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Abstract

Although hypoxia induces aberrant gene expression and dedifferentiation of smooth muscle cells (SMCs),
mechanisms that alter dedifferentiation gene expression by hypoxia remain unclear. Therefore, we aimed
to gain insight into the hypoxia-controlled gene expression in SMCs. We conducted studies using SMCs
cultured in 3% oxygen (hypoxia) and the lungs of mice exposed to 10% oxygen (hypoxia). Our results sug-
gest hypoxia upregulated expression of transcription factor CP2-like proteinl, kriippel-like factor 4, and E2f
transcription factor 1 enriched genes including basonuclin 2 (Bcn?2), serum response factor (Srf), polycomb
3 (Cbx8), homeobox D9 (Hoxd9), lysine demethylase 1A (Kdmla), etc. Additionally, we found that silencing
glucose-6-phosphate dehydrogenase (G6PD) expression and inhibiting G6PD activity downregulated Srf
transcript and hypomethylation of SMC genes (Myocd, Myhll, and Cnnl) and concomitantly increased their
expression in the lungs of hypoxic mice. Furthermore, G6PD inhibition hypomethylated MEG3, a long non-
coding RNA, gene and upregulated MEG3 expression in the lungs of hypoxic mice and in hypoxic SMCs.
Silencing MEG3 expression in SMC mitigated the hypoxia-induced transcription of SRF. These findings
collectively demonstrate that MEG3 and G6PD codependently regulate Srf expression in hypoxic SMCs.
Moreover, G6PD inhibition upregulated SRF-MYOCD-driven gene expression, determinant of a differenti-
ated SMC phenotype.
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Highlights

* G6PD contributes to the upregulation of Srf'and the downregulation of SMC genes (Myocd, Cnnl, and
Myhll)
G6PD-mediated DNA methylation suppressed the expression of SRF-MYOCD-driven genes

MEG3 knockdown increased hypoxia-induced Srf expression

* G6PD inhibition enhanced MEG3 expression and suppressed Srf expression in a MEG-dependent manner
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Introduction

Hypoxic stimulus alters metabolism and gene expression in the cell. These adaptive metabolic and tran-
scriptomic reprogramming are primarily mediated by the activation of hypoxia-inducible factors. Parallelly,
hypoxia elicits reactive oxygen species generation and redox changes in smooth muscle cells (SMCs) (1).
Increased reactive oxygen species and redox changes modify gene expression program (2), however the redox-
dependent mechanism(s) that mediates hypoxia-induced genetic reprogramming that contribute to the fate and
plasticity of SMC remains unclear.

SMCs exhibit plasticity within blood vessels, and the SMC phenotype is modulated by turbulent blood
flow, biochemical changes, and environmental stimuli such as hypoxia. SMCs may exist in a differentiated
(physiological/contractile) or dedifferentiated (hyperproliferative and synthetic) state; a heterogeneous popu-
lation (different phenotypic states) of SMCs is found in the medial layer of pulmonary arteries (PAs) (3, 4).
SMCs convert from a differentiated to a dedifferentiated phenotype under several conditions, including chronic
hypoxia (5—7). However, our knowledge of hypoxia-regulated gene expression and SMC plasticity remains

incomplete. SMC plasticity is controlled by transcription factors serum response factor (Srf) and co-activator
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myocardin (MYOCD) and kriippel-like factors 4 and 5 (KLF4 and KLF5) (7). SRF-MYOCD promotes expres-
sion of SMC-restricted genes and maintains SMCs in a differentiated state, while KLFs promote downregula-
tion of SMC-restricted genes and switching from a differentiated to a dedifferentiated phenotype. Decreased
MYOCD and increased KLFs tip the balance toward the synthetic or dedifferentiated SMC phenotype (1, 8—10).

The ability of the SMCs in the medial layer of PAs to contract and relax in a pulsatile manner is central
to the high compliance and low resistance of the pulmonary circulation. The maladaptation of SMCs to envi-
ronmental stress-stimuli within PAs leads to remodeling of arteries and increases in pulmonary vascular re-
sistance. Hyperproliferative and apoptosis-resistant vascular cells contribute to abnormal vascular remodeling
(11, 12). SMCs undergo metabolic reprogramming to support the high rate of proliferation they exhibit. Both
aerobic glycolysis and glucose flux through the pentose phosphate pathway (PPP), a branch of glycolysis that
is vital to cell growth and survival, are increased in various cell types within the pulmonary arterial wall in
hypertensive patients and animal models (1, 13—17). However, the mechanism through which the increased PPP
activity, observed in hypoxic condition (1), promotes expression of genes responsible for increasing maladap-
tive SMCs that contribute to pulmonary remodeling remains unclear.

One of the major functions of long non-coding RNAs (IncRNAs), as biologically active molecules, is
to regulate the expression of adjacent protein-coding genes. LncRNAs are epigenetic modifiers that regulate
gene expression at transcriptional and post-transcriptional levels (18). Dysregulation of IncRNAs is associated
with the pathogenesis of diseases such as cancers, immune-related diseases, respiratory diseases, and cardio-
vascular diseases (19-21). To-date, many IncRNAs have been identified, and more are being identified, and
characterized in endothelial cells and SMCs (21-24). Lately, the role of some IncRNAs in the regulation of gene
expression and SMC phenotype has been recognized (21-23, 25). Notably, MEG3, a IncRNA, has been linked
to endothelial cell senescence and SMC proliferation (21, 24). MEG3 facilitate lysine demethylase (JARID2)
and polycomb repressive complex 2 (PRC2) interaction on chromatin resulting in increased H3K27me3, a het-
erochromatin mark (26). JARID activity is regulated by the metabolites of the glycolytic pathway and Krebs
cycle. The PPP intermediates modulate the activity of the glycolytic pathway and Krebs cycle (27, 28). Fur-
thermore, inhibition or knockdown of glucose-6-phosphate dehydrogenase (G6PD), the rate-limiting enzyme
of PPP and source of cellular redox potential, reduces SMC proliferation (1, 29). G6PD expression and activity
is rapidly (within 30 min) increased in SMCs by hypoxia-induced reactive oxygen species (1). Elevated G6PD
expression and/or activity augments reductive stress (30), which contributes to SMC proliferation (31) Since,
G6PD and MEG3 has been implicated in regulating SMC proliferation, we speculated that G6PD and MEG3
independently or dependently regulate Srf'and SRF-dependent gene program and could be critical in mediat-
ing hypoxia-induced changes in expression of genes in SMCs and phenotype of SMCs. Therefore, our goal
was to determine whether there is any interdependency between the PPP/G6PD and MEG3 signaling controls
expression of genes involved in regulating SMC plasticity. Here, we determine whether G6PD inhibition resets
the SMC-restricted genes by upregulating MEG3 in the lungs of hypoxic mice and in the SMCs exposed to
hypoxia. Our findings reveal novel cross-talk between G6PD and MEG3 signaling is pivotal to the regulation

of hypoxia-induced expression of SMC dedifferentiation genes.

Materials and Methods

Data availability

The authors confirm that the data supporting the findings of this study are available within the article

[and/or] its supplementary materials.
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Drugs and reagents

All chemicals were purchased from Sigma, Thermo Fisher, or VWR. Human pulmonary artery smooth

muscle cells (SMCs) were purchase from Lonza (MD, USA).

Animal models and experimental protocols

All animal experiments were approved (No. 30-1-0517) by the New York Medical College Animal Care
and Use Committee. Male and female C57BL/6 J mice (18-32 g) were purchased from the Jackson Labora-
tory and randomly divided into normoxia (Nx) and hypoxia (Hx) groups. Mice in the Nx group were placed
in a normoxic (21% O,) environment. The Hx group was placed in a normobaric hypoxic chamber (10% O,)
for 6 weeks. In a separated group, mice received daily subcutaneous injections of a novel G6PD inhibitor,
N-[(3B,5a)-17-0x0androstan-3-yl]sulfamide (4091; 1.5 mg kg™' day™") (32), for last 3 weeks of hypoxia. We have
recently found that 4091 treatment inhibits G6PD activity in lungs of mice exposed to hypoxia (33). Mice were
also intratracheally administered acrosolized AAGFP-G6PD-shRNA (IT-shG6PD), which reduces expression
of GO6PD, or AAGFP-scrambled-shRNA (given once a week) during weeks 3 and 4 (27). At the end of the treat-
ment, mice were anesthetized with isoflurane (induced at 3% and maintained at 1.5%) and which tissue (lungs

and arteries) and blood samples were collected.

Cell culture

Human SMCs were maintained at 37 °C under 5% CO, in SmBM™ smooth muscle basal medium (Lonza,
#CC-3181) supplemented with a SmGM™-2 SingleQuots kit (Lonza, #CC-4149). Once cells reached approxi-
mately 70% confluence, they were sub-cultured using 0.05% trypsin-EDTA (GIBCO, Cat #25300-054, Thermo
Fischer Scientific, Grand Island, NY, USA) into 6-well plates at about 3x10° cells/well density. Cells were cul-
tured in 21% O, (normoxia) or in 3% O, (hypoxia).

Immunofluorescent staining

We performed immunofluorescent staining as described previously (1). Briefly, lung sections (5 pm) were
deparaffinized and heated with 1x citrate buffer. Endogenous peroxidase activity was suppressed with 3%
H202 treatment. Sections were blocked with blocking serum (Vectastain Universal Elite ABC kit; Vector
Laboratories, Burlingame, CA, USA). Slides were incubated with primary antibodies over night at 4 °C. Sec-
tions were incubated with Alexa Fluor-conjugated secondary antibodies (Life Technologies) for 1 h at room
temperature. The nucleus was stained with DAPI (1 pug/ml). Imaging was done via Axio imager M1 micro-

scope, Axiocam MRm camera, and AxioVision microscopy software (Carl Zeiss, Jena, Germany).

MEG3 siRNA transfection

Cells were transfected with MEG3 siRNA (50 nM) or Scrambled Control (50 nM). After transfection for
48 h, the cells were washed three times using PBS and harvested in Qiazol (700 pl). The extracted RNA was
later used for quantitative real time PCR (RT-PCR).

Quantitative real time PCR

Real time RT-PCR was used to analyze mRNA expression. Briefly, total RNA was extracted from lungs
using a Qiagen kit (Cat #217004). The input RNA quality and concentration were measured with a Synergy HT
Take3 Microplate Reader (BioTek, Winooski, VT, USA), and cDNA was prepared using SuperScript [V VILO
Master Mix (Cat #11756500, Invitrogen). RT-PCR was performed in duplicate using TagMan™ Fast Advanced
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Master Mix (Cat #44-445-57, ThermoFischer) for mRNA using an Mx3000P RT-PCR System (Stratagene,
Santa Clara, CA, USA). The primers for the PCR were purchased from Thermo Fisher Scientific (TagMan).

Results were normalized using an internal control (Tubala).

RNA-Seq analysis

After collecting lung tissue samples from normotensive and PH mice, total RNA was isolated from lungs
using an AllPrep DNA/RNA/miRNA Universal Kit (Qiagen) according to the manufacturer’s instructions.
RNA was quantified using NanoDrop™ (ThermoFisher), and quality was assessed using an Agilent 2100 Bio-
analyzer. RNA-seq library were constructed using a TruSeq Stranded Total RNA Preparation kit (Illumina)
with 200 ng of RNA as input according to the manufacturer’s instructions. Libraries were sequenced on a
HiSeq 2500 System (Illumina) with single-end reads of 100 nt at the University of Rochester Genomics Re-
search Center. Single-end sequencing was done at a depth of 10 million reads per replicate (n=3). Quantitative
analysis, including statistical analysis of differentially expressed genes, was conducted with Cufflinks 2.0.2
and Cuffdiff2 (http://cufflinks.cbcb.umd.edu). The Benjamini-Hochberg method was applied for multiple test
correction (FDR < 0.05).

Reduced Representation Bisulfite Sequencing (RRBS)

Genomic DNA was isolated from lung tissue samples using AllPrep DNA/RNA/miRNA Universal Kit
(Qiagen) according to the manufacturer’s instructions. DNA was quantified using NanoDrop™ (ThermoFish-
er) and Qubit Fluorometer (ThermoFisher). Genomic DNA quality was assessed using an Agilent TapeSta-
tion. RRBS libraries were constructed using a Premium RRBS Kit (Diagenode) following the manufacturer’s
instructions. Libraries were sequenced on a HiSeq 2500 System (Illumina) with paired-end reads of 125 nt.
Raw reads generated from the HiSeq 2500 sequencer were demultiplexed using bcl2fastq (version 2.19.0).
Quality filtering and adapter removal were performed using Trim Galore (version 0.4.4 dev) with the fol-
lowing parameters: “—paired—clip_R1 3—clip_R2 3—three_prime_clip_R1 2—three_prime_clip_ R2 2” (http://
www.bioinformatics.babraham.ac.uk/projects/ trim_galore/). Processed and cleaned reads were then mapped
to the mouse reference genome (mg38) using Bismark (version 0.19.0) with the following parameters: “—bow-
tie2—maxins 1000”. Differential methylation analysis was performed using methylKit (version 1.4.0) within an
R (version 3.4.1) environment. Bismark alignments were processed using methylKit in the CpG context with a
minimum quality threshold of 10. Coverage was normalized after filtering for loci with a coverage of at least
five reads and no more than the 99.9th percentile of coverage values. The coverage was then normalized across
samples, and the methylation counts were aggregated for 500 nt windows spanning the entire genome. A uni-
fied window set across samples was derived such that only windows with coverage by at least one sample per
group were retained. Differential methylation analysis between conditional groups was performed using the y?
test, applying a g-value (SLIM) threshold of 0.05 and a methylation difference threshold of 25%.

Statistical analysis
Statistical analysis was performed using GraphPad Prism 9 software. Values are presented as means +
standard error (SE). Multiple comparisons were made using one-way ANOVA followed by Sidak’s post-hoc

test. Values of P<0.05 were considered significant.
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Results

G6PD regulates gene expression in the lungs of hypoxic mice

To compare the gene expression profiles in the lungs of mice exposed to Nx, Hx, or Hx+4091, we per-
formed RNA-seq analysis and found that 352 genes were upregulated and 4310 were downregulated in the
lungs of Hx-mice as compared to those in the lungs of Nx-mice, whereas 21 were upregulated and 2119 were
downregulated in the lungs of Hx+4091 mice as compared to those in the lungs of Hx-mice. Among the top up-
regulated (>2-fold) genes in the lungs of Hx-mice vs. Nx-mice (Fig. 1A), the first two, basonuclin-2 (Bnc2) and
Srf, encode transcription factors, and the third gene on the list, chromobox8 (Cbhx§), encodes a protein that is
a component of the polycomb group multiprotein (PRC1)-like complex, which maintains the transcriptionally
repressed state of many genes. G6PD inhibition suppressed pulmonary expression of the top 15 upregulated
genes (Fig. 1A) and normalized their expression level to the baseline of the top 13 downregulated genes (>2-
fold) in the lungs of Hx-mice (Fig. 1A).

We next performed transcription factor binding site (TFBS) enrichment analysis using oPOSSUM (34).
This analysis revealed that TFCP211, KLF4, and E2F1 were the most enriched transcription factors on genes
upregulated by Hx vs. Nx, and REST, HOXAS, PDX1, and PRRX2 were most enriched on genes downregu-
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Fig. 1. G6PD inhibition modulates the gene expression program in the lungs of Hx-mice. A) RNA-seq results demon-
strate Bnc2 and Srf genes are the most upregulated in the lungs of Hx-mice (vs. Nx-mice). 4091 (1.5 mg kg™
day ") administration to Hx-mice (Hx+4091) decreased their expression level. Downregulated genes in the lungs
of Hx-mice were not affected by 4091. N=3 in each group. Statistical analysis was performed using the FDR test
(adjusted P<0.05). B) TFBS enrichment analysis using oPOSSUM revealed that in TCFCP2L1 and KLF4 were
the most enriched on upregulated genes, and REST and HOXAS TFBSs were the most enriched on downregulated
genes in the lungs of Hx-mice. Administration of 4091 to Hx-mice upregulated genes enriched with NFxB and
RELA but downregulated genes enriched with MZF1, SP1, and KLF4. C) PANTHER GO term analysis revealed
binding, catalytic, transcription, and transporter activities were affected by upregulated genes in the lungs of
Hx-mice vs Nx-mice, whereas binding, catalytic, molecular transducer, structural, and transporter activities were
affected by downregulated genes in the lungs of Hx-mice vs. Nx-mice.
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lated by Hx vs. Nx (Fig. 1B). In contrast, NFxB, RELA, and SP1 were most enriched on genes upregulated by
Hx+4091 vs. Hx (Fig. 1B, top panels), and MZF1, SP1, KLF4, PAXS, and HIFIA::ARNT TFBSs were most
enriched on genes downregulated by Hx+4091 vs. Hx (Fig. 1B, bottom panels).

GO term analysis between Hx-mice and Nx-mice revealed that the upregulated genes supported molecular
functions such as binding, catalytic activity, transporter activity, and transcription (Fig. 1C, top panel), while
the downregulated genes supported molecular transducer activity and structural molecule activity, in addition
to supporting binding, catalytic activity, and transporter activity (Fig. 1C, bottom panel).

Real time PCR analysis of the expression of pumilio RNA binding family member 2 (Pum2; Fig. 2A),
which encodes an RNA-binding protein that functions as a translational repressor during cell differentiation
and a positive regulator of cell proliferation in adipose-derived stem cells, and Doublesex- And Mab-3-Related
Transcription Factor A2 (Dmrta2; Fig. 2B), which shows DNA-binding transcription factor activity and se-
quence-specific DNA binding, confirmed the RNA-seq results. We randomly selected these genes for RT-PCR

based on their function in the transcription processes.

G6PD inhibition decreases pulmonary Srf expression and increases expression level
of SRF-MYOCD-dependent genes in Hx-mice

SRF and the transcription co-activator MYOCD are specifically expressed in SMCs (35-37). SRF-
MYOCD is important for maintaining expression of SMC-restricted genes such as myosin heavy chain 11
(Myhll) and calponinl (Cnnl) and keeps the cells in a differentiated state. However, SRF can also interact
with other transcription co-regulators, when MYOCD is low, to promote SMC dedifferentiation and prolifera-
tion (38). Because pulmonary Srf expression is elevated in hypoxic mice, we speculated that the pulmonary
expression levels of the SRF-MYOCD-driven genes Myhll and Cnnl would be increased in hypoxic mice. In
RNAseq analysis, we found expression of Myocd and SRF-MYOCD-dependent genes was decreased in lungs
Hx vs Nx mice, however the decrease was less than 1-fold and treatment of 4091 to Hx mice increased their
expression. To confirm these RNA-seq findings, we used RT-PCR to measure expression of Srf, Myocd, Cnnl,
and Myhll in the lungs of mice treated with 1] Nx, 2] Hx, 3] Hx+4091, or 4] Hx+G6PD-shRNA. As expected
Srf expression level was elevated in the lungs of hypoxic mice as compared to that in the lungs of their cor-

responding Nx controls. Additionally, G6PD inhibition with 4091 decreased pulmonary Srf expression in
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Fig. 2. G6PD inhibition decreases Pum2 and increases Dmtra2 expression in the lungs of Hx-mice.
To confirm RNAseq results, we performed RT-PCR of one up- and down-regulated gene. RT-
PCR confirmed that 4091 (1.5 mg kg™! day™!) downregulated Pum2 expression (A) and upregu-
lated Dmrta2 expression (B) in the lungs of Hx-mice. Gray bar=Control; Blue bar=Hx; and Red
bar=Hx+4091. N=5 (males=3 and females=2) in each group. Statistical analysis was performed
using one-way ANOVA and Sidak’s test for multiple comparisons.
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these mice (Fig. 3A). Conversely, pulmonary expression levels of Myocd (Fig. 3B), Cnnl (Fig. 3C and E), and
Myhll (Fig. 3F) were lower in hypoxic mice than in normoxic mice, but their expression levels were restored
in mice treated with Hx+4091 (Fig. 3B—D). At the same time, pulmonary expression levels of Cnnl (Fig. 3E)
and Myhll (Fig. 3F) were higher in the Hx+G6PD-shRNA group than in the Hx group. Similarly, expression
of CNN1 and MYHI1 increased in pulmonary arteries by 4091 and G6PD-shRNA treatment (Fig. 3G).

G6PD inhibition prevents hypoxia-induced DNA methylation of Myocd and
SRF-MYOCD-driven genes

How is Myocd and SRF-MYOCD-driven gene expression regulated? Based on recent studies (27, 39),
we speculated that G6PD inhibition would decrease DNA methylation in mice, thereby normalizing gene
expression. In the lungs of Hx-mice, 4091 treatments led to hypomethylation of Myocd, Myhil, Mylk, Myl9,
Kcnmbl, and Csrp2 (markers of differentiated SMCs driven by SRF-MYOCD; Table 1). All genes associated
with the SMC contractile phenotype program, including Myocd, Myhll, Cnnl, Lmodl and Kcnmbl, as well as
Meg3, which encodes a IncRNA that inhibits SMC proliferation (21), were hypomethylated in different CpG
regions including; promoter, enhancer and transcription factor binding sites (Table 1). The critical SMC genes,
such as Myocd and Myhll, and others were hypermethylated in the lungs of Hx-mice (Table 1). At the same

time, expression of Kcnmbl, which encodes B-subunit of big-conductance Ca®*-activated K* channels (BK_,),
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Fig.3. SMC genes are upregulated in the lungs of Hx+4091-mice compared to those in the lungs of Hx-mice. Real

time PCR demonstrating that pulmonary Srf'(A) and Myocd (B) expression level is respectively decreased and
increased by 4091 (1.5 mg kg ™! day™!) in Hx. Increased pulmonary expression level of Cnnl (C) and Myhll (D)
by 4091 in Hx-mice. E, F) Nasal administration of adenovirus carrying G6PD-shRNA (1072 Pfu), as described
previously (27), for 2 weeks increases pulmonary expression levels of Cnnl and Myhll in Hx-mice. G) Repre-
sentative immunofluorescence micrographs of five different experiments showing that CNN1 and MYHI11 are
reduced in PAs in the lungs of Hx-mice as compared with those in the lungs of Nx-mice. Administration of 4091
and shRNA to Hx-mice prevented decrease of CNN1 and MYHI11. N=5 (male=3 and female=2) in each group.
Statistical analysis was performed using the one-way ANOVA (A to F). Sidak’s test was used to compare multiple
groups after ANOVA analysis.
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Table 1. RRBS analysis showing differentially methylated CpG regions in Myocd and SRF-MYOCD-driven genes
in the lungs of Hx- vs. Nx-mice and Hx+4091- vs. Hx-mice

Hx+4091 vs. Hx Hx vs. Nx

Genes

% DM Dist. to TSS Strand g-value % DM Dist. to TSS Strand g-value
ENSMUST00000121731.7_Actg2 39.4 3,991 - 0.009 -26.9 —-10,237 - 6.60E-07
ENSMUST00000027677.7_Cstpl -33.3 5,856 + 1.20E-05 31.9 5,856 + 3.30E-05
ENSMUST00000020403.5_Csrp2 —38.3 11,326 + 5.90E-08 38.2 11,326 + 1.40E-09
ENSMUST00000020403.5_Csrp2 -35.6 11,826 + 0.002 35.6 11,826 + 6.40E-05
ENSMUST00000035661.5_Cspg4 —85.1 -3,104 + 1.60E-14 77.1 3,104 + 3.70E-10
ENSMUST00000035661.5_Cspg4 -33.3 15,899 + 0.0007 NDM
ENSMUST00000020362.2_Kcenmbl -35.8 =513 + 9.90E-09 45.1 =513 + 6.10E-11
ENSMUST00000020362.2_Kcnmbl —40.0 -17,013 + 6.70E-07 NDM
ENSMUST00000020362.2_Kcnmbl -76.3 490 + 9.60E-08 29.3 490 + 0.003
ENSMUST00000020362.2_Kcnmbl -27.9 9,490 + 5.20E-06 NDM
ENSMUST00000203607.1_KIf15 52.3 0 + 8.50E-33 NDM
ENSMUST00000059352.2_Lmod1 -31.5 696 + 0.003 —28.1 696 + 0.0004
ENSMUST00000146701.7_Meg3 -28.1 105 + 5.00E-11 NDM
ENSMUST00000090287.3_Myhl1 -92.9 48,409 - 5.20E-08 92.9 48,409 - 4.50E-08
ENSMUST00000088552.6_Myl9 -33.3 —4,920 + 1.20E-11 NDM
ENSMUST00000023538.8_Mylk —38.6 —-10,921 + 1.70E-06 NDM
ENSMUST00000023538.8_Mylk —40.3 —-11,921 + 0.003 NDM
ENSMUST00000023538.8_Mylk -29.4 -36,421 + 3.30E-07 NDM
ENSMUST00000023538.8_Mylk -37.5 52,582 + 0.002 NDM
ENSMUST00000023538.8_Mylk -25.2 73,582 + 0.001 NDM
ENSMUST00000021922.9 Msx2 325 —3,428 - 2.00E-06 NDM
ENSMUST00000101042.8_Myocd —100.0 9,060 - 9.80E-07 39.0 9,060 - 0.02
ENSMUST00000034590.2_Tagln —44.4 2,559 - 0.0002 26.3 2,559 - 0.007

DM: differential methylation of CpG region; NDM: no differential methylation; Dist to TSS: distance to transcription start site.

Table 2. RNA-seq analysis showing expression of BKca channel genes in the
lungs of Hx- or Hx+4091-mice

Hx vs. Ctrl Hx+4091 vs. Hx
Genes
Log2 fold P-value Log2 fold P-value
Kcenmal -2.0 0.0425 0.3 0.6801
Kenmbl -2.1 0.0242 0.1 0.8770
Kenmb2 -1.3 0.0672 0.6 0.3623

and genes encoding other BK, channel subunits was suppressed in Hx-mice (Table 2). G6PD inhibition nor-
malized Kcnmbl expression, but led to hypermethylation of KIf15, Msx2, and Actg?2 that are associated with
dedifferentiated SMC phenotype. This suggests G6PD inhibition modifies DNA methylation status across the

genome, including SMC genes, but not Srf, in the lungs of Hx-mice.

Inhibition and knockdown of G6PD increases MEG3 levels in the lungs of hypoxic mice
Recent studies suggest that downregulation of MEG3 expression in the lungs and PAs of idiopathic PH
patients promotes hyperproliferation of SMCs (21). Therefore, we measured pulmonary MEG3 expression in
mice exposed to: 1] Nx, 2] Hx, 3] Hx+4091, or 4] Hx+G6PD-siRNA. Although pulmonary MEG3 expression
did not change in hypoxic mice as compared with that in normoxic mice (Fig. 4A), G6PD inhibition or knock-

down increased pulmonary MEG3 expression level in hypoxic mice (Fig. 4A and B).
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Fig. 4. Meg3 expression is upregulated by G6PD inhibition or knockdown in Hx lungs. A) Adminis-
tration of 4091 (1.5 mg kg™! day'; N=5; male=3 and female=2) or B) shRNA (107!> Pfu; N=6;
male=3 and female=3) increased pulmonary expression level of Meg3 in Hx-mice. N=5 in each
group. Statistical analysis was performed using one-way ANOVA. Sidak’s test was used to com-
pare multiple groups after ANOVA analysis.

Inhibition of G6PD activity increases MEG3 level in SMC
Next, to determine whether there is any interdependency between the PPP-G6PD and MEG3 signaling,

we determined whether inhibiting G6PD activity regulates MEG3 expression in human SMCs cultured under
Nx and Hx. MEG3 expression decreased in Nx-SMCs (by 75%) and Hx-SMCs (by 50%) by knocking down
MEG3 (Fig. 5A). MEGS3 levels in Hx-SMCs increased upon G6PD inhibition as compared Nx-SMCs, and this
increase was blocked by knocking down MEG3 by 68% in Nx-SMCs and 78% in Hx-SMCs (Fig. 5A).

G6PD inhibition and MEG3 decreases Srf expression in SMCs

Next, to determine whether increase in MEG3 level, induced by G6PD inhibition, is responsible for the
downregulation of Srf expression, we measured Srf'in SMCs cultured in Nx and Hx, and treated with G6PD
inhibitor and MEG3 siRNA. G6PD inhibition decreased Srf expression level in Nx- and Hx-SMCs (Fig. 5B).
Furthermore, MEG3 siRNA increased Srfexpression in Nx-SMCs and G6PD inhibitor was not able to suppress
Srf expression in Nx- and Hx-SMCs treated with MRG siRNA (Fig. 5B).

Discussion

We sought to identify genes that were altered in the lungs of hypoxic mice through unbiased RNA-seq
analysis. In the lungs of hypoxic mice, >300 genes were upregulated and >1,500 genes were downregulated as
compared to those in normoxic mice. Among the upregulated genes, Bnc2 and Srf, which encode transcription
factors, Cbx8 and Kdmla, which encode epigenetic modifiers, and Pum2, which encodes RNA-binding protein
that repress translational of cell differentiation proteins, appeared to top the list. Notably, most of the down-

regulated genes were related to nerve function, anticancer, and anticoagulation pathways. Srf'is of particular
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Fig. 5. GO6PD inhibitor and MEG-3 siRNA regulates Srf expression in human pulmonary arterial SMCs.
A) MEG3 expression level is decreased by MEG3-siRNA (50 nmol/l) in human pulmonary arteri-
al SMCs exposed to normoxia (Nx; 21% O,) and hypoxia (Hx; 3% O,). Administration of 4091 (1
pumol/l) to human pulmonary arterial SMCs cultured under Nx or Hx upregulated MEG3 expres-
sion and this was blocked by MEG3-siRNA (50 nmol/l). There were no differences in expression
of MEG3 between the application of control-siRNA with and without 4091. B) Srf expression in
human SMCs exposed to Nx or Hx and treated with 4091 (1 umol/l) and control (Ctrl)- or MEG3-
siRNA (50 nmol/l). N=5-6. Statistical analysis was performed using the one-way ANOVA. Si-
dak’s test was used to compare multiple groups after ANOVA analysis.

interest in the context of arterial wall remodeling because it encodes a transcription factor that selectively in-
duces expression of all hallmark CArG-dependent, SMC-restricted genes through its interaction with MYOCD
(35-37). Therefore, we speculated that increased Srf expression level would lead to augmented expression of
SMC-restricted genes in the lungs of hypoxic mice. In contrast, Hx downregulated expression of Myocd and
SRF-MYOCD-driven expression of Cnnl and Myhll, which encode MYHI11 and CNNI1, two proteins involved
in maintaining vascular tone and contractility (40). These results are consistent with previous studies report-
ing suppressed MYHI11 and CNNI expression in SMCs obtained from hypoxic rats and sheep (1, 8), and in the
arteries of PH patients (9). Moreover, G6PD inhibition upregulates Myocd in SMCs from rat aorta and PA (29).
In our study, we found that G6PD inhibition decreased Srf expression level and increased Myocd expression
level in the lungs of hypoxic mice. Additionally, G6PD inhibition or knockdown increased the expression level
of SRF-MYOCD-driven Cnnl and Myhll. These results suggest that Hx, respectively, activates and suppresses
the transcription of Srf'and SRF-MYOCD-driven genes, and G6PD inhibition can restore their expression to
normal levels.

Various signaling pathways and factors modulate the expression of SMC-restricted genes. When the

MYOCD levels are low, transcription factors like KLF4 and KLF5 competitively bind to SRF, enabling transi-
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tion of SMCs from a differentiated to a dedifferentiated (hyperproliferative and synthetic) phenotype (41). Con-
sistent with those results, KLF4 and E2F1, which promote SMC proliferation (41, 42), were the most enriched
transcription factors on genes upregulated by Hx. Conversely, G6PD inhibition decreased KLF4 enriched
genes and Srf expression in SMCs.

Although the loss of MYOCD clearly plays a key role in the Hx-induced phenotypic transition of SMCs,
our understanding of the mechanisms regulating Myocd transcription is incomplete. Post-transcriptionally,
MYOCD expression is finely regulated by microRNAs (43). DNA methylation studies of the lungs of hypoxic
mice revealed that Hx-induced hypermethylation of the functional regions of Myocd and several other SMC
differentiation marker genes and suppressed their expression. Intriguingly, G6PD inhibition led to hypometh-
ylation of CpG regions of Myocd and other SMC differentiation marker genes and increased methylation of
Msx2, which encodes MSX2 (a repressor of Myocd activity (44)), and KIf15, which encodes KLF15 (a regulator
of SMC proinflammatory activation (45) and repressor of Myocd activity (46)), in the lungs of hypoxic mice.
Recent studies, including ours, suggest that downregulation of TET2 expression contributes to the pathogen-
esis of Hx-induced PH in mice and idiopathic PH in humans (27, 47). Previously, we showed that G6PD inhibi-
tion upregulates Tet2 expression, and that TET2 is critical to the reduction in PA remodeling and PH associated
with G6PD inhibition (27). Downregulation of TET2 increases DNA methylation and blocks promoter binding
of transcription factors and transcription enhancers (48). This also increases binding of transcription repres-
sors to the promoter. Both of these processes reduce transcription of the affected genes. Therefore, we suggest
that G6PD-dependent TET2 downregulation may have potentially increased hypermethylation of genes and
decreased pulmonary expression level of Myocd and SRF-MYOCD-driven genes in the lungs of hypoxic mice
and in hypoxic SMCs. Additionally, G6PD inhibition hypomethylated KcnmbI promoter and restored the ex-
pression of Kenmbl and other genes encoding channel proteins in the lungs of hypoxic mice. Based on these
findings, we propose that increased SRF-MYOCD-driven Kcnmbl expression level associated with G6PD
inhibition restores the SMC phenotype and Ca?" homeostasis and contributes to relax SMCs. Although, Hx-
induced and G6PD-dependent DNA methylation appears to be functionally important for downregulating the
expression of SMC differentiation marker genes in the hypoxic SMCs and lungs/PAs of hypoxic mice, expres-
sion of Srf gene was not controlled by DNA methylation.

We found that silencing MEG3 expression increased Srf transcription in hypoxic SMCs. Since G6PD
inhibition decreased Srf expression in the lungs of mice and SMCs exposed to Hx, we speculated that MEGS3,
increased by G6PD inhibition, potentially mediated downregulation of Srf'expression. Further, G6PD inhibitor
in the presence of MEG siRNA did not decrease Srf'expression. LncRNAs are biologically active molecules in-
volved in various cellular processes, including genomic imprinting, chromatin remodeling, cell-cycle control,
cell differentiation, and cell migration (49-51). They have emerged as critical modifiers of gene transcription
that act by interacting with DNA, PRC-2 and JARID, and miRNA (52). To this regard, MEG3 acts as an epi-
genetic modifier that, along with PRC-2 and JARID2, mediates addition of repressive H3K9me and H3K27me
marks to genes (26, 53). Although MEG3 expression in the lungs of hypoxic mice was not different from that
of normoxic mice, G6PD inhibition hypomethylated MEG3 gene in the promoter flank region and increased
MEG3 expression level in the lungs of mice and in SMCs exposed to Hx. These findings reveal previously
unknown endogenous controller of MEG transcription in the hypoxic SMC. MEG3 prevents SMC proliferation
and are consistent with a previous study that suggested loss of MEG3 promotes pulmonary arterial SMC prolif-
eration (21). This represents a MEG3-dependent pathway through which G6PD inhibition prevented hypoxia-
induced Srf gene, which encodes a transcription factor, and SMC dedifferentiation genes. Dedifferentiated

SMCs secrete extracellular matrix proteins, inflammatory cytokines and chemokines, and growth factors,
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which may contribute to a remodeled vasculature (5, 54).

In conclusion, the main results of this study collectively demonstrate that: 1) G6PD contributes to increase
hypoxia-elicited expression level of Srf and decreased expression level of SMC genes (Myocd, Cnnl, and
Myhll); 2) G6PD inhibition enhanced MEG3 expression and suppressed Srf expression in a MEG3-dependent
manner in hypoxic SMCs; and 3) G6PD inhibition mediated DNA hypomethylation increased expression of
SRF-MYOCD-driven genes in hypoxic lungs/PAs. Thus, G6PD, a key redox hub, and MEG3 appears to be a
potentially useful target for restoring pulmonary arterial expression of SMC protein-encoding genes and ion

channels to reduce hypoxia-induced SMC dedifferentiation.
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