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Abstract

Excessive levels of reactive oxygen species (ROS) and increased expression of NADPH oxidases
(Nox) have been proposed to contribute to pulmonary artery hypertension (PAH) and other
cardiovascular diseases (CVD). Nox enzymes are major sources of ROS but the mechanisms
regulating changes in Nox expression in disease states remain poorly understood. Epigenetics
encompasses a number of mechanisms that cells employ to regulate the ability to read and
transcribe DNA. Histone acetylation is a prominent example of an epigenetic mechanism
regulating the expression of numerous genes by altering chromatin accessibility. The goal of this
study was to determine whether inhibition of histone deacetylases (HDAC) affects the expression
of Nox isoforms and reduces pulmonary hypertension. In immune cells, we found that multiple
HDAC inhibitors robustly decreased Nox2 mRNA and protein expression in a dose-dependent
manner concomitant with reduced superoxide production. This effect was not restricted to Nox2 as
expression of Nox1, Nox4 and Nox5 was also reduced by HDAC inhibition. Surprisingly, Nox
promoter-luciferase activity was unchanged in the presence of HDAC inhibitors. In macrophages
and lung fibroblasts, ChIP experiments revealed that HDAC inhibitors block the binding of RNA
polymerase 11 and the histone acetyltransferase p300 to the Nox2, Nox4 and Nox5 promoter
regions and decrease histones activation marks (H3K4me3 and H3K9ac) at these promoter sites.
We further show that the ability of CRISPR-ON to drive transcription of Nox1, Nox2, Nox4 and
Nox5 genes is blocked by HDAC inhibitors. In a monocrotaline (MCT) rat model of PAH,
multiple HDAC isoforms are upregulated in isolated pulmonary arteries, and HDAC inhibitors
attenuate Nox expression in isolated pulmonary arteries and reduce indices of PAH. In conclusion,
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HDAC inhibitors potently suppress Nox gene expression both /n vitroand in vivo via
epigenetically regulating chromatin accessibility.
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1. Introduction

Oxidative stress, triggered by the overproduction of reactive oxygen species (ROS), is
considered an etiological contributor to the pathophysiology of cardiovascular diseases [1-
3], cancers [4], inflammation [5] and lung injury [6]. The NADPH oxidase (Nox) enzymes
are a major source of ROS, and constitute a family of 5 isoforms, that have been designated
Nox1-5 [7-9]. Vascular cells express Nox1-2, Nox4 and Nox5 (except in rodents which do
not possess the gene for Nox5), and Nox3 expression is primarily restricted to the inner ear
[7]. The post-translational regulation of Nox1 and Nox2 depends primarily on protein-
protein interaction between various subunits that include NOXA1, NOXO1, p22phox,
p47phox (NCF1), and p67phox(NCF2) [7]. In contrast, Nox4 is a unique isoform that is
constitutively active [10], while Nox5 is regulated by calcium and phosphorylation[11].
Nox2 and Nox4 are upregulated in pulmonary artery hypertension (PAH) [2,10,12-15] and
are thought to play a vital role in the development of elevated pulmonary artery resistance
and pressure [16]. This is supported by studies showing that inhibition of Nox2 by genetic or
pharmacological approaches in mice ameliorates PAH [17,18]. Several inhibitors of Nox4,
such as GKT137831, VCC588646 and VCC202273 have also been shown to reverse PAH in
rats and mice [2,15]. Given the critical role of Nox isoforms in the development of
cardiovascular disease, the mechanisms underlying their transcriptional regulation is of great
interest, but remains poorly defined.

Epigenetics refers to mechanisms that encode heritable traits not related to genetics or
changes in the DNA sequence. This includes reversible covalent modifications such as DNA
methylation and histone acetylation and methylation as well as small and non-coding RNAs
[19]. The power of epigenetics is demonstrated by the existence of multicellular organisms
which are comprised of multiple cell types with distinct functions and plasticity that are all
derived from a single genome. Epigenetic mechanisms that regulate gene expression are
currently of great interest as drug targets to more effectively influence the multiple pathways
that are altered in complex diseases. Histone modifications (acetylation and methylation),
and the specific nature and organization of these modifications, is referred to as the histone
code. Prominent examples include the trimethylation of lysine 4 and acetylation of lysine 9
and 14 on histone 3 which have been shown to mark regions of active transcription. The
number of histone modifications and the impact on transcription is quite complex and is
reviewed in detail elsewhere [20].

Acetylation of histone residues results from the balance of the actions of acetyltransferases
and deacetylases which dynamically regulate chromatin state. In general, increased
acetylation of histone residues is thought to weaken the interaction with DNA and thus
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provide greater accessibility to regulatory elements of DNA. Multiple enzymes contribute to
histone acetylation (HATs) and deacetylation (HDACs). HDACs comprise a family of
enzymes with 18 members that are referred to as HDAC 1-11 and SIRT 1-7. They are
classified into 4 groups based on function and sequence homology: Class | (HDACs1-3 and
8), Class Il (HDACs 4-7, 9-10), Class Il (SIRT1-7), and Class IV (HDAC11). Chemicals
that inhibit HDAC activity were first described almost 40 years ago [21] and paved the way
for the development of improved inhibitors with enhanced specificity towards HDACs as
well as selectivity for different classes of HDACSs. The ability of HDAC inhibitors to
regulate gene expression is complex, with up to 30% of the transcriptome changing in
expression; the upregulation and downregulation of genes occurs in equal proportions [22],
and the pattern and direction of changes in gene expression is cell type dependent [23,24].
This contrasts with the simple view that HDAC inhibition should, in principal, increase
histone acetylation, promote a more accessible chromatin structure, and universally increase
gene expression. However, the complexity of the outcomes of HDAC inhibition is
emphasized by a recent study which revealed that inhibition of HDACs can actually promote
significant deacetylation of histones [23]. The role of epigenetics in PAH is a novel and
active area of investigation, and while epigenetic modifiers (particularly HDAC inhibitors)
have been shown to influence PAH in certain experimental models [25-31], the mechanisms
involved remain poorly defined. The mechanisms underlying the increased expression of
Nox2 and Nox4 in PAH are not yet known and the epigenetic control of Nox expression is,
in general, poorly understood.

The RNA-guided endonuclease Cas9 from the microbial CRISPR (clustered regularly
interspaced short palindromic repeat) adaptive immune system is a recently adopted and
powerful tool for genome editing in mammalian cells and animals [32]. Inactive forms of
Cas9 tethered to transcriptional activators and directed by single-guide RNAs (sgRNA) to
specific promoter or enhancer regions of genes has been shown to effectively induce gene
expression in a process called CRISPR-ON [33]. Studies have shown that the binding of
guide RNAs and dCAS?9 to target sequences can be influenced by chromatin structure; thus,
CRISPR-ON may be a useful tool to explore epigenetic regulation of gene expression [34—
36].

Accordingly, the primary goals of this study were to determine the impact of HDAC
inhibition on Nox isoform expression, to identify the underlying epigenetic regulatory
mechanisms that influence transcriptional activation of Nox enzymes and to determine the
significance of this pathway in pulmonary arterial hypertension.

2. Materials and methods

2.1. Cell culture and reagents

COS-7, HEK-293A, promyelocytic leukemia cells (HL-60), THP-1 cells, Caco2, PC-3 cells,
human lung fibroblasts were purchased from ATCC and cultured in DMEM as described
[3,8,10,37-40]. Human lung microvascular endothelial cells (HLMVEC) were purchased
from Lonza and grown in Endothelial Growth Medium-2-Microvessel (EGM-2MV)
supplemented with growth factors and 5% FBS (Lonza). Peritoneal macrophages from WT
and Nox2/"mice were isolated and cultured as previously described [40]. In brief,
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thioglycolate (1 ml) was injected into each mouse and after 3-5 days peritoneal cells were
collected v7a PBS lavage. RBCs were subsequently lysed with hypotonic buffer and isolated
macrophages cultured in DMEM medium containing L-glutamine, streptomycin, penicillin,
and 10% (v/v) FBS. Cells were grown at 37 °C in a 5% CO5, incubator and used from
passage 2—-6. COS-7 and HEK-293A cells were transfected using Lipofectamine 3000 re-
agent (Invitrogen) as described previously [37,39-42]. In brief, cells were grown on 12-well
plates to approximately 90% confluency and transfected using a plasmid DNA-lipid mixture
of 1 ug plasmid/well at the recommended ratio of 1 ug DNA: 2 uL lipofectamine 3000. The
HDAC inhibitors including scriptaid, suberoylanilide hydroxamic acid (SAHA), trichostatin
A (TSA) and valproic acid (VPA) and were purchased from Sigma and Selleck Chemicals.
Monocrotaline (MCT) was purchased from Sigma.

2.2. Models and analysis of pulmonary arterial hypertension

Pulmonary hypertension was induced in rats using monocrotaline (MCT). Adult male
Sprague-Dawley rats (SDR, 250-300 g) were injected with a single dose of MCT (60 mg/kg,
IP) which elicits a progressive, severe and irreversible form of PAH after 2—4 weeks [2,43].
Age-matched male SDR were used as controls. Rats were housed at constant temperature
(21-23 °C) with ad libitum access to food and water and 12 h light-dark cycles.
Cardiopulmonary parameters reflecting RV hypertrophy and PA remodeling such as RV
thickness and velocity time integral (VTI1) were measured using non-invasive digital
ultrasound micro-imaging system (Vevo 2100, VisualSonics) as previously described [2].
Upon completion of studies, rats were anesthetized (pentobarbital, 50 mg/kg, i.p.),
euthanized by thoracotomy and the Fulton index determined and pulmonary arteries
isolated.

All procedures and protocols were approved by animal Care and Use Committee at Augusta
University, and this study was performed following the guidelines for the Care and Use of
Laboratory Animals from the US National Institutes of Health.

2.3. Engineered CRISPR-Cas9 and DNA constructs

The use and design of engineered Cas9 complex and efficient single guide RNA (sgRNA) to
induce Nox1/Nox2/Nox4/Nox5 transcriptional activation follows the protocol of Dr. Zhang
F [33]. The gRNA primers were annealed and cloned into sgRNA(MS2)-plasmids via Bbsl
sites. All of the CRISPR constructs were purchased from Addgene (Cat: #61422, 61423 and
61424), and the Nox1 and Nox4 promoter-luciferase constructs were obtained from Dr. Li
[44] and Dr. Hart [45] as gifts. The Nox2 promoter-luciferase construct was generated by
synthesizing the DNA fragment corresponding to Nox2 promoter region (NOX2 TSS -460
to +9) from GenScript and subcloning into pGL4.20 vector (Promega).

2.4. Analysis of protein and mRNA expression

Pulmonary arteries were dissected down to 4th order from the surrounding pulmonary
parenchyma, snap frozen in liquid nitrogen, pulverized and RNA extracted using TRIZOL or
proteins solubilized in 2x sample buffer. Cells were lysed directly in TRIZOL as described
[2]. Total RNA (tRNA) extracted from PA (Direct-zol) and cells and used to synthesize
cDNA using the iScriptcDNA Synthesis Kit (Bio-Rad). Relative gene expression was
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determined using real time RT-PCR (Bio-Rad iQ SYBR Green) with the following primers:
Mouse Nox2: GCTGGGATCACAGGAATTGT (forward), GGTGATGACCACCTTTTGCT
(reverse). Mouse GAPDH: AGGTCATCCCAGAGCTGAACG (forward),
CACCCTGTTGCTGTAGCCGTAT (reverse). Human Nox1:
AAGCCGACAGGCCACAGAT (forward), GTCACATACTCCACTGTCGTGTTTC
(reverse). Human Nox2: GCAGCCTGCCTGAATTTCA (forward),
TGAGCAGCACGCACTGGA (reverse). Human Nox4: CTTCCGTTGGTTTGCAGATT
(forward), TGGGTCCACAACAGAAAACA (reverse). Human Nox5
AAGACTCCATCACGGGGCTGCA (forward), CCCTTCAGCACCTTGGCCAGAG
(reverse). Human GAPDH: AGAAGGCTGGGGCTCATTTG (forward),
AGGGGCCATCCACAGTCTTC (reverse). Western blotting was performed as described
previously [9,46-49] using anti-Nox2 (BD, Sigma, Abcam), p300 (Active Motif) and anti-
GAPDH antibodies (Santa Cruz Biotechnology).

2.5. Measurement of superoxide and hydrogen peroxide

NADPH oxidase-derived superoxide was measured by L-012 as described previously
[9,37,39,40,42,50-52]. In brief, cells were plated into white tissue culture-treated 96-well
plates (Thermo Lab systems) at a density of approximately 4-6 x 10% cells/well in phenol
free DMEM (Sigma) with L-012 at the concentration of 400 uM (Wako) for 10 min and
luminescence was quantified over time using a Lumistar Galaxy (BMG) luminometer. The
relative light units (RLU) reflect changes in the superoxide produced and are completely
inhibited by 100 U/ml SOD. Hydrogen peroxide production was measured using the Amplex
Red assay with excitation of 530-560 nm and emission detection at ~590 nm. Cells were
incubated at 37 °C with 50 pM Amplex Red and 0.125 U/ml horseradish peroxidase in
phenol-free Dulbecco's modified Eagle's medium (Sigma) for 10 min. Relative light units
were calculated after subtraction of negative controls.

2.6. Chromatin immunoprecipitation (ChlIP)- quantitative PCR (QPCR)

ChIP was performed using the ChIP-IT Express Enzymatic Magnetic Chromatin
Immunoprecipitation Kit & Enzymatic Shearing Kit (Active Motif) according to the
manufacturer's instructions. Macrophages or human lung fibroblasts were treated with
vehicle (DMSO) or scriptaid (3 pg/ml) for 3 h and then fixed with 1% formaldehyde for 10
min. Chromatin was then prepared by enzymatic shearing and optimized according to the
manufacturer's instructions. ChlP was performed using ChlP-1T Express on sheared
chromatin from approximately 7.5 x 10° cells using a negative control IgG, an anti-RNA pol
Il antibody, an anti-H3K4me3 antibody, an anti-H3K9ac antibody, and an anti-p300
antibody (Active Motif). Real-time PCR was performed on DNA isolated from each of the
ChIP reactions using specific primer pairs for the mouse Nox2 promoter regions located =75
to —1 upstream of Nox2 transcriptional start site (TSS), human Nox4 promoter regions
located +185 to +344 downstream of Nox4 transcriptional start site (TSS), and the Nox5
promoter regions located —307 to —452 upstream of Nox5 transcriptional start site (TSS).
The delta Ct was calculated by the relative fold enrichment for each antibody used versus
IgG negative control.
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2.7. Promoter activity assays

Cells were transfected and the total amount of expression plasmid transfected per well was
balanced with varying amounts of a control vector. Luciferase reporter plasmids and control
luciferase plasmid (Guassia luciferase) were co-transfected into the cells, and 24 h post-
transfection, cells were treated with an HDAC inhibitor for another 24 h. Cells were
eventually processed in lysis buffer (Promega, New England Biolabs), and promoter activity
was measured by a dual luciferase system using firefly luciferase normalized to Gaussia
luciferase (Promega, New England Biolabs).

2.8. Statistical analysis

Data is presented as mean + SE. Statistical analysis were performed using Instat software
(GraphPad Software Inc., San Diego, CA). An unpaired student's £test and an ANOVA
analysis with a Bonferroni post hoc test were used for single and multiple comparisons
between two or more groups respectively. p<0.05 was considered statistically significant.

3. Results

3.1. Structurally distinct inhibitors of HDAC dose-dependently suppress superoxide
production from Nox2 in immune cells from humans and mice

To determine the effect of HDAC inhibition on NADPH oxidase activity and ROS
production, we incubated human HL-60 cells and murine macrophages with increasing
concentrations of the HDAC inhibitor scriptaid for different periods of time. We found that
long-term (24 h) treatment with scriptaid significantly decreased superoxide production (Fig.
1A). To assess whether the HDAC inhibitor has non-specific effects that could influence
superoxide levels (/.e. anti-oxidant activity) cells were incubated with scriptaid over the
short-term (30 min). Short-term exposure of scriptaid did not modify the cellular superoxide
levels (Fig. 1B). In macrophages, scriptaid was also very effective at reducing superoxide
levels in WT macrophages. Superoxide could not be detected in macrophages isolated from
Nox2-/- mice (Fig. 1C). The ability to suppress superoxide was also observed with other
HDAC inhibitors. In HL-60 cells and macrophages, superoxide release was significantly
reduced in cells treated with the HDAC inhibitors suberoylanilide hydroxamic acid (SAHA),
trichostatin A (TSA) and valproic acid (VPA) (Fig. 1D-E).

3.2. Transcriptional regulation of NADPH oxidases by HDAC inhibitors

As chronic but not acute exposure to HDAC inhibitors reduces superoxide levels, we next
investigated the effect of HDAC inhibitors on the expression level of Nox2 in both human
and murine cells. We found that HDAC inhibitors potently reduce the protein expression of
Nox2 in the human immune cell lines, HL-60 and THP-1, as well as in murine macrophages
(Fig. 2A-C and Supplemental Fig. 1A-C). The absence of Nox2 expression in macrophages
isolated from Nox2-/- mice confirmed the specificity of the Nox2 antibody (Fig. 2B). Low
dose (0.3 pug/ml) scriptaid reduced Nox2 protein expression in a time-dependent manner in
macrophages with a maximum effect observed at 96 h (Fig. 2D and Supplemental Fig. 1D).
To determine whether HDAC inhibitors reduce Nox expression via transcriptional or post-
translational mechanisms, we next measured the levels of mMRNA using real-time PCR.
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Exposure of human HL-60 cells and mouse macrophages to scriptaid and SAHA
significantly reduced the levels of Nox2 mRNA (Fig. 3A-C). The ability of scriptaid to
decrease Nox2 mRNA expression in both cell types was dose-dependent. There was no
amplification in Nox2-/- macrophages which confirmed the specificity of Nox2 primers in
real-time PCR measurements (Fig. 3B). We next investigated whether HDAC inhibitors
influence the transcription of other NADPH oxidase isoforms. In addition to Nox2, we
found that scriptaid was also effective at inhibiting Nox1 mRNA expression in HLMVEC
and in a human colon epithelial cancer cell line, Caco-2 where Nox1 is expressed at high
levels (Fig. 3D-E). Expression levels of Nox4 mRNA in HLMVEC, lung fibroblasts and
HL-60 cells were also reduced in the presence of scriptaid and SAHA (Fig. 3F-H). We also
assessed the expression of Nox5 in a human prostate cancer cell line (PC-3) that expresses
high levels of Nox5 which has been shown to be important for increased proliferative
potential [53]. Exposure of PC-3 cells to either scriptaid or SAHA robustly downregulated
Nox5 mRNA expression (Fig. 3I).

3.3. Epigenetic regulation of Nox transcription by histone modification

We next determined whether inhibition of HDACs affects Nox promoter activity. We used
Nox1, Nox2 and Nox4 promoter luciferase reporter plasmids containing the proximal 5
reporter region upstream of the transcription start site [44,45]. Despite prominent effects on
endogenous gene expression, the relative activity of the Nox1, Nox2 and Nox4 proximal
promoters was unchanged in the presence of HDAC inhibitor SAHA (Supplemental Fig. 2).
Given that differences likely exist in the accessibility of plasmid DNA versus native
chromatinized DNA, we next assessed the role of epigenetic mechanisms in macrophages
and lung fibroblasts. ChIP-gPCR experiments were employed to ascertain epigenetic
changes at the Nox2/Nox4/Nox5 promoter regions. As shown in Fig. 4A-B, the binding of
RNA polymerase Il to the Nox2 promoter region (=75 to —1) upstream of the transcription
start site was reduced by scriptaid, consistent with reduced transcription. Furthermore,
marks of open chromatin structures including trimethylation of lysine 4 of histone H3
(H3K4me3), acetylation of lysine 9 of histone H3 (H3K9ac), and p300 binding at the Nox2
promoter region were significantly reduced in the presence of scriptaid. As shown in Fig.
4C-E, RNA polymerase Il and p300 binding, and H3K9ac, at the Nox4 and Nox5 promoter
regions were also reduced in scriptaid-treated fibroblasts, consistent with reduced
transcription. Moreover, the total protein expression of p300 was significantly reduced in
scriptaid-treated macrophages and lung fibroblasts compared to control (Fig. 4F-G).

CRISPR-ON refers to the ability of an engineered, inactive Cas9 enzyme that is fused to a
transcriptional activation complex and guided by RNA to activate the promoter regions of
select genes [33]. As a tool to further dissect the functional consequences of the epigenetic
regulatory landscape that regulates Nox enzyme expression, we adopted a CRISPR-ON
strategy. As shown in Fig. 5A-E, CRISPR-ON targeted to the Nox1/Nox2/Nox4/Nox5
promoter regions robustly increased the expression of the respective endogenous genes. The
ability of CRISPR-ON to drive Nox1/Nox2/Nox4/Nox5 gene transcription as well as ROS
production was attenuated in the presence of scriptaid (Fig. 5B-E and Supplemental Fig. 3).
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3.4. Pulmonary arterial hypertension (PAH) is associated with increased vascular
expression of HDACs and Nox enzymes, and HDAC inhibition reduces Nox expression and
mitigates PAH

To determine the significance of HDACs in pulmonary arterial hypertension (PAH), we first
assessed the expression level of HDACSs in pulmonary blood vessels using real time PCR
and Western blotting in the rat MCT model of PAH. We found increased mRNA and protein
level of HDACs 3, 4 and 5 in isolated pulmonary arteries (PA) (Fig. 6A and Supplemental
Fig. 4A and 5). We also observed that Nox2 and Nox4 levels were increased in hypertensive
PA (Fig. 6B and Supplemental Fig. 4B) and reduced in the presence of the HDAC inhibitor
Valproic acid (VPA). In addition, cellular fibronectin (FN1), periostin and CD45 were
increased in PA from 4wk MCT rats versus control and decreased in the presence of VPA
(Fig. 6B and Supplemental Fig. 4B). Non-invasive assessment of PAH parameters in 4-week
MCT-treated rats using the vevo2100 digital ultrasound revealed a significant increase in RV
thickness and decreased velocity time integral (VTI) which were corroborated post-mortem
by an increase in the Fulton index. Treatment of MCT-treated rats with the HDAC inhibitor
VPA reduced RV thickness, the Fulton index and increased VTI (an index of vessel stiffness
and remodeling), consistent with improved hemodynamics and reduced pulmonary
hypertension (Fig. 6C-E).

4. Discussion

The aims of this study were to determine whether HDAC inhibition influences the
expression of Nox enzymes and the production of ROS and whether this pathway plays an
important role in PAH. We found that multiple HDAC inhibitors have the ability to dose-
dependently decrease superoxide production from macrophages and immune cell lines
concomitant with the down-regulation of Nox2 mRNA and protein expression. In addition to
Nox2, we also found that the mRNA expression of other Nox isoforms that are expressed in
blood vessels (Nox1, Nox4 and Nox5), were significantly reduced in the presence of HDAC
inhibitors. Mechanistically, HDAC inhibitors did not alter the activity of transiently
expressed Nox promoter-luciferase constructs but greatly reduced transcription of the
endogenous Nox2/Nox4/Nox5 genes. ChIP experiments revealed decreased levels of RNA
polymerase 11, H3K4me3, H3K9ac and p300 at Nox promoter sites, indicating that HDAC
inhibitors alter chromatin accessibility. Consistent with this, the ability of CRISPR-ON to
stimulate transcription of the endogenous Nox1/Nox2/Nox4/Nox5 genes was reduced in the
presence of HDAC inhibitors. In a rat MCT model of pulmonary hypertension, we found
that multiple HDAC isoforms are upregulated in isolated PAs along with increased
expression of Nox2 and Nox4. Administration of HDAC inhibitors to MCT-treated rats
reduces the expression of Nox2 and 4 and blunts indices of PAH. Collectively, these data
suggest that in PAH, increased expression or activity of HDACSs facilitates the transcriptional
activation of Nox genes via histone modifications, and that HDAC inhibitors reverse these
changes to decrease Nox expression and improve pulmonary hypertension.

Mammalian DNA is organized and condensed through the winding of DNA around a spool
of eight histone proteins to form a nucleosome which is then packed even more tightly into
chromatin [54]. The dense packing of chromatin can limit the accessibility of DNA binding
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proteins, including transcription factors, until DNA is partially unwound or relaxed. Studies
have shown that this dynamic state of chromatin is associated with post-translational
modifications on the amino-terminal tails of histones with changes in the acetylation,
methylation and phosphorylation of specific amino acids [55]. Acetylation of lysine residues
on histone tails neutralizes the positive charge of lysine and leads to weaker binding to
DNA, whereas deacetylation has the opposite effect [56]. The ability of histone acetylation
to relax DNA has been proposed as a mechanism linking histone acetylation with increased
transcription. In our study we found that HDAC inhibitors, which theoretically should
increase histone acetylation and gene transcription, instead resulted in a dramatic decrease in
the expression of Nox mRNA and protein. Our results are instead consistent with microarray
studies showing that HDAC inhibitors promote roughly equal proportions of upregulated and
down-regulated genes in a subset of the transcriptome [23,24]. The ability of HDAC
inhibition to modify gene expression can also be influenced by the type of HDAC inhibitor,
the concentration used and the cell type. In our study, we found that multiple HDAC
inhibitors including scriptaid, SAHA, trichostatin and VVPA produced consistent inhibitory
effects on Nox expression over multiple doses, in different cell types and different species
both /n vitroand /n vivo. A limitation of our study is the absence of data showing that
HDAC inhibitors can reduce HDAC activity. However this is likely based on the use of
multiple commercially obtained inhibitors at a range of concentrations that are well above
the published IC50s. The inhibitory effect of HDAC inhibitors was also consistent among
Nox family members, including Nox1, Nox2, Nox4 and Nox5.

ChIP analysis revealed that HDAC inhibition is associated with reduced binding of
acetylated histones to the proximal promoters of multiple Nox isoforms, concomitant with
reduced binding of RNA polymerase Il. This data together with reduced mMRNA expression
levels is consistent with decreased transcription of Nox genes. The reduced acetylation of
histones in the presence of HDAC inhibitors was unexpected but is consistent with recent
reports showing widespread deacetylation of histones in response to HDAC inhibitors
[23,57]. The mechanisms by which HDAC inhibitors promote histone deacetylation are not
yet fully understood. It has been proposed, at least for some genes, to be due to reduced
expression and decreased binding of the histone acetyltransferase, EP300/CREBBP to the
promoter regions [23]. Whether EP300/CREBBP regulates Nox expression via increased
acetylation of histones at the promoter region has not been reported. In ChIP experiments we
found that HDAC inhibition with scriptaid reduced the binding of p300 to the Nox2, Nox4
and Nox5 promoters. This data suggests that inhibition of HDACs paradoxically promotes
reduced binding of p300, leading to reduced acetylation of histones and ultimately impaired
chromatin accessibility at the promoter regions of Nox genes. The mechanism underlying
the reduced binding of p300 is likely to be due to the decreased total protein expression of
p300 found in cells treated with scriptaid.

The ability of HDAC inhibitors to suppress Nox isoform expression is consistent with prior
observations that scriptaid significantly decreases Nox4 mRNA expression in human
umbilical vein endothelial cells [58]. However, our findings are in contrast to a study from
Zhao et al. who reported that the HDAC inhibitor trichostatin A (TSA) increased both Nox2
expression and the production of ROS in myocardium [59]. The reasons underlying this
discrepancy are not known but may be due to a cell type-dependent effect or a specific or
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non-specific effect of the HDAC inhibitor, TSA. We found that multiple HDAC inhibitors
effectively reduce Nox expression at a range of doses, in multiple cells /n vitroand in
pulmonary blood vessels 7n vivo and this effect was conserved in mice, rats and humans.
TSA and VPA are specific inhibitors of HDAC classes I and I1, whereas scriptaid and SAHA
are selective for HDAC class | [60-63]. Class | HDACs include HDAC 1, 2, 3 and 8. We
found increased mRNA expression of HDAC 4, 5 and 7 and increased protein expression of
HDACSs 3, 4 and 5 in isolated PA from rats with pulmonary hypertension. Whether increased
expression of these HDACs contributes to the increased Nox expression either directly or
indirectly is not yet known.

A surprising finding of our study was that the mRNA levels of Nox1, Nox2, Nox4 and Nox5
are all reduced following HDAC inhibition. The genes for each Nox isoform contain distinct
promoter sequences that are regulated by different types and combinations of transcription
factors [64]. Therefore, it is unlikely that the effect of HDAC inhibitors on the expression of
Nox isoforms occurs by altering the levels or activity of a specific set of transcription
factors. This hypothesis is supported by the inability of the HDAC inhibitors to alter the
activity of transiently expressed Nox1, Nox2 and Nox4 promoter-luciferase constructs.
Analogous to our findings, others have shown that eNOS mRNA and protein expression are
reduced by HDAC inhibitors but promoter-luciferase activity is increased [65]. Analysis of
promoter activity using reporters, while useful to provide information on relevant
transcription factor activity, can yield results contradictory to the effects of the epigenetic
regulation of the endogenous gene as transiently expressed plasmid DNA is not bound to
histones in the same way as genomic DNA [58,65]. To assess the factors influencing
chromatin state in the region of the Nox promoters we employed ChIP assays. Using this
approach, we found that HDAC inhibitors reduced the presence of histones bearing
activation marks (H3K4me3 and H3K9ac) at the Nox 2, 4 and 5 promoter regions. These
results, along with the reducing binding of RNA polymerase |1, suggest that chromatin
accessibility in the region of the Nox promoters is reduced by HDAC inhibition. To
functionally test whether accessibility to the proximal promoter regions of the Nox genes is
altered by HDAC inhibitors, we employed CRISPR-ON which utilizes an RNA guided,
cleavage deficient form of Cas9 fused to a transcriptional activator [25]. Previous studies
have shown that the ability of RNA guides and inactive Cas9 to bind DNA, and thus the
efficiency of CRISPR-ON, can be influenced by chromatin remodeling [26-28]. Using guide
RNAs to target CRISPR-ON to the proximal promoters of Nox1, Nox2, Nox4 and Nox5, we
found that the HDAC inhibitor scriptaid reduced the ability of CRISPR-ON to increase
MRNA expression and Nox-derived ROS. These data suggest that inhibition of HDACs
promotes chromatin remodeling in the Nox1, Nox2, Nox4 and Nox5 promaoter regions,
restricting access to regulatory factors, including transcription factors and RNA polymerase
I1. Collectively, these results are consistent with the reduced expression of Nox enzymes
observed in human fibroblasts and immune cells, mouse macrophages and rat pulmonary
arteries treated with HDAC inhibitors.

Pulmonary arterial hypertension (PAH) results from aberrant pulmonary vascular
remodeling and elevated pulmonary vascular resistance [66,67] which promotes right
ventricular hypertrophy and ultimately right heart failure. Increased levels of Nox2 and 4
have been reported in lung tissues from both animal models and humans with PAH
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[2,68,69], and genetic deletion or pharmacological inhibition of Nox enzymes reduces
pulmonary hypertension [2,15,17,18]. The mechanisms underlying the increased expression
of Nox enzymes in PAH are poorly understood, and epigenetic reprogramming has been
implicated [70,71]. In an animal model of PAH, we found changes in the expression of
several HDACS, notably the increased expression of HDAC 3, 4, 5 and 7 in isolated PAs. In
hypertensive MCT-treated rats, inhibition of HDACs with VPA reversed the increased
expression of Nox2 and Nox4 and these results are in agreement with those obtained in
isolated cells. VPA also reduced the expression of markers of fibrosis (cellular fibronectin,
FN1 and periostin) and inflammation (CD45) and reduced indices of PAH including right
ventricular hypertrophy and PA stiffening.

In summary, our study reveals a novel epigenetic mechanism that controls the transcription
of NADPH oxidases /n vitroand in vivo. In specific, we have found that HDAC inhibitors
potently reduce ROS production as well as mRNA and protein expression of Nox 1, 2, 4 and
5 in multiple cell types. HDAC inhibitors promote the deacetylation of histones through the
decreased binding of histone acetyltransferase p300 to the promoter regions of the Nox2/
Nox4/Nox5 genes, reducing histone acetylation and the accessibility of RNA polymerase 11,
which ultimately reduces transcription. Further, in a rat model of PAH, HDAC inhibitors
reduced the expression of Nox isoforms in PA and mitigated indices of PAH. Thus HDAC
inhibitors potently reduce the expression of Nox genes and maybe useful in the treatment of
diseases that result from the overproduction of ROS, such as PAH.
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Fig. 1.
Inhibition of histone deacetylase (HDAC) suppresses Nox2 activity in immune cells. (A-B)

Neutrophil-differentiated, HL-60 cells were treated with vehicle (DMSO) or different doses
of the HDAC inhibitor, scriptaid, for long-term (24 h) or short term (30 min) inhibition, and
superoxide production was measured using L-012 chemiluminescence. (C) Macrophages
isolated from C57BL/6 and Nox2-/- mice were treated with vehicle (DMSO) or different
doses of scriptaid for 24 h, and superoxide production was measured using L-012
chemiluminescence. (D-E) HL-60 cells and macrophages were treated with increasing
concentrations of the structurally distinct HDAC inhibitors, SAHA, TSA or Valproic Acid
(\VPA) for 24 h. Superoxide production was measured using L-012 chemiluminescence. Data
are expressed as means + S.E., *P<0.05 versus vehicle. (n=4-6).
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Fig. 2.
Structurally distinct HDAC inhibitors decrease Nox2 protein expression. (A-C) HL-60 cells,

macrophages, and THP-1 cells were treated with vehicle (DMSO) or different inhibitors of
HDACSs (scriptaid, SAHA, TSA or VVPA) for 24 h, and cell lysates were immunoblotted for
Nox2 and GAPDH (as a loading control). (D) Macrophages were treated with a low
concentration of scriptaid (0.3 uM) for 0, 24, 48, 72 and 96 h, and lysates were
immunoblotted for Nox2 and GAPDH. Results are representative of at least 3-5 separate
experiments.
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Fig. 3.
HDAC inhibition downregulates expression of Nox 1, 2, 4 and 5 mRNA in immune, vascular

and cancer cells. (A-C) HL-60 cells, and WT and Nox2—/- macrophages, were treated with
or without HDAC inhibitors (scriptaid or SAHA) for 24 h, and Nox2 mRNA levels were
determined by real-time PCR relative to GAPDH. (D-E) HLMVEC and Caco? cells were
treated with scriptaid for 24 h, and Nox1 mRNA expression was determined by real-time
PCR. (F-H) HLMVEC, fibroblasts and HL-60 cells were treated with or without the HDAC
inhibitors scriptaid or SAHA for 24 h, and Nox4 mRNA expression was determined by real-
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time PCR. (1) Human prostate cancer cells (PC-3) which endogenously express Nox5 were
treated with or without scriptaid or SAHA for 24 h, and Nox5 mRNA levels were
determined by real-time PCR relative to GAPDH. Data are expressed as means = S.E.,
*P<0.05 versus vehicle. (n=4-6).
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Epigenetic regulation of Nox transcription by HDAC inhibition. (A) Agarose gel analysis of
enzymatic shearing of chromatin from macrophages. L represents the 100 kb to 1000 kb
DNA ladder, S1 and S2 represent sheared chromatin following enzymatic digestion for 5 and
10 min. (B) Macrophages treated with vehicle (DMSO) or scriptaid (3 pg/ml) were fixed
with 1% formaldehyde for 10 mins and chromatin prepared by enzymatic shearing for 10
min. ChlIP was performed on isolated sheared chromatin using a negative control IgG and
ChIP grade antibodies to RNA pol Il, H3K4 trimethylation (H3K4me3), H3K9 acetylation
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(H3K9ac) or p300. Real-time PCR was performed on DNA purified from each of the ChIP
reactions using primers specific for the Nox2 promoter regions located —75 to —1 upstream
of Nox2 transcriptional start site (TSS). (C) Agarose gel analysis of enzymatic shearing of
chromatin from human lung fibroblasts. S1 and S2 represent sheared chromatin following
enzymatic digestion for 10 min. (D-E) Human lung fibroblasts treated with vehicle (DMSO)
or scriptaid (3 pg/ml) were fixed with 1% formaldehyde for 10 min and chromatin prepared
by enzymatic shearing for 10 min. ChIP was performed on isolated sheared chromatin using
a negative control 1gG and ChIP grade antibodies to RNA pol I, H3K9 acetylation
(H3K9ac) or p300. Real-time PCR was performed on DNA purified from each of the ChIP
reactions using primers specific for the Nox4 and Nox5 promoter regions located +185 to
+344 downstream, and —307 to —452 upstream, of the TSS, respectively. (F-G) Macrophages
or human lung fibroblasts were treated with vehicle (DMSO) or scriptaid (3 pg/ml) for 24 h,
and cell lysates were immunoblotted for p300 and GAPDH as a loading control. Data are
expressed as mean + S.E., *P<0.05 versus vehicle. (n=4-6). Results are representative of at
least 3 separate experiments.
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Fig. 5.
Stimulation of endogenous Nox1/2/4/5 expression using CRISPR-ON: effects of HDAC

inhibition. (A) Schematic of the CRISPR-ON strategy to activate Nox gene expression. (B-
E) Guide RNA (gRNA) sequences and binding regions on the Nox1/Nox2/Nox4/Nox5
promoters. HEK-293 cells were transfected with either a control gRNA or gRNAs targeting
the proximal Nox1/Nox2/Nox4/Nox5 promoter regions in the presence or absence of
scriptaid (3 pg/ml) for 24 h. Nox1/Nox2/Nox4/Nox5 mRNA levels were determined by real-
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time PCR relative to GAPDH. Data are expressed as means + S.E., *P<0.05 versus control
group. (n=4-6).
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Fig. 6.
Pug:monary arterial hypertension is associated with increased HDAC expression in
pulmonary arteries, and HDAC inhibition reduces Nox expression, markers of fibrosis and
inflammation, and indices of pulmonary hypertension in the MCT-rat model. (A) Western
blot analysis of HDACs 1-5 versus GAPDH in isolated PA from control and 4week MCT-
rats. (B) Western blot of Nox2, Nox4 and fibronectinl, periostin and CD45 in PA isolated
from control, MCT and MCT-treated rats treated without or with the HDAC inhibitor
Valproic Acid (VPA) for 4 weeks. (C-E) Non-invasive assessment using the Vevo 2100
reveals significant increases in RV thickness in 4 week MCT-treated rats, which was
confirmed by the Fulton index post mortem, and increased PA stiffness as determined by the
velocity time integral (VTI). Administration of the HDAC inhibitor, VPA for 4weeks
reduced RV hypertrophy and increased VTI in 4-week MCT-treated rats. *Significantly
different from Vehicle, # significantly different from MCT, p<0.05 (n=5-6).
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