or peripheral vascular disease since it
may induce the development of cardiac and limb vascular col-
lateralization, respectively [3]. Other biochemical events have
been also proposed to underpin diabetic endothelial dysfunc-
tion, including increased advance glycation end products and
matrix metalloproteinases, sorbitol-inositol imbalance, oxida-
tive stress, increased free fatty acids and cytokines and reduced
fibroblast growth factor and endothelial progenitor cell (EPC)
circulation [4]. Nevertheless, the exact mechanisms by which
angiogenic response is compromised in diabetes remain poor-
ly defined.

The regulation of noncovalent ordering of chromatin struc-
ture by the ATPase-dependent chromatin remodelers, includ-
ing switch/sucrose nonfermentable (SWI/SNF), imitation
SWI, chromodomain helicase DNA binding (CHD), and ino-
sitol requiring 80, has become a popular research interest due
to their vigorous roles in altering gene expression and modu-
lating cell fate specification [5]. Among the members of the
SWI/SNF family, SWI/SNF-related matrix-associated actin-
dependent regulator of chromatin subfamily A member 5
(SMARCAS5)/chromodomain helicase DNA binding protein 4
(CHD4) has emerged as major integrator of multiple signaling
cascades in transformed cells, due to its capacity not only to in-
terplay with cell proliferation and DNA damage repair related
signaling [6], but also to sustain hematopoietic cell transfor-
mation via interaction with oncofusion proteins [7]. Likewise,
deregulated SMARCAS expression has been functionally
linked to leukemia [8], glioblastoma [9] and breast [10], lung
[11], and gastric cancers [12]. Nonetheless, information about
the potential contribution SMARCAS in the regulation of the
non-malignant actions remains surprisingly limited, despite
recent biochemical evidence in a genetically engineered Ze-
brafish model suggesting that SMARCAS signaling may regu-
late erythrocyte aggregation or development of hematopoietic
stem and progenitor cells (HSPCs) via its epigenetic program-
ming ability [13,14]. In the present study, we aimed to charac-
terize more deeply the expression pattern and possible roles of
SMARCAS in the potential regulation of EC function. Using a
combination of histological, pharmacological and biochemical
assays, we present evidence for an important physiological role
of SMARCAS in ECs as a putative modulator of transcription-
al homeostasis during “angiogenic switch,” thereby controlling
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endothelial migration and angiogenesis in vivo. By contrast,
repression of SMARCAS expression by hyperglycemia may
mediates, at least in part, vascular dysfunction in diabetes.

METHODS

Animal model
Ten-week-old Balb/c male mice were obtained from the animal
facility in Xian No. 5 Hospital. Mice were housed in groups of
5, with free access to food pellets and ad libitum water, in a
20°C to 25°C environment. Animals were allowed to acclima-
tize for at least 1 week before experiments [15]. Type 1 diabetes
mellitus (T1DM) was induced via intraperitoneal administra-
tion of a single dose of streptozotocin (STZ, 160 mg/kg/body
weight, dissolved in 200 pL of 10 mM sodium citrate buffer,
pH 4.0, Sigma-Aldrich, Shanghai, China), as described else-
where [16]. The mice with blood glucose 2250 mg/dL 2 weeks
following injection were considered diabetic [17]. To induce
type 2 diabetes mellitus (T2DM), were fed ad libitum a high-
fat diet (HFD) containing 60 kcal% fat (TROPHIC Animal
Feed High-tech, Nantong, China) for 10 weeks. Eight weeks
following HFD feeding, mice were injected intraperitoneally
with one dose of STZ (100 mg/kg/body weight) [18]. Mice
with distinct hyperglycemia concomitant with insulin resis-
tance (beyond 1 to 2 standard error of the mean values from
the normal mice mean), at 3 weeks after STZ injection, were
considered diabetic [17]. All procedures involved in animal
work were strictly conformed to the guidelines of the Institu-
tional Animal Care and Use by National Institutes of Health,
and was approved by the Institutional Animal Care and Use
Committee of Xian No. 5 Hospital (Approval #: XAFH-2016-
0081a).

Detailed information on other experimental procedures and
statistical analysis pertinent to this paper can be found in Sup-
plementary Methods and Supplementary Table 1.

RESULTS

Diabetes impairs SMARCAS5 expression in ECs

Because we were interested in the potential involvement of
SMARCAS in the regulation of diabetes-induced endothelial
dysfunction, we initially investigated the effects of diabetes on
Smarca5 expression in ECs in vivo (Fig. 1A). As revealed by
quantitative polymerase chain reaction (QPCR), Smarca5 ex-
pression was reduced by more than 30% in ECs isolated from
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Fig. 1. Diabetes attenuates SWI/SNF-related matrix-associated actin-dependent regulator of chromatin subfamily A member 5
(SMARCAD5) expression in endothelial cells (ECs). (A) Representative fluorescence activated cell sorting (FACS) plots for sorting
ECs from lung based on sorting live/CD457/CD31" cells. (B) Relative expression levels of Smarca5 mRNA in different ECs were
evaluated and quantified using quantitative polymerase chain reaction (QPCR) (n=4). Amplification of 18S was used to obtain
the **Ct values for the calculation of fold changes. (C) Western blot analysis of SMARCAS5 protein expression in different ECs.
B-Actin served as loading control (Ctrl). (D) Human CD34" cells were isolated from the peripheral blood samples of type 2 diabe-
tes mellitus (T2DM) patients and normal volunteers using FACS method. (E) Relative SMARCA5 mRNA abundance in vasculo-
genic circulating CD34" cells isolated from patients with T2DM, versus matched normal subjects, was determined by qPCR
(n=4). (F) Relative Smarca5 mRNA abundance in lung ECs after exposing cells to hyperglycemia was assessed using qPCR
(n=4). (G) Relative Smarca5 mRNA abundance in lung ECs in absence or presence of 2-deoxyglucose (2DG) for 12 hours was
assessed using qPCR (n=4). Results presented as mean + standard deviation of three independent experiments. STZ, streptozoto-
cin; NC, negative control; HFD, high-fat diet; SSC, side scatter light; DM, diabetes mellitus. *P<0.05, °P<0.01.

either lung or heart tissues of these diabetic mice, comparedto ~ (5.4+0.3 in normal vs. 8.2+0.2 in DM, P<0.0001) (Supple-

control mice (Fig. 1B). The deleterious effects of diabetes on
SMARCAS expression in ECs was further validated at protein
level using Western blot (Fig. 1C). Similarly, qPCR analysis in
human circulating CD34" cells (Fig. 1D), which consist of sig-
nificant numbers of EPCs [19,20], also demonstrated signifi-
cant reduced expression levels of SMARCAS5 in patients with
T2DM, as compared to control subjects (0.36+0.27 vs. 1.00+
0.15, P<0.01) (Fig. 1E). We conducted this assay to determine
expression difference of SMARCAS in circulating CD34" cells
from patients with T2DM, based on evaluation of mean HbAlc
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mentary Fig. 1). The observation that both T2DM and T1DM
impaired SMARCA5 expression in ECs pointed to the possi-
bility that hyperglycemia, rather than hyperinsulinemia, may
negatively regulate endothelial SMARCAS expression [21]. To
test this, primary lung ECs were cultured in high glucose (25
mM) or placed in physiological glucose concentrations (5.5
mM) [20]. Expression levels of Smarca5 rapidly declined by
70% within 2 hours and by 85% within 4 hours in high glucose,
respectively (Fig. 1F). Conversely, this inhibitory effect of hy-
perglycemia was substantially reversed by the addition of 2-de-
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Fig. 2. Ablation of SWI/SNF-related matrix-associated actin-dependent regulator of chromatin subfamily A member 5 (SMAR-
CA5) impairs endothelial function. (A) Stable knockdown of SMARCAS5 in human umbilical vein endothelial cells (HUVECs)
was verified using quantitative polymerase chain reaction. (B) Stable knockdown of SMARCAS5 in HUVECs was verified at pro-
tein level using Western blot. (C) Stable inhibition of SMARCAS suppressed migration, as compared to mock or scramble shR-
NA-treated HUVECs, in scratch assays (n=5). (D) Stable inhibition of SMARCAD5 suppressed migration, as compared to mock or
scramble shRNA-treated HUVECs, in Transwell assays stimulated by 100 nM of sphingosine 1-phosphate (S1P) for 12 hours
(n=5). (E) Stable knockdown of SMARCAS5 inhibited the tube-forming activity of HUVECs (n=5). (F) HUVECs*""“**"~ or
Scramble shRNA-treated HUVECs were incubated with 100 nM of SIP for different durations as indicated, followed by Western
blot analysis of activation of P38, Akt, and endothelial nitric oxide synthase (eNOS) using corresponding phospho-specific anti-

bodies. *P<0.05, °P<0.01.

oxy glucose, a competitive inhibitor of glucose metabolism
(Fig. 1G) [22]. Thus, diabetes, likely at least in part via hyper-
glycemia, attenuates SMARCAS5 expression in ECs, and likely
in humans as well.

SMARCAS5 deficiency compromises EC migration and
tube formation

EC migration is essential for angiogenesis and is usually blunt-
ed in diabetes [23]. We next verified the effects of intact
SMARCAS expression on EC migration in vitro. Stable knock-
down of SMARCAS5 was induced in human umbilical vein en-
dothelial cells (HUVECs) by short hairpin RNA (shRNA) len-
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tivirus infection, and the knockdown efficiency of shRNA tar-
geting SMARCAS5 was verified by qPCR (Fig. 2A) and Western
blot (Fig. 2B) at mRNA and protein levels, respectively. HU-
VECs™*457~ cells displayed about a 45.4% and 45.0% reduc-
tion in their relative migration ability at 24 hours following
generation of scratch migration assay respectively, as compared
to that in mock control and scramble shRNA-treated HUVECs
(Fig. 2C). Similarly, during sphingosine 1-phosphate (S1P)-in-
duced angiogenesis, HUVECs™*"*>7~ als0 exhibited signifi-
cantly repressed migration compared to mock control and
scramble shRNA-treated HUVECs, as measured by transwell
migration assays (Fig. 2D). Ablation of SMARCAS5 was also in-
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hibited the formation ability of tube-like structures by approxi-
mately 65.0% in HUVECs (Fig. 2E). Thus, SMARCAS5 defi-
ciency sabotages endothelial function under both resting and
stimulated conditions. S1P acts through distinct cell surface
receptors that involves at least two intracellular signaling cas-
cades: the extracellular regulated protein kinase (ERK) and
Akt/endothelial nitric oxide synthase (eNOS) pathways [24].
To further dissect the molecular basis underpinning our ob-
servation, HUVECs with different transfections were stimulat-
ed with S1P, and activation of Akt, eNOS, and ERK was mea-
sured by phospho-protein Western blot. Apparently, SMAR-
CAS5 depletion had profound impact on activation of both

ERK and Akt pathways in S1P-stimulated HUVECs (Fig. 2F).
Together, our findings suggest that endothelial SMARCAS5 is a
positive regulator of angiogenic activation.

SMARCA?S overexpression ameliorates EC migration and
tube formation under hyperglycemic conditions

To ask directly whether SMARCAS regulates EC functions, as
inferred from the above-mentioned loss-of-function analysis,
we generated the HUVECs that stably overexpressed the exog-
enous SMARCAS5 (HUVECs/Ad-SMARCAS5) (Fig. 3A), and
then cultured the cell under hyperglycemic conditions versus
normal glycemic conditions. Hyperglycemia-suppressed en-

o HUVECs e Normal Hyperglycemic
4 Vector Ad-SMARCA5 Vector Ad-SMARCA5
YSQY’ ":;%;;: e >
& f§\ _--.: ------

=
0hr

SMARCAS5

24 hr

Vector
5 260 b Normal Hyperglycemic
S 220 [ e e i 90 -
& :
S 180 X 2 .
8 140 = A .
2 100 2 50
5w 2
S 2 £
-20 g 10
Ad-SMARCAS5 &
Normal Hyperglycemic 10

Ad-SMARCA5
Ad-SMARCA5

Hyperglycemic
Hyperglycemic

Vector

Fig. 3. Ectopic overexpression of SWI/SNF-related matrix-associated actin-dependent regulator of chromatin subfamily A mem-
ber 5 (SMARCAS5) ameliorates endothelial dysfunction in vitro. (A) Stable overexpression of SMARCAS in human umbilical vein
endothelial cells (HUVECs) was verified using Western blot. (B, C) Stable SMARCAS5 overexpression improved migration under
hyperglycemic conditions (incubation with 25 mM glucose for 24), as compared to vector-treated HUVECs, in scratch assays
(n=5). (D) Stable SMARCAS5 overexpression promoted the tube-forming activity of HUVECs under hyperglycemic conditions
(incubation with 25 mM glucose for 24) (n=5). HA, hemagglutinin. *P<0.05, "P<0.01.
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dothelial migration was significantly attenuated in HUVECs/
Ad-SMARCAS5 cells compared with the vector-transfected cells
(110.8+19.8 in Ad-SMARCAS5 plus hyperglycemia vs. 63.8+
10.6 in vector plus hyperglycemia, P<0.01) (Fig. 3B and C). In
agreement, tube formation rate was substantially augmented
in HUVEGCs cells by SMARCA5 overexpression (Fig. 3D).
Thus, SMARCAS5 directly promotes restoration of EC func-
tions under hyperglycemic conditions.

Replenishment of SMARCAS5 potentiates angiogenesis in
vivo

Because EC migration is indispensible for the formation of
blood vessels [20], we were curious whether SMARCAS5 is
functionally involved in angiogenesis in vivo. We transfected
endothelial colony forming cells (ECFCs) with SMARCAS5 ad-
enovirus and then co-injected these ECFCs along with human
dermal fibroblast (hDFs) subcutaneously onto the dorsal side
of nude mice (Fig. 4A). At 2 weeks after cell implantation, ec-
topic overexpression of SMARCAS in implants was validated
by Western blot (Fig. 4B). Accordingly, immunohistochemical
analysis of CD31" vessels revealed that injection of ECFCs that
overexpress SMARCAS5 noticeably stimulated the formation of
new blood vessels, compared to the use of mock or vector-
transfected ECFCs (Fig. 4C). As EC migration is crucial for re-
endothelialization of vessel walls following injury, which is
dysfunctional in diabetes [20], we next investigated the wound
healing effects of the SMARCAS5 adenovirus-enriched hydro-
gel dressings on a skin biopsy punch model (Fig. 4D) [25].
Western blot analysis using subcutaneous tissue homogenates
at 14 days after topical treatment with SMARCAS adenovirus-
enriched hydrogel demonstrated a more than three-fold in-
crease in SMARCADS expression in the wounds that were treat-
ed with Ad-SMARCAS5 compared to mock or vector-treated
wounds (Fig. 4E), thus ensuring the efficiency of SMARCA5
overexpression in vivo. Accordingly, ectopic overexpression of
SMARCAS strongly promoted the rate of wound healing in a
dorsal skin punch injury model (16.2+3.1 vs. 38.9+5.9 relative
wound area for T2DM+Ad-Smarca5 vs. T2DM+vector, P<0.01)
(Fig. 4F). Subsequent histological examination showed that
augmentation of SMARCAS5 expression in situ significantly
promoted reepithelization in healing wounds (Fig. 4G). Con-
sidering that reepithelialization is the process of creating a new
barrier between wound and environment through epithelial
cell proliferation and migration [26], we reasoned that subcu-
taneous cell proliferation could be enhanced by SMARCAS5
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overexpression. To test this, 5-bromodeoxyuridine (BrdU) was
used to label dividing cells. Quantification of the BrdU-posi-
tive cells in subcutaneous tissue revealed an approximately
79.7% reduction in BrdU labeling in T2DM mice, whereas this
inhibitory effect of T2DM was effectively abolished by topical
treatment with Ad-Smarca5-incorporated hydrogel in the dor-
sal skin punch injury model (Fig. 4H). In agreement, overex-
press SMARCAS significantly stimulated the formation of
subcutaneous new blood vessels, as revealed by immunobhisto-
chemical analysis of CD31* vessels (Fig. 41). Collectively, the
available data indicate that vascular complications of diabetes
are mediated, at least in part, via the attenuation of SMARCA5
expression in the endothelium.

Hyperglycemia-elicited oxidative stress represses
SMARCAS expression in a STAT3-dependent manner
Since hyperglycemia-induced oxidative stress is a well-known
factor causing endothelial dysfunction that plays a central role
in the pathogenesis of cardiovascular complications of diabetes
[27], we sought to know whether aberrant oxidative stress is
involved in hyperglycemia-induced inhibition of SMARCAS.
Lung ECs were incubated with 5.5 or 25 mM glucose for 6 or
12 hours. Treatment with high dose of glucose inhibited
SMARCAS5 expression in a time-dependent manner, whereas
co-treatment with the reactive oxygen species (ROS) scaven-
ger-N-acetyl-L-cysteine (NAC) completely neutralized the in-
hibitory effects of hyperglycemia on SMARCA5 expression
(Fig. 5A). To provide a more persuasive evidence, HUVECs
cells were challenged with 0.5 or 1 mM of HO or an oxidative
stress inducer diamide for 12 hours [28]. Treatment with both
oxidative stress inducers noticeably suppressed SMARCAS ex-
pression, and intriguingly, co-treatment with WP1066 (an in-
hibitor of signal transducer and activator of transcription 3
[STAT3] activation [29]) significantly neutralized these inhibi-
tory effects (Fig. 5B). We then performed luciferase assay to see
whether the inhibition of SMARCAS expression by diamide
was due to a direct transcriptional effect. Incubation with di-
amide for 12 hours caused an approximately 61.2% reduction
in luciferase activity relative to control, while co-treatment
with WP1066 effectively restored the luciferase activity in di-
amide-challenged cells (Fig. 5C). Thus, oxidative stress can di-
rectly modulate SMARCAS5 expression on a transcriptional
level, probably via activation of STAT3 signaling. Indeed, in
silico analysis (Ensembl and University of California Santa
Cruz [UCSC] databases) of the approximately 2.1 kB of the hu-
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Fig. 4. Induced expression of endothelial SWI/SNEF-related matrix-associated actin-dependent regulator of chromatin subfamily A
member 5 (SMARCAS5) in vivo ameliorates diabetic vascular dysfunction. (A) Diagram of procedures employed in vasculogenesis
assay in vivo. (B) Effects of adenovirus overexpression of exogenous SMARCAS5 in human endothelial colony forming cells (ECE-
Cs) were confirmed by Western blot. (C) In vivo vasculogenesis assay using human dermal fibroblast (hDFs) and human ECFCs
expressing empty vector versus Ad-SMARCAD5. Final vasculogenesis in vivo was evaluated by measuring numbers of CD31" vessels
per analyzed areas (mm?) (n=5). (D) Diagram of procedures employed in overexpression of SMARCAS5 in situ and in vivo wound
healing assay. (E) At 14 days after topical treatment with Ad-Smarca5 incorporated hydrogel, subcutaneous tissue homogenates
from different experimental mice were subjected to Western blot to analyze SMARCAS5 expression. (F) Representative images and
quantification of skin wound healing in Ad-Smarca5 incorporated hydrogel-treated diabetic animals. Wound area measurements
were conducted using Image]J software (1n=5). (G) 4% Paraformaldehyde-fixed paraffin-embedded skin sections (5 pm) were sub-
jected to haematoxylin and eosin (H&E) staining to explore pathological changes (bar=50 pm). (H) Six days after establishment of
wound healing model, mice were injected intraperitoneally with 50 mg/kg 5-bromodeoxyuridine (BrdU) on a daily basis. At 14 days
after establishment of wound healing model, mice were sacrificed, and skin tissues were harvested and subjected to BrdU immuno-
fluorescence staining. Quantification of BrdU positive (BrdU") cells in subcutaneous tissues was carried out with the aid of Image]
software ("P<0.01, n=5) (bar=50 pum). (I) Subcutaneous vasculogenesis was evaluated by measuring numbers of CD31* vessels per
analyzed areas (mm?) (n=>5). Ctrl, control; T2DM, type 2 diabetes mellitus. *P<0.05, "P<0.01. (Continued to the next page)
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man SMARCAS5 promoter revealed a putative pSTAT3 binding
site (Fig. 5D). We next used electrophoretic mobility shift assay
to further examine direct binding of pSTAT3 onto the SMAR-
CAS5 chromatin. pSTATS3 in the nuclear extracts from diamide-
treated SMARCAS5/STAT3 HUVEC:s clearly formed a shifted
digoxigenin (DIG)-labeled band, which was supershifted by
anti-pSTAT3 antibody. The band was totally abrogated by
competition with a 50-fold excess of cold probe (Fig. 5E). To
turther confirm that functional STAT3 signaling is necessary
for oxidative stresss action to repress SMARCAS, we trans-
duced HUVECs with wild-type STAT3 (WT STAT3) or domi-
nant-negative STAT3 (DN STAT3), and subjected these cells to
diamide challenge for 12 hours. Transfection with WT STAT3
caused a robust reduction in SMARCAS5 levels but transfection
with DN STATS3 failed to attenuate SMARCAS5 expression in
diamide-challenged HUVECs (Fig. 5F). Together, STAT3 acti-
vation is indispensable in oxidative stress’s action to inhibit
SMARCAS5 expression.

SMARCAS activates VEGF signaling to promote
endothelial function

As further exploration of the core signaling pathway responsi-
ble for SMARCAS5 action during angiogenesis, we evaluated
the expression levels of pro-angiogenic factors known to be es-
sential for vascularization [30], in Scramble sShRNA or SMAR-
CA5 shRNA-transfected HUVECs. Interestingly, upon S1P
challenge, expression levels of basic fibroblast growth factor
(bFGF) and VEGF were constantly decreased in SMARCA5
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shRNA-transfected HUVECs compared to Scramble shRNA-
treated HUVECs, with the lower values being observed in the
latter (1.24£0.10 vs. 6.71+0.18 VEGF mRNA expression for
SMARCAS5 shRNA-transfected HUVECs vs. scramble shR-
NA-treated HUVECs, P<0.01). By contrast, SMARCAS5 deple-
tion had no effects on expression levels of these pro-angiogenic
factors under resting state (Fig. 6A). Consistently, confirma-
tion of attenuation of VEGF expression upon SMARCAS5 defi-
ciency, at protein level, was achieved by measuring VEGF con-
centration in the supernatants using an ELISA assay, which re-
vealed that the time-dependent induction of VEGF in S1P-
stimulated HUVECs was substantially compromised by SMAR-
CAS5 shRNA treatment (68.67£26.65 vs. 339.60+57.52 VEGF
concentration at 24 hours for SMARCA5 shRNA-transfected
HUVECs vs. scramble shRNA-treated HUVECs, P<0.05) (Fig.
6B). To investigate the transcriptional activity of the SMAR-
CA5 gene in different cell types, pGL4.10-VEGF was transfect-
ed into scramble shRNA or SMARCAS5 shRNA-transfected
HUVEC:s for 48 hours, followed by treatment with S1P for an-
other 6 hours. SMARCA5 shRNA-transfected HUVECs ex-
hibited the lower promoter activity (2.73+0.82 renilla lucifer-
ase activity [RLU]) when compared to scramble shRNA-treat-
ed HUVECs (12.07+1.34 RLU) (Fig. 6C), indicating an asso-
ciation between SMARCAS depletion and dysfunction in
VEGEF synthesis in ECs. To address the possibility that SMAR-
CA5 may exert its regulatory role through a direct modulation
of the VEGF signaling in stimulated ECs, we stably overex-
pressed the exogenous VEGF in HUVECs™**“*>~"~ cells. Nota-
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bly, overexpression of VEGF failed to restore the expression
levels of SMARCAS5 in HUVECs™ARA57= cells, reemphasizing
the notion that SMARCAS5 may act downstream of the VEGF
signaling (Fig. 6D). Consequently, SMARCAS5 depletion-in-
duced impaired tube formation (Fig. 6E), blunted cell migra-
tion (Fig. 6F), as well as suppressed vessel reendothelialization
in vivo (Fig. 6G), were all effectively ameliorated by VEGF
overexpression in HUVECs*™A"A*7~ cells. These findings un-
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equivocally suggest that VEGF may function as a major down-
stream effector of SMARCAS in stimulated ECs.

SMARCAS5 depletion disrupts transcriptional homeostasis
in stimulated ECs

To further dissect the mechanism by which SMARCAS5 deple-
tion affected the activation of the pro-angiogenic factors, we
performed chromatin immunoprecipitation (ChIP)-qPCR as-
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Fig. 7. Continued. (A) Chromatin immunoprecipitation (ChIP) analysis of HUVECs expressing scramble sShRNA or SMARCA5
shRNA, in the presence or absence of co-incubation with 100 nM of sphingosine 1-phosphate (S1P) for 6 hours, using antibodies
against SMARCADS, Brahma-related gene 1 (BRG1), Brahma homologue (BRM), metastasis-associated protein 1 (MTA1), or en-
hancer of zeste 2 polycomb repressive complex 2 subunit (EZH2) for the vascular endothelial growth factor (VEGF) gene pro-
moter (n=4). (B) ChIP analysis of HUVECs expressing scramble shRNA or SMARCA5 shRNA, in the presence or absence of co-
incubation with 100 nM of S1P for 6 hours, using antibodies against SMARCA5, BRG1, BRM, MTA1, or EZH?2 for the basic fi-
broblast growth factor (bFGF) gene promoter (n=4). (C) A working model depicts the possible mechanisms related to deregulat-
ed expression of endothelial SMARCAS5 contributing to pathogenesis of the vascular dysfunction by disrupting the transcription-
al homeostasis of pro-angiogenic genes in diabetes. UD, undetectable; EC, endothelial cell; Ang-I, angiopoietin-I; eNOS, endo-

thelial nitric oxide synthase; STAT3, signal transducer and activator of transcription 3. *P<0.05,P<0.01.

says, using antibodies against SMARCA5 and two core subunits
of the SWI/SNF complex (namely Brahma-related gene 1
[BRG1] and Brahma homologue [BRM]), in HUVECs*™*R¢*>~~
and control HUVECs. Upon SMARCAS5 depletion, the associ-
ations between BRG1/BRM and VEGF promoter regions were
significantly decreased, even in the presence of S1P stimulation.
Chromatin remodeling also accompanies histone acetylation
and methylation [31]. Intriguingly, SMARCAS5 depletion also
resulted in the dissociation of both metastasis-associated pro-
tein 1 (MTA1; a well-known oncogenic chromatin modifier
recruiting histone deacetylases) [32] and the the histone meth-
yltransferase enhancer of zeste 2 polycomb repressive complex
2 subunit (EZH2) from the activated VEGF promoter regions
in S1P-stimulated HUVECs™ARA57~ (Fig. 7A). Similar disas-
sociation between these chromatin remodelers and promoter
regions of activated bFGF gene was also observed in S1P-stim-
ulated HUVECs™*R*>7~ (Fig, 7B). Thus, SMARCAS5 loss trig-
gered the reassembly of the SWI/SNF complex as well as his-
tone modifiers and, subsequently, chromatin remodeling to af-
fect transcriptional events in ECs.

DISCUSSION

Due to their unique anatomical locations in the cardiovascular
system, ECs are constantly subjected to an array of mechanical
and biochemical cues [33]. ECs sense, respond, and adapt to
these altered cues by specialized mechanisms of mechanosens-
ing and mechanotransduction, thus resulting in qualitative and
quantitative differences in their gene expression [34]. To this
end, the emerging field of epigenetics is offering a novel per-
spective to inspect how endothelial dysfunction is regulated
through chromatin remodeling under different physiological
and pathological conditions. In fact, compelling evidence has
documented a sophisticated regulatory program, involving
multiple subunits of the SWI/SNF chromatin-remodeling
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complex, in cardiovascular development and disease. For in-
stance, a conditional mutation of Brgl in developing ECs re-
sults in abnormal vascular remodeling of the extraembryonic
yolk sac, thus leading to embryonic lethality [35]. Likewise,
Baf180 constitutive mutants have defective coronary vessel de-
velopment around the ventricle and within the myocardium,
which is likely caused by a problem with the epithelial-to-mes-
enchymal transition and the migration of epicardial cells [36].
More importantly, in concert with Kriippel-like factor 4 (KLF4)
transcription factor, the SWI/SNF complex has been shown to
modulate accessibility at enhancer sites that promote expres-
sion of homeostatic endothelial genes in physiological lami-
nar shear stress-stimulated ECs [37]. Thus, the SWI/SNF com-
plex plays a crucial role in both early vascular development and
adult tissue angiogenesis. Our current dataset extends these
understandings by disclosing a novel role of SMARCA5 in ECs,
as a key effector of the pro-angiogenic signaling-regulatory
machinery, with a physiological function in the positive con-
trol of expression of pro-angiogenic factors (i.e., VEGF and
bFGF) (Fig. 7C). Considering that hyperglycemia-induced de-
crease in VEGF expression renders ECs susceptible to damage
in diabetes [38,39], repression of SMARCAS5 by hyperglyce-
mia-induced oxidative stress may mediate, at least in part, the
vascular dysfunction caused by diabetes.

Although the mechanisms whereby SMARCAS expression
is inhibited in ECs from diabetic mice remain to be defined,
several regulators have been so far reported to determine the
level of SMARCADS expression. For example, in response to ox-
idative damage, SMARCAS is recruited by 8-oxoguanine DNA
glycosylase (OGGI) to interact with oxidative DNA damage
sites and double-strand breaks, thus functioning as a potent
oncogene in human colorectal cancer [40]. A similar activation
of SMARCAS signaling seems to take place also in glioblasto-
ma, where SMARCAS5 and the nucleosome remodeling
(NuRD) complex are rapidly recruited to sites of DNA damage
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through SMARCAS5 association with poly(ADP-ribose) poly-
merase 1 (PARP1) in tumor cells under constant oxidative
stress [41]. Altogether, this evidence attests a sustained regula-
tory action of SMARCAS in the control of genome integrity by
regulating signaling and repair after oxidative damage. Inter-
estingly, our molecular biological data demonstrated that oxi-
dative stress may negatively regulate SMARCAS5 transcription
through a STAT3-dependent pathway in ECs (Fig. 5). Because
ROS-mediated activation of STAT3 signaling aggravates endo-
thelial dysfunction in diabetes [42], and because disturbance
in redox homeostasis provokes genome-wide changes in tran-
scriptional landscape and chromatin accessibility [43], we rea-
son that SMARCAS5 may function as an important converging
point linking oxidative stress, transcriptional reprogramming,
and endothelial dysfunction in diabetes. Moreover, miR-205
and miR-151-5p have been shown previously to inhibit
SMARCAS expression and negatively regulates its function in
different cell types [44,45]. There is increasing evidence that
miRNAs are responsible for fine-tuning the gene expression of
important targets in the metabolic syndrome and T2DM [46],
and deregulation of miRNA function (e.g., up-regulation of
miR-205 or miR-151-5p) precedes and predicts endothelial
dysfunction, thus contributing essentially to pathogenesis or
progression of diabetes [46,47]. Hence, deregulation of oxida-
tive stress or distinct miRNAs may at least partially explain the
attenuated expression of SMARCAS5 in diabetic ECs.

While biochemical tests involving scratch migration, tran-
swell migration and in vitro tube formation assays, already
suggested a functional involvement of SMARCAS in control-
ling pro-angiogenic response and subsequent angiogenesis,
conclusive demonstration of the primary site and physiological
relevance of such SMARCAS regulatory cascade stemed from
our studies using in vivo vasculogenesis assay, as well as Ad-
SMARCAS5 incorporated hydrogel-treated wound healing
model. Ectopic overexpression of SMARCAS significantly pro-
moted vascularization in implants derived from ECFCs and
hDFs (Fig. 3A-C). These data would suggest alternative modes
of action of SMARCAS5 in the tuning of function of EPCs, in
line with recent mounting evidence demonstrating that
SMARCA5-mediated epigenetic programming facilitates de-
velopment of HSPCs [14]. It is increasingly recognized that
specialized subsets of ECs carry out unique functions in spe-
cific organs of the vascular tree. Perhaps the most striking ex-
ample of this specialization is the ability to contribute to the
generation of a distinct population of “hemogenic” ECs in em-
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bryo, which ultimately transforms irreversibly into HSPCs
[48]. Therefore, the available data collectively suggest that
SMARCAS5-mediated epigenetic modification may be func-
tionally involved in control of the endothelial-to-hematopoiet-
ic transition. Additionally, diabetic mice treated by Ad-SMAR-
CAS5 incorporated hydrogel displayed enhanced wound heal-
ing in vivo, together with advanced reepithelialization and
augmented subcutaneous cell proliferation (Fig. 4D-I). A simi-
lar acceleration of cell proliferation seems to occur also in
HSPCs [49] and breast cancer [10]. Considering that the first
step in angiogenesis takes place by the formation of a new
sprout, off of the existing vasculature, mediated by tip cell mi-
gration and stalk cell proliferation [50], these findings together
support a critical role of SMARCAS5 in the regulation of multi-
ple aspects of endothelial function (i.e., cell proliferation, mi-
gration, angiogenic response, and reendothelialization).

VEGF is key mediator of angiogenesis in both embryonic de-
velopment and cancer development, and is important in wound
healing in adults [51]. However, the existence of multiple tar-
gets of VEGF in different contexts obscures the relationship
among upstream regulators of VEGE Our data set the grounds
of this puzzle by identifying VEGF as the man downstream ef-
fector of SMARCADS signaling during angiogenesis (Fig. 4). By
using ChIP-qPCR assay, we further showed that SMARCA5
depletion disrupts transcriptional homeostasis in stimulated
ECs (Fig. 5). More importantly, the activation of the pro-angio-
genic transcriptome is probably due to both direct and indirect
chromatin-remodeling mechanisms. On one hand, SMARCA5
depletion resulted in the dissociation of the SWI/SNF complex
from DNA, resulting in the activation of pro-angiogenic genes
following direct chromatin remodeling. On the other hand,
SMARCAS5 loss led to a change in histone modifications by the
dissociation of MTA1 and EZH2 from chromatin, which trig-
gered indirect chromatin remodeling to affect pro-angiogenic
gene transcription. These findings thus support the diversity of
functional mechanisms of SMARCAS5 during angiogenesis.

Of note, accumulated data have pointed out particular and
unique biological characteristics of SMARCA5. In acute my-
eloid leukemia, SMARCAS5 is oncogenic by virtue of stimulat-
ing cell proliferation and chromatid cohesion [8]. Similarly, a
tirst-in-class SMARCA5/CHD4 inhibitor ED2-AD101 has
been shown to bear therapeutic efficacy in regulating platinum
sensitivity through MDRI expression in ovarian cancer [52].
Thus, modulation of SMARCAS in transformed and non-
transformed cells (e.g., ECs) would thus have opposing effects.
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These striking observations stress the need for caution in ther-
apeutic endeavors aimed at SMARCAS5 in this and other con-
texts. Future studies using unbiased genome-wide examina-
tion of signaling pathways are warranted to provide more valu-
able information for a better understanding of the molecular
mechanisms responsible for SMARCAS5-potentiated changes
in the transcriptional landscape following diabetic induction.

In conclusion, the present study supports the notion that at-
tenuation of SMARCAS expression in ECs mediates endothe-
lial dysfunction and may thereby exacerbate vascular compli-
cations in diabetes. Our findings therefore have translational
potential, as they open up the possibility for the design of novel
pharmacological strategies, targeting SMARCAS, for the man-
agement of metabolic disorders.
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