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Abstract

Histone deacetylase (HDAC) inhibitors are known to suppress abnormal development of blood vessels. Angiogenic activity in endothelial cells
depends upon NADPH oxidase 4 (Nox4)-dependent redox signalling. We set out to study whether the HDAC inhibitor trichostatin A (TSA) affects
Nox4 expression and angiogenesis. Nox4 expression was measured by real time PCR and Western blot analysis in endothelial cells. Hydrogen
peroxide (H,0,) was measured by amplex® red assay in endothelial cells. Nox4 was knocked down by Nox4 shRNA. In vitro angiogenic activi-
ties such migration and tubulogenesis were assessed using wound healing and Matrigel assays, respectively. /n vivo angiogenic activity was
assessed using subcutaneous sponge assay in C57BI/6 and Nox4-deficient mice. Trichostatin A reduced Nox4 expression in a time- and con-
centration-dependent manner. Both TSA and Nox4 silencing decreased Nox4 protein and H,0,. Mechanistically, TSA reduced expression of
Nox4 via ubiquitination of p300- histone acetyltransferase (p300-HAT). Thus, blocking of the ubiquitination pathway using an inhibitor of ubiqui-
tin-activating enzyme E1 (PYR-41) prevented TSA inhibition of Nox4 expression. Trichostatin A also reduced migration and tube formation, and
these effects were not observed in Nox4-deficient endothelial cells. Finally, transforming growth factor betal (TGFB1) enhanced angiogenesis in
sponge model in C57BL/6 mice. This response to TGFB1 was substantially reduced in Nox4-deficient mice. Similarly intraperitoneal infusion of
TSA (1 mg/kg) also suppressed TGFB1-induced angiogenesis in C57BL/6 mice. Trichostatin A reduces Nox4 expression and angiogenesis via
inhibition of the p300-HAT-dependent pathway. This mechanism might be exploited to prevent aberrant angiogenesis in diabetic retinopathy,
complicated vascular tumours and malformations.
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Introduction

The NADPH oxidase (Nox) family of enzymes is the major source of
reactive oxygen species (ROS) in the vascular diseases [1]. The
enzyme is comprised of seven isoforms (Nox1 to Nox5, Duox1 and 2)
amongst which Nox1, Nox2, Nox4 and Nox5 are expressed by
endothelial cells [2, 3]. These isoforms differ in terms of their sub-
cellular localization, requirement for their cytosolic subunits, the type
of ROS they produce and tissue specific expression [2]. Unlike other
Nox family members, Nox4 is constitutively active and normally pro-
duces hydrogen peroxide (H20,) rather than superoxide [4]. Several
physiological and pathological stimuli such as, transforming growth
factor beta 1 (TGFB1) [5, 6], prostacyclin [7], tumour necrosis factor
alpha [8], hypoxia [9, 10] and cell confluence [11] can up-regulate

*Correspondence to: Hitesh M. PESHAVARIYA
E-mail: hitesh.peshavariya@unimelb.edu.au

doi: 10.1111/jcmm. 12885

Nox4 expression in endothelial cells. Nox4 expression or activity is
thought to be involved in many endothelial cell functions including
regulation of proliferation, migration and angiogenesis both in vitro
and in vivo [5, 7-9, 12-14].

Acetylation of chromosomal histones by histone acetyltrans-
ferases (HATSs) opens the chromatin and allows binding of transcrip-
tion factors to the promoter sites leading to enhanced gene
expression. In addition, HATs act as co-activators and directly regu-
late activity of non-histone transcription factors that, in turn, regulate
gene expression [15, 16]. For instance, shear stress induces the
acetylation of p65, a subunit of nuclear factor xB (NF-xB) transcrip-
tion factor, which in turn results in transcriptional activation of
endothelial nitric oxide synthase (eNOS) expression by the p300-his-
tone acetyltransferase (p300-HAT)-dependent pathway [17]. Con-
versely histone deacetylases (HDACs), a class of enzymes that
remove the acetylation signature from histone and non-histone
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proteins, counteract HATs. This interplay between HATs and HDACs
is a fundamental process that regulates the acetylation status of tran-
scription factors and fine tunes gene expression.

Thus, HATs and HDACs have opposite actions in terms of gene
regulation. Recently, we found that inhibition of p300-HAT using
either a pharmacological inhibitor garcinol or p300 siRNA, reduced
Nox4 expression in endothelial cells [7]. Similarly, we in the present
study show that inhibition of HDAC surprisingly also reduces Nox4
expression in endothelial cells. Since HATs and HDACs generally have
opposite actions in terms of gene regulation, but it is unclear how
inhibition of both enzymes reduced expression of Nox4. Therefore, in
the present study, we have delineated how inhibition of HDACs inter-
feres with p300-HAT activity and Nox4 expression in endothelial cells.

Histone deacetylase inhibitors have been of considerable interest
for many diseases including treatment of cancer [18], slowing cardiac
hypertrophy and heart failure [19] as well as suppressing inflamma-
tion and immune diseases [20, 21]. Histone deacetylase inhibitors
have also been shown to reduce angiogenesis in the eye and tumour
[18, 22, 23]. The molecular mechanisms underlying the anti-angio-
genic effect of HDAC inhibitors have been attributed to down-regula-
tion of hypoxia-inducible factor-1o. (HIF-12) and VEGF expression
under hypoxic conditions [22]. Histone deacetylase inhibitors have
also been shown to reduce angiogenesis under non-hypoxic condi-
tions through alternative mechanisms such as destabilization of eNOS
mRNA and reduction of nitric oxide production [24]. We and others
have previously shown that Nox4 plays an important role in angiogen-
esis [5, 9, 14, 25] and it regulates the activity of both HIF-1o [14] and
eNOS [5, 9]. Therefore, we also investigated the requirement of Nox4
signalling for the effects of HDAC inhibitor TSA on angiogenesis
in vitro and in vivo.

Materials and methods

Cell culture

A human umbilical vein endothelial cells (HUVECs) were purchased from
Lonza, Victoria, Australia, and human microvascular endothelial cells
(HMECs) were kind gifts from Centre for Disease Control and Prevention,
Atlanta, USA. Mouse lung endothelial cells (MLECs) were immortalized
using SV-40T antigen. All endothelial cells types were cultured in EGM-2
Bullet Kit with 5% foetal bovine serum (FBS), known as EGM-2 growth
media (Lonza, Mount Waverley, VIC, Australia). Human dermal fibrob-
lasts were cultured in DMEM with 10% FBS. Endothelial and fibroblast
cells were cultured in standard cell culture conditions using a 5% CO,
incubator at 37°C. All high quality chemicals were purchased from
Sigma-Aldrich, Castle Hill, NSW, Australia unless otherwise specified.

Experimental setup

Unless otherwise specified, the cells were treated with HDAC inhibitors
trichostatin A (TSA; 0.33 uM = 100 ng/ml), sodium butyrate (NaB), val-
proic acid (VPA) or TGFB1 (10 ng/ml) for 6 hrs before cell harvest. In
some cases, the cells were pre-treated with p300-HAT inhibitor
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curcumin (50 uM; Sigma-Aldrich) or ubiquitin-activating enzyme inhibi-
tor PYR-41 (2.5 uM; Merck Millipore, Billerica, MA, USA) for 1 hr
before addition of TGFB1 (10 ng/ml) or TSA (0.33 uM).

Adenovirus infection

We silenced Nox4 gene expression using adenoviral vectors expressing
small interfering RNA targeting human Nox4 nucleotides 418-436 from
the start codon (Adv-Nox4i) as described previously [5]. Adenovirus
expressing green fluorescent protein (Adv-GFP) was used as a control.
Cells were infected with 500 MOI (HUVECs) or 200 MOI (HMECs) of
Adv-GFP or Adv-Nox4i for 24 hrs in Opti-MEM medium (Life Technolo-
gies, Tullamarine, VIC, Australia) and allowed to recover in EGM-2
growth medium for another 24 hrs. All experiments were performed
48 hrs after infection.

siRNA Transfection

Transfections were performed using DharmaFECT-1 siRNA reagents
(Dharmacon, Lafayette, CO, USA) following the manufacturer’s recom-
mendations. Typically, HMECs 10%well were plated in a 6-well plate
1 day prior to transfection. On the second day, the cells were treated
with 100 nM of either control SiRNA or p300-SMART PULL in Opti-
MEM medium and DharmaFECT-1 for 6 hrs. Transfected cells were
washed with PBS and replaced with EBM-2 growth medium. After
48 hrs, cells were deprived with serum free medium and treated with
TGFB1 (10 ng/ml) for 6 hrs. The cells were collected for gene expres-
sion analysis.

Gene expression analysis

Cells (10° cells/well) were seeded in 6-well plates. Serum deprived cells
were treated with various inhibitors or TGFB1. Total RNA from treated
cells was extracted with the TRI-reagent according to manufacturer’s
instructions (Ambion, Austin, TX, USA) and reverse-transcribed to cDNA
using TagMan high performance reverse transcription reagents (Applied
Biosystems, Life Technologies) at 25°C for 10 min., 37°C for 2 hrs fol-
lowed by 85°C for 5 sec. in a Thermal cycler (BioRad-DNA Engine; Bio-
Rad, Gladesville, NSW, Australia). The quantitative real-time PCR reac-
tions were performed in a 7300 system (Applied Biosystems, Life Tech-
nologies) by using TagMan Universal PCR master mix and pre-designed
gene specific probes and primer sets for Nox2 (Hs00166163_m1),
Nox4 (Hs01558199_m1 and MmO00479246_m1), Nox1 (Hs0024
55589_m1), Nox5 (Hs00225846_m1), EP300 (Hs00914223_m1) and
NOS3 (Hs00167166_m1). The cycle threshold (CT) values form all
quantitative real-time PCR experiments were analysed using “2CT
method. Data were normalized to glyceraldehyde 3-phosphate dehydro-
genase (GAPDH; human 4326317E and mouse 4352339E) and
expressed as fold changes over that in control treatment group.

Amplex® red assay

Extracellular H,0, levels were detected using amplex® Red assay kit
(Molecular Probes, Life Technologies) according to manufacturer’s
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instructions. HMECs or MLECs (10° cells/well) were seeded in a 6-well
plate. Serum-deprived cells were treated with and without TGFB1
(10 ng/ml) or TSA for 6 hrs. Following treatments, trypsinized cells
were suspended in Krebs-HEPES buffer (HBSS, in mM: NaCl 98.0, KCI
4.7, NaHCO3 25.0, MgS04 1.2, 137 KH,PO,4 1.2, CaCl, 2.5, d-glucose
11.1 and Hepes-Na 20.0) containing Amplex® Red reagent (10 uM) and

horseradish peroxidase (0.1 U/ml). Fluorescence was then measured
with excitation and emission at 550 and 590 nm, respectively, using a
polarstar microplate reader (BMG Labtech, Ortenberg, Germany) at
37°C. Fluorescence values were normalized to cell numbers determined
by Alamar® Blue cell viability assays as according to manufacturer’s
instructions (Life Technologies).
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Fig. 1 Effect of TSA on Nox4 expression and H,0, formation in endothelial cells. Trichostatin A (TSA; 0.33 uM = 100 ng/ml) reduced Nox4 mRNA
levels in a time- (A; 3-24 hrs) and concentration-dependent (B; 0.08-0.33 pM) manner in HMECs (open) and HUVECs (closed). (C) TSA (0.33 uM)
does not affect Nox1 and Nox2 mRNA expression at any time point whereas increased Nox5 mRNA expression at 24 hrs time point in HUVECs. (D)
TSA (0.33 puM) decreased Nox4 protein levels compared to control in HMECs as shown in a representative Western blot. (E) H,0, generation as
detected by Amplex Red assay was reduced following 3, 6 and 24 hrs treatment of TSA (0.33 uM) in HMECs. (F) TSA (0.33 uM) reduced eNOS
mRNA levels only at 24 hrs time point in HMECs (open) and HUVECs (closed). Other HDAC inhibitors such as valproic acid (VPA) and sodium buty-
rate (NaB) also reduced Nox4 mRNA levels in a time- (G; 3-24 hrs) and concentration-dependent (H; VPA 0.25-1 mM and NaB 1-5 mM) manner
in HMEGs. (I) VPA (0.5 mM) and NaB (2.5 mM) diminished Nox4 protein levels compared to control in HMECs as shown in a representative Wes-
tern blot. All data are mean + S.E.M. from four independent experiments, *P < 0.05 from control without treatment.
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Western blot analysis

Cells (2.5 x 10° cells/well) were cultured in 6-well plates, and protein
was extracted as previously described [7]. Equal amounts of protein
were then separated by electrophoresis using gradient SDS-PAGE gel in
case of Nox4 and 6% SDS-PAGE gels of p300, and transferred to nitro-
cellulose membranes (Amersham, GE Healthcare, Parramatta, NSW,
Australia). After blocking with 5% non-fat milk in a buffer containing
Tris-HCl (20 mM, pH 7.5), NaCl (100 mM) and Tween-20 (0.1%),
respective membranes were incubated at 4°C overnight with either pri-
mary antibodies against Nox4 (rabbit monoclonal anti Nox4, 1:1000;
Abcam, Melbourne Australia), primary rabbit polyclonal anti p300 (C-20;
1:200; Santa Cruz Biotechnology, Dallas, TX, USA), and mouse mono-
clonal anti GAPDH (1:1000; Merck Millipore) antibodies were used. Pro-
teins were detected using an enhanced chemiluminescence detection kit
(GE Healthcare, Parramatta, NSW, Australia) with horseradish peroxi-
dase conjugated to appropriate secondary antibodies (Bio-Rad). The
image was captured and processed using CanoScan 8800F/PhotoStudio
5.5 software (Melville, NY, USA).

P300-HAT immunoprecipitation

Human microvascular endothelial cells (2 x 10°) were washed once in
ice-cold PBS before scraping them off at 4°C with lysis buffer contain-
ing protease inhibitor. The sample protein concentration was adjusted
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to 1 mg/ml with lysis buffer and incubated with 10 pg of polyclonal
anti-p300-HAT antibody (C-20; Santa Cruz Biotechnology) overnight.
Protein-G agarose (Sigma-Aldrich) bead suspension was added to
each sample to isolate the p300-HAT antigen-antibody complex. Sam-
ples were spun down for 1 min. at 14,000 g and washed three times
with cold PBS. p300-HAT antigen antibody complex was resuspended
in 2x loading buffer [125 mM Tris HCI, pH 6.8, 4% (w/v) SDS and
10% (v/v) Glycerol, 1% (v/v) 2-mercaptoethanol] and heated at 95°C
for 5 min. P300 protein and ubiquitnation of p300 were detected
using polyclonal anti-p300 antibody (C-20, 1:200) and mouse mono-
clonal anti-ubiquitin antibody (1:1000; Boston Biochem, Cambridge,
MA, USA) respectively.

Migration

The wound healing assay is an in vitro model to explore effects on
endothelial cell proliferation and migration during closure of a cellular
monolayer wound. HUVECs (1 x 10° cells/well) or HMECs (1.5 x 10°)
or MLECs (1 x 10%) were seeded in 12-well plates. After 24 hrs, two
perpendicular wounds were created using 1 ml pipette tips. Cells were
washed three times with PBS and treated with EGM-2 growth media
containing 2% FBS in the absence and presence of TSA (0.33 uM) for
16 hrs at 37°C, 5% CO,. Images were captured under 10x magnifica-
tion at time 0 and 16 hrs. Three different areas of the wound were mea-
sured using Image J software. Values were then expressed as the
percentage wound closure at time zero and at 16 hrs.
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Fig. 2 Effect of TSA on TGFB1-induced Nox4 expression and H,0, formation in endothelial cells. Pre-treatment (1 hr) of HMECs with TSA (0.33 uM)
suppressed TGFB1 (10 ng/ml-6 hrs)-induced (A) Nox4 gene expression and (B) Nox4 protein expression as shown in a representative Western blot.
(C) Basal and TGFB1 (10 ng/ml)-induced H,0, generation was abolished in HMECs pre-treated with TSA. Similarly pre-treatment of (D) mouse lung
endothelial cells and (E) human dermal fibroblast cells with TSA (0.33 uM) also suppressed basal and TGFB1 (10 ng/ml-6 hrs)-induced Nox4 gene
expression. All data are mean + S.E.M. from 4 to 6 independent experiments, *P < 0.05 from control without treatment; +P < 0.05 from treated

cells with TGFp1.
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Tube formation assay

Serum-deprived cells (1.5 x 10* cells/well) were seeded on growth fac-
tor reduced Matrigel (50 pl) in 96 well plate and treated with or without
TSA (0.33 uM). After 8 hrs, images were taken under 10x magnifica-
tions using an Olympus inverted light/fluorescent microscope (Model
No. IX81). Tube length was measured using Image J software (National
institute of Health, Bethesda, MD, USA) from 10 random fields and
normalized to controls.

In vivo angiogenesis

Animal study has been conducted in accordance with St. Vincent’s
Hospital Animal Ethics Committee guidelines (Melbourne, Victoria,
Australia) and the Australian National Health and Medical Research
Council guidelines for the care and health of animals (AEC 006-13).
The subcutaneous sponge model was used to determine the effects of
TGFB1 on angiogenesis in vivo as described previously [5]. UV steril-
ized polyvinyl alcohol (PVA) sponge discs (8 mm diameter x 2 mm
thickness from PVA Unlimited, Warsaw, IN, USA) were soaked
in either saline (120 pl/sponge) or TGFB1 solution (10 ng/ml; 120 pl/
sponge) and implanted under the dorsal skin of 10 weeks old male
C57BL/6 wild type (WT) mice, Nox4 knockout (Nox4 KO) mice [26]
(kindly provided by Prof Karl-Heinz Krause, University of Geneva)
using general anaesthetic agents ketamine (100 mg/kg) and xylazine

(IP 10 mg/kg) intraperitoneally. A similar experiment was performed
to test the effect of TSA on TGFP1 induced-angiogenesis in male
C57BL/6 of the same age. After implanted of saline and TGFB1-soaked
sponge discs, mice were treated with either vehicle (1% DMSO in sal-
ine) or TSA (1 mg/kg) intraperitoneally every 48 hrs for 14 days. In
both experiments, mice were killed using lethabarb (IP 200 mg/kg)
after 14 days and sponges harvested and cleaned of connective tis-
sues. Haemogloboin content assay indicates formation of new per-
fused vessels. In this assay, sponges were incubated with 500 ul of
red blood cells lysis buffer (in mM; NH4CI 200, NaHCO3 20, ethylene-
diaminetetraacetic acid 1) for 1 hr at 37°C. The supernatant was col-
lected by centrifugation at 5000 x g for 10 min. The concentration of
haemoglobin in the supernatant was determined at an absorbance of
550 nm and compared with a standard curve of purified bovine hae-
moglobin using a haemoglobin assay kit (Drabkin’s reagent).

Data and statistics

Values are mean + S.E.M., all the experiments were carried out in repli-
cates using at least four independent cell cultures. Comparisons
between two and more treatments were performed by means of Stu-
dent’s unpaired t-test and anova, respectively. If the anova demonstrated
a significant interaction between variables, post-hoc Tukey analysis was
performed for multiple-comparison. A value of P < 0.05 was regarded
as statistically significant.
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Fig. 3 Effect of p300-HAT inhibition on Nox4 expression and H,0, formation in HVECs. (A) Pre-treatment (1 hr) of HMECs with p300 inhibitor cur-
cumin (50 pM) suppressed the basal and TGFB1 (10 ng/ml-6 hrs) induced on (A) Nox4 gene expression and (B) Nox4 protein expression as shown
in a representative Western blot. (C) Basal and TGFB1 (10 ng/ml-6 hrs)-induced H,0, generation was reduced in HMECs pre-treated with curcumin.
(D) p300-HAT siRNA markedly inhibits expression of p300 mRNA in HMECs. Down-regulation of p300 with siRNA reduced basal and TGFB1 (10 ng/
ml-6 hrs)-induced (E) Nox4 gene expression and (F) Nox4 protein expression in HMECs. All data are mean + S.E.M. from 4 to 6 independent
experiments, *P < 0.05 from control without treatment; 1P < 0.05 from treated cells with TGFp1.
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Results

HDAG inhibitors reduce Nox4 expression and
H,0, formation

To study the involvement of HDACs on Nox4 gene regulation,
HDAC inhibitors such as TSA, VPA and NaB were used. TSA
(0.33 uM) decreased Nox4 gene expression in a time- (Fig. 1A)
and concentration-dependent manner (Fig. 1B) in both HMECs and
HUVECs. Expression of Nox1 and Nox2 did not change after 3—
24 hrs treatments with TSA, whereas Nox5 expression markedly
increased at 24 hrs in HUVECs (Fig. 1C). Reduction of Nox4
mRNA considerably reduced Nox4 protein level (Fig. 1D) and H,0,
production (Fig. 1E) after TSA treatment from 3 to 24 hrs in
HMEGs. TSA also decreased eNOS gene expression only at 24 hrs
time point in both HMECs and HUVECs (Fig. 1F). Similarly, other
classes of HDAC inhibitors VPA and NaB also blocked Nox4 gene
expression in a time- (Fig. 1G) and concentration- dependent man-
ner (Fig. 1H) in both HMECs and HUVECs. Reduction of Nox4
gene expression was also confirmed at protein level and both VPA

J. Cell. Mol. Med. Vol 20, No 10, 2016

(Fig. 11) in HMECs. These findings indicate that HDAC inhibitors
reduce basal level of Nox4 expression and H,0, formation in
endothelial cells.

Next, we tested the effect of TSA on TGFB1-induced Nox4 expres-
sion and activity. TGFB1 induced Nox4 mRNA (Fig. 2A), protein
(Fig. 2B) and H,0, formation (Fig. 2C) which were all blocked by TSA
(Fig. 2A-C) in HMECs. We also confirmed the effect of TSA on Nox4
expression in MLECs and human primary dermal fibroblasts. TGFp1-
induced Nox4 expression was markedly reduced by TSA in MLECs
derived from WT mice (Fig. 2D). Similarly, TSA reduced both basal
and TGFB1-induced Nox4 expression in human dermal fibroblasts
(Fig. 2E). These results indicate that HDAC inhibitor TSA reduced
basal as well as TGFB1-induced Nox4 expression in endothelial and
fibroblast cells.

Trichostatin A induces ubiqutination and
proteasome degradation of p300-HAT

p300-histone acetyltransferase is a co-activator required for several
transcription factors such as, Smad2/3 [27], HIF-1o [28] and cAMP
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transcription factors are also required for Nox4 gene expression
[7, 30, 31]. Previously, we have shown that inhibition of p300-HAT
expression or activity decreased Nox4 expression in endothelial
cells [7]. Similarly, curcumin a known inhibitor of p300-HAT [32],
also reduced TGFB1-induced Nox4 mRNA (Fig. 3A), protein
(Fig. 3B) and H,0, formation (Fig. 3C) in HMECs. In addition, we
confirmed effects of p300-HAT suppression using small interference
RNA (siRNA; Fig. 3D). As expected, knockdown of p300-HAT gene
inhibits both basal and TGFB1-induced Nox4 mRNA (Fig. 3E) and
protein (Fig. 3F) expression in HMECs suggesting p300-HAT is
essential for Nox4 expression.

Generally, HDAC inhibitors cause hyperacetylation of proteins by
enhancing HATSs activity. Therefore, it could be predicted that inhibi-
tion of HDAC ought to enhance HATs activity and Nox4 expression.
Surprisingly we found that inhibition of both HDACs and p300-HAT
abrogated Nox4 expression in HMECs and HUVEGs. To gain mecha-
nistic insights, we evaluated the impact of TSA on p300-HAT protein.
Interestingly, p300-HAT protein was not present after 24 hrs of TSA
treatment in HMECs (Fig. 4A). Degradation of p300-HAT could occur
via ubiqutination-proteasomes dependent mechanism [33]. There-
fore, we performed immunoprecipitation of p300-HAT and investi-
gated ubiqutination after TSA treatment. As shown in Figure 4B,
p300-HAT ubiqutination occurred as early as 3 hrs and reached maxi-
mum at 6 hrs followed by degradation after 24 hrs of TSA treatment.
This indicates that TSA enhances early inactivation of p300-HAT via
ubiquitination leading proteasomal degradation. Inhibition of ubiquiti-
nation pathway using the ubiquitin-activating enzyme E1 inhibitor

PYR-41 (2.5 uM) reduced TSA-mediated ubiquitination of p300-HAT
(Fig. 4C). PYR-41 also reversed TSA-mediated abolition of Nox4
mRNA (Fig. 4D) and protein (Fig. 4E) in HMECs. Thus, TSA abro-
gated Nox4 expression via inactivation of p300-HAT.

Trichostatin A reduces endothelial cell migration
via Nox4 signalling

Previously, we and others have shown that Nox4 enhances
endothelial cell migration [5, 7, 34]. We therefore attempted to clar-
ify whether the effect of TSA on endothelial cell migration required
Nox4 signalling. To illustrate the functional importance of HDAC
inhibitor TSA via Nox4, first we used an adenovirus carrying RNA
interference targeting human Nox4 (Adv-Nox4i) to down regulate
Nox4, which markedly reduced Nox4 mRNA expression (Fig. 5A),
protein (Fig. 5B), and the formation of H,0, (Fig. 5C) in HMEGs.
Similarly, the formation of H,0, was lower in MLEC derived from
Nox4 KO mice compared to the WT-derived MLEC (Fig. 5D). Thus,
Nox4 is a constitutively active source of H,0, in endothelial cells
and these were used further to evaluate cell migration and pro-
angiogenic activity in vitro.

Disruption of the intact layer of endothelial cells using a scratch
assay model causes migration of adjacent cells to fill in the wounded
areas. Growth medium in control HUVEC and HMECs accelerates
wound closure (Fig. 6A-C) which was inhibited by TSA and Adv-
Nox4i. Importantly, TSA did not further reduce wound closure in
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Nox4 depleted cells (Fig. 6A-C). Similarly, wound closure was slower
in Nox4 KO MLECs and TSA treated WT MLECs compared to
untreated WT MLECs (Fig. 6D and E). This effect of TSA was not
observed in Nox4 KO MLEGCs (Fig. 6D and E). These data indicate that
TSA does not have significant effects on endothelial cell migration in
absence of Nox4 signalling.

Trichostatin A suppresses tube formation via
Nox4 signalling

It is well-known that TSA has anti-angiogenic activity, however,
involvement of Nox4 signalling in this process is not known yet.
Endothelial cells involve cellular organization into a network of tube-
like structures. Capillary-like tube formation was assessed by plating
HUVECs and HMECs on solidified growth factor reduced Matrigel.
Endothelial cells formed tube like structures within 8 hrs as shown in
representative pictures of HUVECs (Fig. 7A) and WT MLECs

© 2016 The Authors.

(Fig. 7D). TSA and Adv-Nox4i prevent capillary-like structure forma-
tion to a similar extent in HUVECs and HMECs compared to their con-
trols (Fig. 7A-C). This effect of TSA was not significantly different in
Nox4 silenced HUVECs and HMEGCs (Fig. 7A-C). Similarly, tube for-
mation was reduced in Nox4 KO MLECs and TSA-treated WT MLECs
compared to control WT MLECs (Fig. 7D and E). The effect of TSA
was not observed in Nox4 KO MLECs (Fig. 7D and E). Thus, TSA
exerts no significant effect on in vitro angiogenesis in the absence of
Nox4 signalling.

Trichostatin A reduces TGFp1-induced
angiogenesis in vivo

Previously, we demonstrated that TGFB1 induced angiogenesis in a
mouse sponge model and this response to TGF-p1 completely
blocked in Nox4 KO (Exon 14-15 deletion) mice [5]. Here, we have
used the same model but a different strain of Nox4 KO (Exon 4-5
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deletion) mice [26] kindly provided by Prof Karl-Heinz Krause (Univer-
sity of Geneva). As in our previous study, we instilled the sponges
with either saline or TGFB1 (10 ng/ml) subcutaneously under the dor-
sal skin of WT littermates and Nox4 KO mice for 14 days to allow ves-
sels to grow into the sponges. The degree of perfused vessel growth
in the sponges was then evaluated by quantification of haemoglobin
content in sponges. TGFB1-treated sponges harvested from WT mice
showed greater vascularization (Fig. 8A) and higher haemoglobin
content (Fig. 8B) compared to the saline-treated sponges, suggesting
TGFB1-induced vessels were perfused with blood. Most importantly,
the augmenting effects of TGFB1 on haemoglobin content were
completely abolished in Nox4 KO mice (Fig. 8A and B). Given that
TSA strongly inhibits Nox4 in endothelial cells and TGFB1 induced
angiogenesis via a Nox4-dependent pathway in vivo, we investi-
gated whether TSA could specifically inhibit TGFp1-induced angio-
genesis in vivo. Indeed, the mice treated with TSA (1 mg/kg
intraperitoneal) reduced substantially TGFB1-induced haemoglobin
content in the sponges compared to the vehicle (1% DMSO in sal-
ine)-treated mice (Fig. 8C and D). There was no difference
observed in haemoglobin content in the saline instilled sponges (in

1940

Nox4 KO

absence of TGFB1) derived from WT and TSA-treated WT mice
(Fig. 8C and D). These findings suggest that TSA inhibits TGFp1-
induced angiogenesis in vivo and this effect of TSA is similar to
that seen in Nox4 KO mice. Collectively, our data suggest that TSA
reduces angiogenesis in vitro and in vivo and this involves sup-
pression of Nox4 signalling.

Discussion

Here, we demonstrate that the HDAC inhibitor TSA reduced Nox4
expression and activity in endothelial cells derived from different vas-
cular beds. In addition, TSA impaired angiogenic activity both in vitro
and in vivo under non-hypoxic conditions. We show that TSA reduces
angiogenesis by suppressing a Nox4-dependent pathway, at least
in vitro. Mechanistically, TSA inhibits Nox4 expression via the ubiqui-
tin-dependent degradation of the co-activator p300-HAT in endothelial
cells. These results reveal a novel action of the HDAC inhibitor TSA to
feed back control of p300-HAT co-activator activity and thereby affect
Nox4 expression in endothelial cells.

© 2016 The Authors.
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Several transcription factors such as HIF-1o. [28], Smad2/3
[30], Sp3 [35], Oct-1 [36] and c-Jun [37] are involved in regulation
of Nox4 gene expression. All of these transcription factors require
one of the common co-activators p300-HAT for gene expression
activity [27, 31, 38, 39] and thus p300-HAT might make a suitable
target to modulate Nox4 expression therapeutically. Indeed, our
recent study provides direct evidence that p300-HAT activity is vital
for CREB-mediated Nox4 expression [7]. Similarly, both the p300-
HAT inhibitor curcumin [32] and p300 siRNA blocked basal and
TGFB1-induced Nox4 expression and activity. This is consistent
with our previous finding that p300-HAT activity is essential for
Nox4 expression [7].

It came as a surprise that inhibition of both HDAC and p300-HAT
appeared to abrogate Nox4 expression in endothelial cells. In general,
HDAC inhibitors cause hyperacetylation of histones and non-histone

© 2016 The Authors.

proteins due to sustained activity of HAT, hence increased gene
expression. However, continuous activity of HATs would clearly be
detrimental in terms of gene expression and additional regulatory
mechanisms are needed to control HAT activity. Indeed, it has
become evident that HDAC inhibitors such as TSA and NaB increase
p300 protein degradation at 20 hrs via an ubiqutination-proteasomal
pathway in Hela cells [33, 40]. These results are consistent with our
findings that TSA induced ubiqutination of p300-HAT as early as 3
and 6 hrs followed by degradation by 24 hrs (Fig. 4A and B). More-
over, the present study shows that inhibition of the ubiquitin-activat-
ing enzyme E1 using PYR41 prevents TSA-mediated suppression of
Nox4 (Fig. 4D and E). It is likely that TSA-induced early ubigutination
of p300-HAT which may bind inefficiently to the transcription factors,
and this in turn suppresses Nox4 expression. This view is partially
supported by recent findings (Siuda et al) showing inhibition of
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c-Jun binding to the Nox4 promoter region leads to decreased Nox4
expression in the presence of the HDAC inhibitor scriptide [37]. Alter-
natively, TSA has been shown to increase expression of the cyclin-
dependent kinase inhibitor-1 p21WAF1 and decrease expression of
p300-HAT in breast cancer cells [41]. Therefore, one can speculate
that inactivation of co-activator p300-HAT could lead to inefficient
binding of c-Jun or other transcription factors to the Nox4 promoter
and thereby affect Nox4 expression.

Histone deacetylase inhibitors affect the expression or activity of
several mediators of angiogenesis such as HIF-1o, VEGF and eNOS.
For example, under hypoxic conditions, TSA up-regulated von Hippel-
Lindau activity leading to suppression of HIF-1o activity and VEGF
expression [22]. Under non-hypoxic conditions, TSA destabilizes
eNOS mRNA leading to reduction of both eNOS protein and nitric
oxide availability, thereby compromising angiogenesis. Moreover, this
effect of TSA was not reversed by addition of the potent angiogenic
factor VEGF suggesting the anti-angiogenic effect of TSA under non-
hypoxic conditions is not primarily attributed to VEGF suppression
but that an eNOS-mediated alternative mechanism may be involved
[24]. We and others suggested that Nox4-derived H,0, is required for
eNOS expression and angiogenesis [5, 9, 12]. Under non-hypoxic
conditions, we observed TSA down-regulates Nox4 expression as
early as 3 hrs and maximally at 6 hrs (Fig. 1A) whereas eNOS gene
expression is down-regulated later (24 hrs) in both HUVECs and
HMECs (Fig. 1F). TSA-mediated reduction of eNOS gene expression
at a later time point accords with a previous report by Rossig et al.
[24]. Thus, TSA-mediated inhibition of Nox4- derived H,0, may lead
to decreased expression of eNOS and regulated angiogenesis. In
addition, it has been shown that HDAC inhibitors up-regulate anti-
angigogenic genes such as thrombospondin-1 [42] and the VEGF
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competitor semaphorin Il [43]. Hence, whether Nox4 signalling is
required for up-regulation of anti-angiogenic genes by HDAC inhibi-
tors warrants further investigation.

Histone deacetylase inhibitors have previously been shown to
reduce proliferation, migration and angiogenesis in vitro [22-24, 44].
These effects of HDAC inhibitors are therefore similar to those of
Nox4 deficiency [5, 9, 25]. We also demonstrated a minimal effect of
TSA on migration and angiogenesis in a Nox4-deficient cells suggest-
ing Nox4-depedent redox component is essential to switch off the
angiogenic response. HDAG inhibitors also reduced Nox1 and Nox2
expressions in vascular smooth muscle cells and phagocytic cells,
respectively [45, 46] but, we could not find such an effect in
endothelial cells (Fig. 1C). Clearly the effect of HDAC inhibitors on
expression of these Nox isoforms is dependent upon cell type. In
addition, we show increased Nox5 expression after 24 hrs TSA
treatment (Fig. 1C), but H,0, production remained low, suggesting
only Nox4 is involved in TSA-mediated anti-angiogenic effects in
endothelial cells.

The physiological and pathophysiological roles of Nox4 remain to
be fully elucidated. However, increased Nox4 expression or activity
has been observed during hypoxia or TGFB1-induced angiogenesis as
well as a number of pathological conditions including haemangioma
(endothelial tumour cells) formation [47], retinal neovascularization
[48, 49], cardiac failure [50], fibrosis [51], pulmonary hypertension
[52] and stroke [53]. The effects of TSA-mediated inhibition of Nox4
expression is not limited to endothelial cells but is also observed in
human dermal fibroblasts (Fig. 2E) suggesting that HDAC inhibitors
may have similar effects on Nox4 expression in different cell types.
Hence, the inhibition of Nox4-depedent redox signalling using HDAC
inhibitors may be an interesting approach to investigate several

© 2016 The Authors.
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pathological conditions given the success of HDAC inhibitors in the
clinic for cancer ablation [54].

In conclusion, the interaction between p300-HAT and HDACs
plays an important role in the regulation of Nox4 expression in
endothelial cells. Mechanistically, it is likely that HDAC inhibitor TSA
reduce expression of Nox4 via ubiquitin-mediated inactivation of
p300-HAT. Nox4 plays vital roles in endothelial cell functions such as
migration and angiogenesis (Fig. 9). In vitro anti-angiogenic effects
of TSA under non-hypoxic conditions appear to be exerted via a
Nox4-dependent pathway. TSA also inhibits TGFp1-induced angio-
genesis in vivo and this effect of TSA is similar to that of Nox4 abla-
tion. Clearly HDAC inhibitors regulate angiogenesis in vitro and
in vivo via a Nox4-dependent pathway.
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