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Regulation of Oxidative Stress in Pulmonary Artery Endothelium
Modulation of Extracellular Superoxide Dismutase and NOX4 Expression
Using Histone Deacetylase Class | Inhibitors
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Abstract

An imbalance between oxidants and antioxidants is considered

a major factor in the development of pulmonary vascular diseases.
Oxidative stress seen in pulmonary vascular cells is regulated by
increased expression of prooxidant enzymes (e.g., nicotinamide
adenine dinucleotide phosphate reduced oxidases) and/or decreased
production of antioxidants and antioxidant enzymes (e.g.,
superoxide dismutases). We and others have shown that expression
of antioxidant genes in pulmonary artery cells is regulated by
epigenetic mechanisms. In this study, we investigate the regulation of
oxidative stress in pulmonary artery cells using inhibitors of histone
deacetylases (HDACs). Human pulmonary artery endothelial cells
(HPAECs) and human pulmonary artery smooth muscle cells were
exposed to an array of HDAC inhibitors followed by analysis of anti-
and prooxidant gene expression using quantitative RT-PCR and
quantitative RT-PCR array. We found that exposure of HPAECs

to scriptaid, N-[4-[(hydroxyamino)carbonyl]phenyl]-o-
(1-methylethyl)-benzeneacetamide, and trichostatin A for 24 hours
induced expression of extracellular superoxide dismutase (EC-SOD)
up to 10-fold, whereas expression of the prooxidant gene NADPH
oxidase 4 was decreased by more than 95%. We also found that this
differential regulation of anti- and prooxidant gene expression
resulted in significant attenuation in the cellular levels of reactive

Increased oxidative stress due to imbalances
between prooxidants and antioxidants are

associated with cardiovascular pathologies,
including pulmonary arterial hypertension
and pulmonary vascular remodeling.

oxygen species. Induction of EC-SOD expression was attenuated by
the Janus kinase 2 protein kinase inhibitor AG490 and by silencing
Janus kinase 2 expression. Augmentation of EC-SOD expression
using scriptaid was associated with increased histone H3 (Lys27)
acetylation and H3 (Lys4) trimethylation at the gene promoter. We
have determined that oxidative stress in pulmonary endothelial cells
is regulated by epigenetic mechanisms and can be modulated using
HDAC inhibitors.

Keywords: oxidative stress; superoxide dismutase; histone
acetylation; endothelial cells; NADPH oxidases

Clinical Relevance

Pulmonary hypertension and pulmonary vascular remodeling
are known to be regulated by an imbalance of oxidants and
antioxidants and by epigenetic changes in the vascular wall,
although the precise signaling pathways involved have not been
studied in detail. This study evaluates the role of specific
histone modifications in regulation of major pro- and
antioxidant enzymes in human pulmonary artery endothelial
cells.

Oxidative stress is characterized by
increased production of superoxide radicals,
hydrogen peroxide, and nitric oxide (NO)
and/or decreased levels of antioxidants and
antioxidant enzymes. Reactive oxygen

species (ROS) are produced in the lungs and
vascular tissues due to up-regulation of
NADPH oxidase (NOX) expression (1),
tissue hypoxia, and ischemia (2, 3) or as
a result of inflammatory cascade activation
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(4). NOX4 is the predominant NOX
isoform in pulmonary arteries responsible
for production of ROS (5). Increases in
oxidative stress cause direct damage to cells,
modulate numerous signaling cascades, and
activate or inactivate transcription factors,
leading to alterations in normal pattern of
gene expression in lung tissue (6). The most
important line of cellular defense against
ROS is the superoxide dismutase (SOD)
family of enzymes. Three unique and highly
compartmentalized mammalian SODs
have been biochemically and molecularly
characterized to date: SOD1 or Cu,Zn-SOD,
SOD2 or Mn-SOD, and SOD3 or
extracellular superoxide dismutase (EC-SOD).

EC-SOD expression has been localized
to specific cells and tissues, with the highest
expression levels occurring in the lung, heart,
kidney, and vasculature. In the vessel wall,
EC-SOD is expressed at the highest level,
comprising up to half of the total vascular
SOD, with activity levels approximately
10-fold higher than in other tissues (7, 8).
This extremely high level of EC-SOD in the
vascular wall suggests that it plays a critical
role in the regulation of vascular tone by
controlling the extracellular redox state at or
near the juncture of endothelial and smooth
muscle cells. In healthy vessels, EC-SOD
is produced almost exclusively by smooth
muscle cells (7), whereas little EC-SOD
synthesis has been detected in endothelial
cells (9). Vascular EC-SOD is mostly
localized in the space between endothelium
and smooth muscle cells, where its
concentration is up to 3,000 times higher
than in the surrounding spaces (10). At this
important location, EC-SOD regulates the
concentration of superoxide radicals and
therefore helps regulate the flow of
endothelium-derived NO that diffuses to
the smooth muscle layer stimulating vessel
relaxation (8). It is known that many
cardiovascular pathophysiological
conditions are associated with an increased
production of superoxide radicals that can
undergo extremely rapid reaction with NO
to produce peroxynitrite anion (ONOO™)
(11). Thus, in vessel walls, EC-SOD not
only regulates the pool of bioavailable NO
but also prevents the formation of highly
toxic peroxynitrite.

Despite the obviously important role
EC-SOD plays in protection against
oxidative stress, remarkably little is known
about factors that regulate EC-SOD gene
expression. It has been shown that basal and
inducible transcription of the murine
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EC-SOD gene is regulated, at least in part,
by proximal and distal promoter elements,
where Sp1/Sp3 transcription factors interact
with the former (12) and where Ets,
Kruppel, and MZEF-1 transcription factors
interact with the latter (13). Sp1/Sp3
transcription factors also play an important
role in the regulation of the newly identified
promoter for human EC-SOD (14). In
addition, EC-SOD expression in pulmonary
and cancer cells appears regulated by
epigenetic factors, such as DNA methylation
and histone acetylation (15-17).

DNA methylation and histone
modifications play an important role in the
regulation of vascular remodeling. Several
histone deacetylase (HDAC) inhibitors were
tested for attenuation of pulmonary vascular
remodeling. One of the most studied HDAC
inhibitors is trichostatin A (TSA). Recent
data indicate that selective inhibitors of class
I HDACs (HDACI-3 and 8) reduce
pulmonary arterial pressure and vascular
wall thickening (18). The different families
of mammalian HDACs are grouped in four
distinct classes: class I (HDAC1-3 and 8),
class II (HDAC4-7, 9, and 10), class III
sirtuins (SIRT 1-7), and class IV
(HDACI1) (19, 20). Acetylation of lysine
residues on histones may activate
transcription through neutralization of
the basic charge of these residues and
through the recruitment of bromodomain-
containing protein complexes, which may
include other histone acetyl transferases
and chromatin-remodeling enzymes.

In the present study, we have identified
histone acetylation and methylation as novel
epigenetic factors regulating EC-SOD
expression in endothelial cells. Moreover,
we show that HDAC inhibitors regulate
overall oxidative stress burden in pulmonary
endothelium most likely by differential
control of EC-SOD and NOX4 expression.

Materials and Methods

ROS Measurement

HPAECs were seeded onto a 24-well plate at
a density of 1 X 10° cells/well in 500 .l of
medium. The next day, cells were incubated
with HDAC-42 (1 nM), scriptaid (8 uM),
TSA (1.5 uM), or DMSO (as control) for 24
hours. HPAECs were loaded with 10 wM of
CM-H,DCFDA (Invitrogen, Carlsbad, CA)
dissolved in Endothelial Growth medium
(Cell Applications, San Diego, CA) for 30
minutes. At the end of incubation, the medium

containing dihydrodichlorofluorescein was
aspirated, cells were washed once with
complete medium, and then complete
medium with HDAC inhibitors was added.
Cells were incubated for an additional 4 hours,
washed twice with PBS, and observed using an
Olympus IX-70 fluorescent microscope
(Olympus, Center Valley, PA) with excitation
and emission set at 490 and 530 nm (FITC
filter), respectively. Fluorescence of oxidized
2,7-dichlorofluorescein (DCF) in cells was
captured with a Retiga2000 digital camera
(Qimaging, Surrey, BC, Canada). Fluorescence
intensity was calculated using Image] software
(National Institutes of Health, Bethesda, MD).
To increase levels of ROS in HPAEC:s, cells
were exposed to 250 nM of phorbol 12-
myristate 13-acetate (PMA) for 24 hours.
Quantitative detection and analysis of DCF
fluorescence was performed using a Synergy
HT microplate fluorometer (Synergy, Reading,
PA).

MTT Assay

MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) reagent

was used to analyze cell viability and
proliferation. Yellow MTT is reduced to
purple formazan in the mitochondria of
living cells. The reduction occurs only when
mitochondrial reductase enzymes are active
and therefore reflects the number of viable
cells in the assay. HPAECs were seeded
onto a 96-well plate at a density of 1.5 X 10*
cells per well. The next day, cells were
exposed to HDAC-42 (1 wM), scriptaid

(8 wM), TSA (1.5 wM), or DMSO (as
control) for 24 hours. After exposure, 10 pl
of 5 mg/ml of MTT solution in DMSO was
added to each well and incubated for 4 hours
in a CO, incubator at 37°C. The medium
was removed, and 100 pl of DMSO was
added to each well. Plates were incubated
on a rotating platform for 5 minutes at room
temperature. The optical density at 540 nm
was measured using a SpectraMAX 250 plate
reader (Molecular Devices, Sunnyvale, CA).

EC-SOD Immunoprecipitation

HPAECs were grown in 100-mm dishes to
near confluency and then exposed to either
DMSO or 10 wM scriptaid for 24 hours. Cells
were washed with ice-cold PBS and lysed

in RIPA buffer (50 mM Tris-HCI [pH 8.0],
0.15 M NadCl, 0.1% SDS, 0.5% sodium
deoxycholate, 1% NP-40) with protease and
phosphatase inhibitors. Immunoprecipitation
was performed using ImmunoCruz IP/WB
Optima C System (SantaCruz Biotechnology,
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Santa Cruz, CA) and EC-SOD-specific
antibodies (sc-32219). After several washes
with ice-cold PBS, bound proteins were eluted
from the beads by heating samples in
loading buffer with denaturant SDS.
Immunoprecipitated EC-SOD was detected
using rabbit polyclonal anti-EC-SOD
antibodies produced in our laboratory.

Results

Only HDAC Inhibitors Class 1 and 2
Induce Expression of EC-SOD

To analyze the effects of HDAC inhibitors
on expression of the main antioxidant genes
present in pulmonary artery endothelial
cells, we exposed cells to an array of

HDAC inhibitors. We found that scriptaid,
HDAC-42, and TSA, which are all related

to HDAC class 1 and 2 inhibitors, were
very potent activators of EC-SOD

gene expression. EC-SOD mRNA levels
were induced up to 11-fold after

24 hours of incubation using these
inhibitors (Figure 1A). At the same time,
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Figure 1. Effect of histone deacetylase (HDAC) inhibitors on expression of extracellular superoxide dismutase (EC-SOD) and NADPH oxidase (NOX) 4 genes
in pulmonary artery cells. Cells were incubated with the indicated concentrations of HDAC inhibitors for 24 hours. Total RNA was isolated from human pulmonary
artery endothelial cells (HPAECS) (A and B) or human pulmonary artery smooth muscle cells (C and D), and gene-specific messenger RNA (MRNA) levels
were analyzed using quantitative RT-PCR. EC-SOD and NOX4 mRNA levels were normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
expression. The results are shown as mean =+ SD (for primer sequences, see Table 1). *P < 0.001 and #P < 0.05 when compared with cells treated with DMSO

(one-way ANOVA and Bonferroni test).
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exposure of cells to these three HDAC
inhibitors almost completely abrogated
expression of the major prooxidant gene
NOZX4 (Figure 1B). EX527 and AGK2,
specific inhibitors of SIRT 1 and 2, did not
show any significant effect on expression of
EC-SOD and NOX4 genes in HPAECs.
Similarly, no gene expression effects were
seen for tubastatin and CAY10603, specific
inhibitors of HDACS. Interestingly, these
same HDAC inhibitors were unable to
induce EC-SOD expression or reduce
NOX4 expression in human pulmonary
artery smooth muscle cells (Figures 1C
and 1D).

Next, we analyzed the time course of
HDAC inhibitors regulation of EC-SOD
and NOX4 genes. For EC-SOD, the maximal
induction was observed after 72 hours
incubation (Figure 2A). The highest
inhibition of NOX4 gene expression was
detected after 24 hours for scriptaid and
HDAC-42 and at 48 hours for TSA
(Figure 2B). To determine the optimal
concentration of HDAC inhibitors that
was required for maximal induction of
EC-SOD, cells were exposed to different
concentration of scriptaid and HDAC-42.
We found that scriptaid at a concentration
of 16 uM induced EC-SOD mRNA levels
up to 32-fold after 24 hours of incubation
(Figure 2C). Very similar but reciprocal
effects were observed on NOX4 mRNA
levels (Figure 2D).

Differential effects of scriptaid on
EC-SOD and NOX4 protein levels in
HPAECs were analyzed using Western
blot. As expected, exposure of HPAECs to
10 uM scriptaid increases protein levels
of EC-SOD (Figure 2E) but attenuated
NOX4 protein levels (Figures 2F
and 2G).

Treatment of HPAECs with HDAC
Inhibitors Attenuates Oxidative Stress
The analysis of gene expression in response
to HDAC inhibitors in HPAECs indicated
that expression of the major antioxidant
gene EC-SOD was significantly up-
regulated, whereas expression of the major
prooxidant enzyme in pulmonary
vasculature, NOX4, was almost completely
abrogated. These results imply that HDAC
inhibitors have the potential to reduce
oxidative stress in HPAECs. To analyze this
possibility, HPAECs were exposed to
HDAC inhibitors (scriptaid, HDAC-42, and
TSA), and then levels of ROS were measured
using a highly fluorescent marker of
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Figure 2. Analysis of time-course and concentration effects of HDAC inhibitors on gene expression in
HPAECSs. (A and B) Cells were exposed to scriptaid (8 wM), N-[4-[(hydroxyamino)carbonyllphenyl]-a-(1-
methylethyl)-benzeneacetamide [(S)-HDAC-42] (1 wM), and trichostatin A (TSA) (1.5 M) for 24, 48, and
72 hours. Control cells were exposed to vehicle (DMSO) for the indicated time. (C and D) Cells were
exposed to different concentrations of scriptaid (SA) or (S)-HDAC-42 for 24 hours. Control cells were
exposed to DMSO. Total RNA was isolated, and gene-specific mRNA levels were analyzed using
quantitative RT-PCR. EC-SOD (A and C) and NOX4 (B and D) mRNA levels were normalized to GAPDH
expression. (E) Analysis of EC-SOD protein levels in cell lysates using immunoprecipitation (IP) and
Western blot of HPAECs exposed to 10 wM scriptaid for 24 hours. (F) Analysis of NOX4 protein levels
using Western blot of HPAECs exposed to 5 uM scriptaid for 24 and 48 hours. Digital adjustment of
brightness and contrast was applied to the whole blot images using Adobe Photoshop (Adobe). (G)
Quantitative analysis of Western blot depicted in F. The results are shown as mean + SD. *P < 0.001,
*P < 0.01, and *P < 0.05 and when compared with cells treated with DMSO at the corresponding time
(one-way ANOVA with Bonferroni post test).

oxidative stress. Treatment with all three by half after treatment. At the same time,

HDAC inhibitors significantly attenuated
ROS levels in HPAECs, as detected using
fluorescent microscopy and fluorescent

image analysis (Figures 3A and 3B). The
level of emitted fluorescence was reduced

HPAECs did not show any significant
reduction in cell viability after exposure
to the same treatment (Figure 3C). To
investigate the antioxidant effects of
scriptaid in a pathologically relevant
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Figure 3. Attenuation of reactive oxygen species levels in HPAECs after treatment with HDAC
inhibitors. (A) HPAECs were exposed to indicated HDAC inhibitors or DMSO for 24 hours. Cells were
loaded with dihydrodichlorofluorescein (H2DCF) for 30 minutes and then incubated with inhibitors for
an additional 4 hours. H2DCF is converted to highly fluorescent 2,7-dichlorofluorescein (DCF) by
reactive oxygen species (DMSO, scriptaid [8 uM], HDAC-42 [1 uM], and TSA [1.5 pM]). Images were
subjected to a uniform adjustment of brightness and contrast before analysis. (B) Quantitative analysis
of cell fluorescence. *P < 0.001 (one-way ANOVA with Bonferroni post test; n=14). (C) Effect of
HDAC inhibitors on the viability of HPAECs. Cells were exposed to the indicated concentrations of
HDAC inhibitors for 24 hours. Cell viability was determined using MTT assay as described in
MAaTERIALS AND METHODS. *P < 0.05 determined using one-way ANOVA with Bonferroni post test. (D)
HPAECs were exposed to 250 nM of phorbol 12-myristate 13-acetate (PMA) for 24 hours. Cells were
loaded with H2DCF for 30 minutes and then incubated for additional 30 minutes. DCF fluorescence
was visualized by fluorescent microscopy. Scale bars = 200 pm. (E) HPAECs were exposed to DMSO
or to 250 nM of PMA for 24 hours. SA was added to the incubation medium at the indicated
concentration at the time of PMA addition. Cells were loaded with H2DCF for 30 minutes, and then
DCF fluorescent signal was detected using microplate fluorometry. *P < 0.01 (one-way ANOVA with
Bonferroni post test; n = 3). H2DCFDA, dihydrodichlorofluorescein diacetate.

in vitro model, HPAECs were exposed

to inflammatory agonist PMA alone

or in combination with increasing
concentrations of scriptaid for 24 hours.
Exposure to PMA induced DCF
fluorescence from 532.3 = 70.5 RFU to
2,074.0 = 123.5 RFU, whereas scriptaid
attenuated ROS-induced DCF fluorescence

signal in dose-dependent manner (Figures
3D and 3E).

Furthermore, we investigated the effect
of scriptaid on the expression of genes
involved in regulation of oxidative stress. As
expected, NOX4 and EC-SOD genes were
the most up- and down-regulated genes
among more than 80 genes analyzed

Zelko and Folz: Regulation of Oxidative Stress in PA Endothelium

(Figure 4). Although scriptaid induced the
expression of prooxidant gene NOX5 up
to 9.1-fold, the overall expression levels of
NOX5 gene were more than 2,000-fold
lower compared with NOX4 mRNA levels
(see Table El in the online supplement).
Thus, the increase in NOX5 expression
levels can be considered to have negligible
effects on the redox balance in HPAECs.
These data indicate that HDAC inhibitors
reduce the oxidative stress seen in
endothelial cells, likely by modifying
expression of anti- and prooxidant enzymes.

Effect of Selective HDAC Inhibitors
and HDAC1 Silencing on EC-SOD
Expression

To determine which isoforms of HDACs are
responsible for induction of EC-SOD gene
expression in HPAECs, we exposed cells
to two highly selective inhibitors: apicidin,
an inhibitor of class 1 HDAC (HDACI,
HDAC2, HDAC3, and HDACS), and MC
1568, an inhibitor of class 2 HDAC
(HDAC4, HDAC5, HDAC7, and HDACY).
EC-SOD gene expression was induced only
with apicidine to the same extent as with
scriptaid, whereas MC 1568 compound
had no effect on EC-SOD mRNA levels
(Figure 5A). In addition, we found that the
potent and highly selective inhibitor of
bromodomain and extra-terminal (BET)
bromodomain (JQ1) did not significantly
change EC-SOD expression (data not
shown). We found that a specific inhibitor
of the Janus kinase 2 (JAK2) protein,
AG490, attenuated induction of EC-SOD
by scriptaid by more than 50% (from 8.4-
to 3.7-fold) (Figure 5B). On the other hand,
the phosphatase inhibitors okadaic acid,
PD98059, and U0126 did not produced any
significant effects on EC-SOD expression or
its induction by scriptaid.

Class I HDAC consists of four
members: HDAC1, HDAC2, HDAC3, and
HDACS. To determine which isoform is
expressed at the highest levels in HPAECs
and most likely involved in regulation
of EC-SOD expression, we performed
quantitative RT-PCR. HDACI1 showed the
highest expression levels among all four
members of this class (Figure E1) and was
chosen as a candidate for silencing using
small interfering RNA (siRNA).

Next, we analyzed the effects of
HDACI1 silencing on EC-SOD gene
expression in HPAECs. The level of HDAC1
protein was significantly attenuated by
siRNA technology in a time-dependent
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Figure 4. Quantitative RT-PCR array analysis of oxidative stress-related genes. (A) HPAECs were
exposed to either DMSO or 10 wM scriptaid for 24 hours. Synthesis of cDNA was performed using
the RT2 First Strand kit, and PCR was performed using the RT2 Profiler PCR Array. Samples from
SA-treated HPAECs were compared with DMSO-treated cells. (B) List of up- and down-regulated

genes was determined using RT-PCR array.

manner (Figure 5C). The reciprocal
increase in EC-SOD gene expression
was observed at the same time points
(Figure 5D). These data confirm that
expression of EC-SOD gene in HPAECs
is regulated, at least in part, by HDAC1
protein.

To elucidate the molecular mechanisms
responsible for AG490-dependent
attenuation of EC-SOD gene induction by
scriptaid, we reduced expression of JAK2
using siRNA technology. Transfection of
JAK2-specific siRNA significantly decreased
levels of JAK2 expression in HPAECs at
mRNA and protein levels (Figure E2A and
E2B). This specific attenuation of JAK2
expression reduced EC-SOD induction by
scriptaid from 5.49 * 1.42-fold to 2.77 =
0.57-fold (P=0.037) (Figure 5E). In
addition, we analyzed the effects scriptaid
on the phosphorylation status of JAK2,
extracellular signal-regulated protein
kinases 1 and 2 (ERK1/2) and STATS3.
We found that scriptaid induces
phosphorylation of JAK2 at tyrosine 1,007
and 1,008 and phosphorylation of ERK1/2
at threonine 202 and tyrosine 204 starting
30 minutes after exposure (Figure 5F).
Interestingly, the phosphorylation status of
these proteins returned to normal levels
at 24 hours after exposure. These data
indicate that scriptaid exposure increases
phosphorylation of JAK2 and ERK1/2 at
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least during early stages of activation.
Thus, AG490 inhibitor can attenuate
scriptaid-induced EC-SOD expression
through inhibition of JAK2 and ERK1/2
phosphorylation and activation.

HDAC Inhibitors Increase Histone
Acetylation but Do Not Induce
Sp1/Sp3 Expression

The effects of HDAC inhibitors on
acetylation status of histones H3 and H4
were analyzed using Western blot. Scriptaid
was the most potent inhibitor to increase
acetylation status of histones, whereas
HDAC-42 and TSA showed only mild
effects (Figure 6A). It has been shown
previously that Sp1/Sp3 transcription
factors play important roles in EC-SOD
basal and inducible expression. Thus, we
analyzed the effects of HDAC inhibitors on
Sp1/Sp3 mRNA and protein levels. We
found that exposure to scriptaid, HDAC-
42, or TSA only slightly attenuated levels
of these transcription factors and had no
significant effects on their mRNA levels
(Figures 6B and 6C).

Effect of Scriptaid on Activation of
EC-SOD Proximal Promoter

We investigated the role of cis-elements
located in the 5'-flanking region of the
EC-SOD gene that might direct induction
of EC-SOD gene expression by scriptaid

in HPAECs. Transient transfection of
HPAECs with the wild-type pGL3-hSOD3
(—1,106/—47) reporter plasmid after
exposure to scriptaid for 20 hours showed
marked induction of the reporter activity
(Figure 6D). The 5'-flanking region
truncated to only 240 bp was still
responsive to scriptaid treatment,
suggesting that scriptaid responsive cis-
elements are located in this region. In
addition, we performed similar experiments
using promoter-reporter constructs derived
from mouse EC-SOD gene. As we expected,
treatment with scriptaid induced reporter
expression up to 10-fold (Figure 6E). Next,
we determined whether the scriptaid-
responsive element colocalized with

the Sp1/Sp3 binding site in the mouse
EC-SOD promoter region. Mutation of

a functional Sp1/Sp3 binding site that we
have previously shown to regulate basal
promoter activity, pGL3-mSOD3(—208/
+242)mut(+93/+96), significantly
attenuated promoter activity induced by
scriptaid in HPAECs (Figure 6E). The same
effect was observed with a plasmid bearing
a deleted Sp1/Sp3 binding site. In addition,
we analyzed binding of Sp1 to the EC-SOD
promoter before and after scriptaid
exposure. Treatment with 8 wM of scriptaid
for 8 hours did not change occupancy of
the EC-SOD promoter by Sp1 transcription
factor (Figure 7A). Prolonged exposure of
HPAEC: to scriptaid for 24 hours did not
change Spl abundance at the proximal
promoter as well (data not shown). These
data indicate that the Sp1/Sp3 binding

site located between nucleotides +93 and
+96 is the main scriptaid-responsive
element in the EC-SOD promoter region.
These results indicate that HDAC
inhibitors activate the EC-SOD promoter
mostly through the putative Sp1/Sp3
binding site but do not change the
expression levels of these trans-factors

or their binding to the promoter.

Methylation and Acetylation of
Histones at the EC-SOD and NOX4
Promoters

To investigate the acetylation and
methylation status of histones at the
EC-SOD and NOX4 promoters, we performed
chromatin immunoprecipitation assays with
antibodies specific for histone H3 acetylated
at Lys 27 (H3K27Ac) and histone H3
trimethylated at Lys 4 (H3K4 me3). First, we
found that, in untreated cells, acetylated
histones mostly associated with the
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compared with cells treated with only scriptaid (one-way ANOVA with Bonferroni post test).

promoter of highly expressed NOX4 gene  H3 at both gene promoters. We were promoter, whereas it had no effect on

(2% of input), whereas their presence at the  specifically interested in H3K4 me3 histone H3 located at the NOX4 promoter
EC-SOD promoter and intron regions modification because it had been associated  or at the EC-SOD intron region. These
was significantly lower (0.12%) (Figures with actively transcribed chromatin data indicate that, in addition to altering
7A-7C). Treatment of HPAECs with regions. We identified a significantly higher  the acetylation status of histones at the
scriptaid for 8 hours significantly increased level of H3K4 me3 modification at the EC-SOD promoter, scriptaid increases the
acetylation of histones at the EC-SOD Nox4 promoter (12% input) compared with  methylation of histone H3 at Lys4. Because
promoter from 0.12 to 0.55%, whereas there  the EC-SOD promoter (2.8% input). the steady state of histone methylation
was no effect on acetylation of histones Moreover, treatment of HPAECs with depends on the balance between activities
associated with the NOX4 promoter. Next, scriptaid significantly increased of histone methylases and histone

we analyzed methylation status of histone = methylation of histone H3 at the EC-SOD  demethylases, we analyzed expression levels
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(Luc) reporter gene in pGL3-Basic vector. The promoter—reporter constructs were transiently
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*P <0.001; P < 0.01 (t test).
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of three demethylases that catalyze the
removal of the methyl groups from H3 Lys
4. We found that scriptaid significantly
attenuated expression of two isoforms of
histone demethylases (LSD1 and SMCX),
whereas it had no effect on RBP2
demethylase expression (Figure 7D).
These data indicated that the increased
methylation status of histone H3 after scriptaid
treatment is possibly due to attenuation of
histone demethylase expression. The detailed
exploration of molecular mechanisms involved
in this regulation needs further experimental
investigation.

Discussion

In this study, we identified differential
regulation of the prooxidant gene NOX4
and the major antioxidant enzyme EC-SOD
by class 1 HDAC inhibitors in HPAECs.
Moreover, we found that exposure of
HPAEC: to these inhibitors attenuated
oxidative stress. Up-regulation of EC-SOD
expression was attributed to the promoter-
specific acetylation and methylation of
histones. Analysis of the wide array of
HDAC inhibitors indicated that only three
inhibitors (scriptaid, HDAC-42, and TSA)
were able to induce EC-SOD expression
and attenuate NOX4 mRNA levels. These
three inhibitors have relatively broad
specificity targeted toward HDAC class 1
and 2. On the other hand, specific inhibitors
of HDACS, tubastatin, and CAY10603, as
well as inhibitors of HDAC class 3 (sirtuins),
likely have no effect on the expression of
these two genes. Using more specific HDAC
inhibitors, we identified that only HDAC
class 1 inhibitors play a role in differential
regulation of EC-SOD and NOX4 genes,
whereas HDAC class 2 inhibitors do not
appear to be involved in this process. It has
been shown that HDACs are not redundant
in their biological activity. Class 1

HDACGC:s are involved in regulation of cell
proliferation and apoptosis, whereas class
2 HDAC:s appear to be important in
regulation of tissue-specific functions.
Moreover, exposure of HPAECs to scriptaid
affected the expression of other genes involved
in regulation of oxidative stress. The effects
of scriptaid might have broad, pleiotropic
effects. For example, several other antioxidant
genes were strongly up-regulated, such as
glutathione peroxidase 3, sulfiredoxin 1, and
epoxide hydrolase 2. Interestingly, the ATOX
1 gene involved in the delivery of copper to
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Figure 7. Analysis of histone acetylation and methylation at the EC-SOD and NOX4 promoters.
HPAECs were exposed to DMSO (control) or scriptaid (8 wM) for 8 hours. Binding of Sp1 transcription
factor and histone H3 acetylated at lysine 27 (H3K27Ac) and trimethylated at lysine 4 (H3K4 me3)
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intron region (B), and the NOX4 promoter (C). (D) Analysis of histone demethylases expression in
HPAECSs after exposure to scriptaid (8 wM) for 24 hours (see Table 2). *P < 0.01. LSD1, lysine-
specific histone demethylase 1; RBP2, retinoblastoma binding protein-2 also known as lysine
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the active site of EC-SOD was also up-
regulated after exposure to scriptaid (21).
Thus, attenuation of oxidative stress by
scriptaid might not be attributed solely to
EC-SOD and NOX4 modulation.

Our data indicate that scriptaid
attenuates ROS production in endothelial
cells. These observations are in line with
recently published studies indicating
suppression of oxidative stress in vitro and
in vivo by the histone deacetylase inhibitor
B-hydroxybutyrate (22). In this study,
oxidative stress was attenuated through
up-regulation of FOXO3a and MT?2 genes:
mice treated with B-hydroxybutyrate
became more resistant to oxidative stress.
Ryu and colleagues showed that the
HDAC inhibitor suberoylanilide
hydroxamic acid abrogated neuronal cell
death induced by oxidative stress in vitro
and in vivo via augmentation of Spl
acetylation (23). Swingler and colleagues
demonstrated that induction of MMP28
gene by HDAC inhibitors are mediated
through acetylation of Sp1/Sp3 via HDAC

1 (24). We found that Sp1 and Sp3
transcription factors regulate basal and
inducible expression of EC-SOD in pulmonary
cells (12, 14). Thus, acetylation of Sp1/Sp3
transcription factors, in response to HDAC
inhibitors, is a plausible molecular mechanism
for regulating the induction of EC-SOD

in endothelial cells. The molecular
mechanisms responsible for attenuation

of NOX4 expression by scriptaid in
transformed cells and HUVECs were
described recently (25). We also found some
differences between our results and data from
Siuda and colleagues (25). We found that
exposure of HPAECs to scriptaid did not
significantly change the acetylation and
methylation status of histone H3 at the NOX4
promoter, whereas their data indicated
increased acetylation of histones at this
location. These discrepancies could be
attributed to the different cell types used in our
studies (primary HPAECs versus HUVECs
and HUVEC-derived EAhy 926 cells). Our
data are in line with these studies and with
our previous reports of EC-SOD induction by
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TSA in various transformed lung cell lines
(12, 16).

Increases in the concentration of ROS
have been detected in transformed cells
exposed to variety of HDAC inhibitors,
including TSA, vorinostat, and sodium
butyrate (26, 27). It has been proposed
that acute toxicity of HDAC inhibitors
can be attributed to the generation of
ROS in transformed cells, whereas
primary cells are more resistant due to
significantly lower ROS levels. In our
experimental setting, we measured ROS
after exposure to scriptaid for 24 hours,
when expression of EC-SOD was
significantly induced and NOX4
expression was attenuated.

Our data indicate that the JAK2/STAT3
and p44/42 ERK1/2 signaling pathways
might be involved in the regulation of
EC-SOD gene expression because scriptaid
induces phosphorylation of ERK1/2 and
JAK2 protein kinases and because exposure
to AG490 attenuated scriptaid-induced
EC-SOD induction by more than 50%.
AG490 is a tyrosine kinase inhibitor of
JAK2, EGFR, and ERK1/2 that belongs to
the family of tyrphostins. JAK2-mediated
phosphorylation activates STAT3
transcription factor. Activated STAT3
translocates to the nucleus, where it binds to
DNA and regulates gene transcription. This
observation is in line with the previously
published observation that the STAT3
pathway may be important in transducing
HDAC-initiated signaling in activated renal
interstitial fibroblasts (28). In addition, it
has been shown that TSA inhibits STAT3-
dependent transcriptional activity induced
by platelet-derived growth factor (29). On
the other hand, exposure to okadaic acid
does not affect induction of EC-SOD by
scriptaid in HPAECs, whereas a similar
exposure to okadaic acid attenuated
induction of CYP46A1 gene by TSA in
neuroblastoma cells (30).

We found that exposure of endothelial
cells to scriptaid not only increases histone
acetylation but also significantly affects
trimethylation of histones H3 at lysine 4.
These modifications were specific for the
EC-SOD promoter region and did not occur
at the NOX4 promoter or the EC-SOD
intron region. The single lysine residue can
be variably methylated to mono-, di, and
trimethylated states. Activated promoters
are enriched in trimethylated H3 lysine 4
(H3Kme3) residues (31), whereas di- and
trimethylated histone H3 lysine 9 residues
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Table 1. Primer Sequences for Quantitative RT-PCR

Gene Gene Bank Amplicon
Name Number Forward Primer (5'-3’) Reverse Primer (5'-3') Size (bp)
EC-SOD NM_003102 TGCCCCGCGTCTTCAG CCAAACATTCCCCCAAAGG 71
NOX4 NM_016931 TGGCTGCCCCTCTGGTGAATG CAGCAGCCCTCCTGAAACATGC 280
LSD1 NM_015013 CAAGTGTCAATTTGTTCGGG TTCTTTGGGCTGAGGTACTG 217
SMCX NM_001282622 GGCCAAAGACAAGACTCTGC CCGTAGCCTCATGGTCATCT 186
RBP2 NM_001042603 CCTCCATTTGCCTGTGAAGT CCTTTGCTGGCAACAATCTT 208
Spl NM_138473 TTGAAAAAGGAGTTGGTGGC TGCTGGTTCTGTAAGTTGGG 427
Sp3 NM_003111 CCAGGATGTGGTAAAGTCTA CTCCATTGTCTCATTTCCAG 568
GAPDH NM_002046 CCATGTTCGTCATGGGTGTGA CATGGACTGTGGTCATGAGT 152
CyPB NM_000942 CCAACGCAGGCAAAGACACCAA GCTCTCCACCTTCCGCACCA 131
NOX1 NM_013955 CACAAGAAAAATCCTTGGGTCAA GACAGCAGATTGCGACACACA 110
NOX2 NM_000397 GTCACACCCTTCGCATCCATTCTC CTGAGACTCATCCCAGCCAGTG 225
AAGTCAGT AGGTAG
NOX3 NM_015718 TCTTCAACCTGGAACGCTAC GACGCCTGCTATTGTCCTTA 104
NOX5 NM_024505 AACTTCTGGAAGTGGCTGCT GAGGAGATGAGTGACCTTGGA 196
HDAC1 NM_004964 ATCGGTTAGGTTGCTTCA TCATTCGTGTTCTGGTTAGTC 265
HDAC2 NM_001527 ACACAATCCGTAATGTTGCTCG CACAGGTAGTCGTCCTGGTCCA 261
AGGAT
HDAC3 NM_003883 ACGTGGGCAACTTCCACTAC GACTCTTGGTGAAGCCTTGC 219
HDACS8 NM_018486 GGATCCCATGTGCTCCTTTA ATAGCCTCCTCCTCCCAAAA 106
JAK2 NM_004972 TCACCAACATTACAGAGGCCTACTC GCCAAGGCTTTCATTAAATATCAAA 89

Definition of abbreviations: CyPB, cyclophilin B; EC-SOD, extracellular superoxide dismutase; GAPDH, glyceraldehyde 3-phosphate dehydrogenase;
HDAGC, histone deacetylase; JAK, Janus kinase; LSD1, lysine-specific histone demethylase 1; NOX, NADPH oxidase; RBP2, retinoblastoma binding
protein-2; SMCX, lysine (K)-specific demethylase 5C; Sp, specificity protein.

are strongly correlated with transcriptional
repression (32). The methylation of
histones in response to exposure to histone
deacetylase inhibitors has been described
previously. It has been shown that class
I-specific HDAC inhibitor increases H3K4
me2 and H3K4 me3 levels in rat cortical
neurons and astrocytes and regulate heat-
shock protein expression (33). Different
cross-talk mechanisms were suggested
between histone acetylation and histone
methylation systems. The activity of H3K4
methyl transferase MLL4 was stimulated
by acetylated peptides (34) or HDAC
inhibitors (35). It has been shown that
histone deacetylase inhibitors up-regulate
histone H3 lysine 4 methylation (36). This
effect was attributable to suppression of
the RBP2 and JARID1 family of histone
demethylases, including PLU-1, SMCX,
and LSD1. The LSD1 gene encodes

a flavin-dependent monoamine oxidase,

which can demethylate mono- and
dimethylated lysines, specifically histone 3,
and lysines 4 and 9 (H3K4 and H3K9).
The SMCX gene encodes histone
demethylase, which specifically
demethylates lysine 4 on histone 3. LSD-1,
also known as KDM1A, produces
hydrogen peroxide, which oxidizes bases
in targeted promoters and enhancers (37).
Data presented in our work indicate
that HDAC inhibitors can potentially
be used to alleviate pulmonary vascular
diseases associated with endothelial
oxidative stress. Indeed, several histone
deacetylase inhibitors were tested for
prevention or attenuation of hypertension
development or heart failure. The beneficial
effects of TSA in preventing heart failure
have been shown in mice subjected to
aortic constriction (38). Treatment with
TSA and scriptaid, another HDAC
inhibitor, for 3 weeks significantly reduced

Table 2. Primer Sequences for Chromatin Immunoprecipitation Quantitative PCR

cardiac hypertrophy and cardiomyocyte
size in a pressure-overload mouse model
(39). Recent data indicate that selective
inhibitor of class I HDACs (HDACI, -2,
and -3) reduced pulmonary arterial
pressure and vascular wall thickening
in a rat model of hypoxia-induced
pulmonary arterial hypertension (18).
Similar results were observed when
animals were treated with valproic
acid, a class I HDAC inhibitor,
and suberoylanilide hydroxamic acid
(vorinostat), an inhibitor of class I, II,
and IV HDAC:s (40).

In summary, our study demonstrates
a new approach to modify the levels of ROS
in pulmonary endothelial cells. Our results
show that HDAC inhibitors are potent
modulators of ROS levels in pulmonary
endothelium, most likely through
differential regulation of EC-SOD and
NOX4 enzymes. We also demonstrate that

Amplification TargetName

EC-SOD promoter
NOX4 promoter
EC-SOD intron

Forward Primer (5'-3’)

GGCCTGCTTTTCCTCCCTGA
AGGACCGAGGGTCAAAGACT
AAAACCAGACATCTGATGTG

Reverse Primer (5'-3’)

CAGCCAGCCCAGGAACGCAG
GTCTGGGCAGCTGAGTGG
AGGATTAGTTCAGCTGGAGT

Amplicon size (bp)

128
144
160

Definition of abbreviations: EC-SOD, extracellular superoxide dismutase; NOX, NADPH oxidase.
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up-regulation of EC-SOD gene expression
by scriptaid is associated with acetylation
and methylation of specific lysines at H3
histones located in close proximity to the
proximal promoter. Although the exact
mechanism of EC-SOD up-regulation by

HDAC inhibitors is yet to be defined, our
studies indicate a potential role for the
JAK2/STAT signaling pathway in the
regulation of EC-SOD expression in
pulmonary vasculature. Further studies are
in progress to unravel the role of epigenetic

signaling pathways in regulating oxidative
stress and ROS production in the vascular
endothelium. M

Author disclosures are available with the text
of this article at www.atsjournals.org.
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