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Abstract

Chronic hypoxia during gestation suppresses large-conductance Ca?*-activated K* (BK¢,) channel
function and impedes uterine arterial adaptation to pregnancy. This study tested the hypothe-
sis that chronic hypoxia has a direct effect in upregulating DNA methyltransferase (DNMT) and
epigenetically repressing BKc, channel beta-1 subunit (KCNMB1) expression in uterine arteries.
Resistance-sized uterine arteries were isolated from near-term pregnant sheep maintained at ~300
m above sea level or animals acclimatized to high-altitude (3,801 m) hypoxia for 110 days during
gestation. For ex vivo hypoxia treatment, uterine arteries from normoxic animals were treated with
21.0% O, or 10.5% O, for 48 h. High-altitude hypoxia significantly upregulated DNMT3b expression
and enzyme activity in uterine arteries. Similarly, ex vivo hypoxia treatment upregulated DNMT3b
expression and enzyme activity that was blocked by a DNMT inhibitor 5-aza-2'-deoxycytidine (5-
Aza). Of importance, 5-Aza inhibited hypoxia-induced hypermethylation of specificity protein (SP)
1 binding site at the KCNMB1 promoter and restored transcription factor binding to the KCNMB1
promoter, resulting in the recovery of KCNMB1 gene expression in uterine arteries. Furthermore, 5-
Aza blocked the effect of hypoxia and rescued BK¢, channel activity and reversed hypoxia-induced
decrease in BK¢, channel-mediated relaxations and increase in myogenic tone of uterine arteries.
Collectively, these results suggest that chronic hypoxia during gestation upregulates DNMT ex-
pression and activity, resulting in hypermethylation and repression of KCNMB1 gene and BKc,
channel function, impeding uterine arterial adaptation to pregnancy.

Summary Sentence

Gestational hypoxia promotes hypermethylation and repression of KCNMB1 gene and BK¢, channel
function in uterine arteries by upregulating DNMT expression and activity, leading to maladaptation
of uterine circulation during pregnancy.
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Introduction

Uterine vasculature undergoes striking changes during pregnancy to
accommodate dramatically increased uterine blood flow to ensure
adequate growth of the fetus and well-being of the mother [1-3].
Reduced uterine perfusion is associated with pregnancy complica-
tions such as preeclampsia and fetal growth restriction [4-6], lead-
ing to increased maternal and fetal morbidity and mortality. Chronic
hypoxia during gestation has a profound impact on uterine hemody-
namics. Pregnancy at high altitude is accompanied by reduced utero-
placental blood flow, which contributes to an increased incidence of
preeclampsia and fetal growth restriction [6, 7]. Thus, gestational
hypoxia constitutes a notorious insult to maternal cardiovascular
well-being and fetal growth.

The large-conductance Ca’*-activated K+ (BKc,) channel plays
a key role in regulating membrane potential and vascular tone [8,
9]. The BK¢, channel in vascular smooth muscle cells consists of
channel-forming alpha subunits and regulatory beta-1 subunits [10],
encoded by KCNMA1 and KCNMB1 genes, respectively. The chan-
nel is activated by membrane depolarization and/or an increase in
intracellular Ca?* concentrations [9]. The beta-1 subunit enhances
the apparent Ca®* and voltage sensitivity of the alpha subunit [11],
leading to increased BK¢, channel activity. Gene deletion has demon-
strated the functional importance of the BK¢, channel in regulating
blood pressure, and mice lacking either alpha or beta-1 subunits are
hypertensive [12-14]. The BK¢, channel is expressed in both human
and ovine uterine arteries [15, 16]. Increased expression of the beta-
1 subunit, but not the alpha subunit, and enhanced BK¢, channel
activity in uterine arteries as the result of steroid hormone actions
are credited for reduced uterine vascular tone and increased uterine
blood flow during pregnancy [17-19]. However, chronic hypoxia
during gestation abrogated pregnancy-induced upregulation of the
beta-1 subunit in uterine arteries, leading to elevated uterine vascular
tone [20, 21].

The mechanisms underlying gestational hypoxia-induced BKc,
channel downregulation in uterine arteries remain elusive. Epigenetic
regulation of DNA methylation plays an important role in modulat-
ing gene expression patterns and in the pathogenesis of cardiovas-
cular diseases [22, 23]. We recently demonstrated that increased
KCNMB1 promoter methylation was associated with a reduction in
BKc, channel beta-1 subunit expression and elevated uterine vas-
cular tone in pregnant sheep acclimatized to high-altitude hypoxia
[20, 21]. While these studies provided evidence of a correlation of in
vivo hypoxia and hypermethylation of KCNMB1 promoter in BKc,
channel repression and dysfunction in uterine arteries, it remains un-
determined whether hypoxia has a direct effect and whether DNA
methylation plays a causal role in the repression of the KCNMB1
gene and BKc, channel function. Herein, we present novel evidence
that prolonged hypoxia exerts a direct effect in upregulating DNA
methyltransferase (DNMT) and hypermethylation of the KCNMB1
promoter, resulting in KCNMB1 gene repression and BK¢, channel
dysfunction in uterine arteries in pregnant sheep.

Materials and methods

All procedures and protocols were approved by the Institutional
Animal Care and Use Committee of Loma Linda University and
followed the guidelines by the National Institutes of Health Guide
for the Care and Use of Laboratory Animals. After tissue collec-
tion, animals were killed via intravenous injection of 15 mL T-61

solution (Hoechst-Roussel, Somerville, NJ), according to American
Veterinary Medical Association guidelines.

Tissue preparation and treatment

Uterine arteries were harvested from near-term (~142-145 days of
gestation) pregnant sheep (Ouvis aries) maintained at ~300 m above
sea level (low altitude, PaO,: ~102 mm Hg) or exposed to high-
altitude hypoxia (3,801 m, PaO,: ~60 mm Hg) for 110 days (start-
ing from 30 days of gestation) [24, 25]. Animals were anesthetized
with intravenous injection of propofol (2 mg/kg) followed by intu-
bation, and anesthesia was maintained on 1.5% to 3.0% isoflurane
balanced in O, throughout the surgery. An incision was made in
the abdomen, and the uterus was exposed. The fourth-generation
branches of main uterine artery were chosen in the study because
they are resistance-sized arteries (~200 pum) with close characteris-
tics to arterioles in contribution to vascular resistance, and they had
been extensively investigated in our previous studies [19-21, 24-26].
Uterine arteries were isolated and removed without stretching and
placed into a Krebs solution containing (in mM) 130.0 NaCl, 10.0
HEPES, 6.0 glucose, 4.0 KCI, 4.0 NaHCOs3, 1.8 CaCly, 1.2 MgSOy,
1.18 KH,POy4, and 0.025 EDTA (pH 7.4). To determine the direct
effect of hypoxia, uterine arteries were treated ex vivo under nor-
moxic (21.0% O, ) or hypoxic (10.5% O,) conditions for 48 h, given
a ~50% decrease in arterial PaO, observed in high-altitude hypoxic
sheep. Uterine arteries were placed in a culture dish containing 5 mL
of phenol red-free DMEM supplemented with 1% charcoal-stripped
fetal bovine serum, 100 U/mL penicillin, and 100 pug/mL strepto-
mycin and incubated at 37°C in humidified incubators for 48 h with
oxygen levels at either 21.0% O, for normoxic or 10.5% O, for
hypoxic conditions, as described previously [19, 25, 26].

Measurement of BK¢c, channel current

Arterial smooth muscle cells were enzymatically dissociated as de-
scribed previously [19, 20]. Briefly, uterine arteries were mince into
small pieces in low Ca?* HEPES-buffered physiological salt solu-
tion (PSS) containing (in mM) 140.0 NaCl, 5.0 KCI, 0.1 CaCl,,
1.2 MgCl,, 10.0 HEPES, and 10.0 glucose (pH 7.4). They were
then digested by sequentially incubating the tissues in papain solu-
tion containing 1.5 mg/mL papain, 1.5 mg/mL dithiothreitol, and
2.0 mg/mL bovine serum albumin (BSA) for 60 min and colla-
genase IV solution containing 1.5 mg/mL collagenase IV and 2.0
mg/mL BSA for 120 min. Myocytes were then released in low Ca?*
HEPES-PSS. Only relaxed and spindle-shaped smooth muscle cells
were used for recording. Whole-cell K* currents were recorded us-
ing an EPC 10 patch-clamp amplifier with Patchmaster software
(HEKA, Lambrecht/Pfalz, Germany) at room temperature as previ-
ously described [19, 20]. Briefly, cell suspension drops were placed
in a recording chamber, and adherent cells were continuously su-
perfused with HEPES-buffered PSS containing 1.8 in mM Ca*. Mi-
cropipettes were pulled from borosilicate glass and had resistances of
2 to 5 megaohm (mS2) when filled with the pipette solution contain-
ing (in mM) 140.0 KCI, 1.0 MgCl, 5.0 Na,ATP, 5.0 EGTA, and
10.0 HEPES (pH 7.2). CaCl, was added to bring free Ca’>* concen-
trations to 100 nM as determined using WinMAXC software (Chris
Patton, Stanford University). Cells were held at =50 mV, and whole-
cell K* currents were evoked by voltage steps from —60 mV to +80
mV by stepwise 10-mV depolarizing pulses (350-ms duration, 10-s
intervals) in the absence and presence of 1 mM BK¢, channel blocker
tetraethylammonium [19, 20]. BK¢, currents, determined as the
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difference between whole-cell K currents in the absence of
tetraethylammonium and that in the presence of tetraethylammo-
nium, were normalized to cell capacitance and expressed as picoam-
pere per picofarad (pA/pF).

Relaxation studies

Uterine arteries were separated from surrounding tissues and cut
into 2-mm ring segments. Isometric tension was measured in the
Krebs solution in a tissue bath system (Radnoti, Monrovia, CA) at
37°C as described previously [25, 27]. Briefly, each ring segment
was equilibrated for 60 min and then gradually stretched to the
optimal resting tension determined by responses to 3 x 120 mM
KClI challenges. Tissues were then precontracted with submaximal
concentrations of serotonin that produced ~70% to 80% of the
maximal contraction, followed by additions of the BK¢, channel
opener NS1619 in a cumulative manner.

Measurement of pressure-dependent tone
Pressure-dependent tone of resistance-sized uterine arteries was mea-
sured as described previously [19, 24, 25]. Briefly, the arterial seg-
ments (diameter ~150 um) were mounted and pressurized in an
organ chamber (Living Systems Instruments, Burlington, VT). The
intraluminal pressure was controlled by a servo system to set trans-
mural pressures, and arterial diameter was recorded using the Soft-
Edge Acquisition Subsystem (IonOptix LLC, Milton, MA). After the
equilibration period, the intraluminal pressure was increased in a
stepwise manner from 10 to 100 mmHg in 10-mmHg increments,
and each pressure was maintained for 5 min to allow vessel diameter
to stabilize before the measurement. The passive pressure-diameter
relationship was conducted in Ca?*-free PSS containing 3.0 mM of
EGTA to determine the maximum passive diameter. The following
formula was used to calculate the percentage of pressure-dependent
tone at each pressure step: % tone = (D1 — D2)/D1 x 100, where
D1 is the passive diameter in Ca**-free PSS (0 Ca?* with 3.0 mM
of EGTA) and D2 is the active diameter with normal PSS in the
presence of extracellular Ca®*.

Measurement of DNA methyltransferase activity
Nuclear extracts were prepared from uterine arteries using the
EpiQuik Nuclear Extraction Kit (Epigentek, Farmingdale, NY).
DNMT activity assay was performed using a colorimetric EpiQuik
DNMT activity assay kit (Epigentek) following the manufacture’s
instruction, as described previously [28]. Briefly, nuclear extract
was incubated with S-adenosylmethionine and a universal propri-
etary DNMT substrate in the DNMT assay buffer at 37°C for 2
h. The blank contained only S-adenosylmethionine and substrate
without nuclear extract, whereas the positive control contained S-
adenosylmethionine and substrate with the purified DNMT enzyme
preparation containing both maintenance and de novo DNMTs sup-
plied in the kit. After the incubation, the capture antibody and de-
tection antibody were added in sequence, followed by incubation
with developing solution for 10 min at room temperature. Signal
was measured by a microplate reader at 450 nm.

Real-time reverse transcription polymerase

chain reaction

Total RNA was isolated using TRIzol reagent (Invitrogen, CA) and
subjected to reverse transcription with iScript cDNA Synthesis sys-
tem (Bio-Rad, Hercules, CA). The abundance of KCNMB1 mRNA

was measured with real-time polymerase chain reaction (PCR) us-
ing iQ SYBR Green Supermix (Bio-Rad), as described previously
[21]. Primers used were 5'-CTGTACCACACGGAGGACACT-3’
(forward) and 5'-GTAGAGGCGCTGGAATAGGAC-3' (reverse).
Real-time PCR was performed in a final volume of 25 nL, and each
PCR reaction mixture consisted of 500 nM of primers and iQ SYBR
Green Supermix containing 0.625 U hot-start Taq polymerase; 400
uM each of dATP, dCTP, dGTP, and dTTP; 100 mM KCl; 16.6 mM
ammonium sulfate; 40 mM Tris-HCl; 6 mM MgSOy4; SYBR Green
I; and 20 nM fluorescing and stabilizers. The following protocol was
used for real-time PCR: 95°C for 5 min, followed by 45 cycles of
95°C for 30 s and annealing for 30 s at 52°C and for 45 s at 72°C.
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as
an internal reference, and serial dilutions of the positive control were
performed on each plate to create a standard curve for the quantifica-
tion. PCR was performed in triplicate, and threshold cycle numbers
were averaged for each sample.

Western immunoblotting

Protein abundance of the BK¢, channel beta-1 subunit and DN-
MTs in uterine arteries was measured as described previously [19,
20, 28]. Briefly, tissues were homogenized in a lysis buffer contain-
ing 150 mM NacCl, 50 mM Tris-HCl, 10 mM EDTA, 0.1% Tween
20, 0.1% beta-mercaptoethanol, 0.1 mM phenylmethylsulfonyl flu-
oride, 5 ug/mL leupeptin, and 5 ug/mL aprotinin, pH 7.4 followed
by centrifugation at 4°C for 10 min at 10,000 g, and the super-
natants were collected. Samples with equal proteins were loaded
onto 7.5% polyacrylamide gel with 0.1% sodium dodecyl sulfate
and were separated by electrophoresis at 100 V for 2 h. Proteins
were then transferred onto nitrocellulose membranes. After blocking
nonspecific binding sites by a Tris-buffered saline solution containing
5% dry milk, membranes were incubated with primary antibodies
against the BK¢, channel beta-1 subunit (Santa Cruz Biotechnol-
ogy, Santa Cruz, CA), DNMT1 (Cell Signaling Technology, Dan-
vers, MA), DNMT3a (Cell Signaling Technology), and DNMT3b
(Novus Biologicals, Littleton, CO). After washing, membranes were
incubated with secondary horseradish peroxidase-conjugated anti-
bodies. Proteins were visualized with enhanced chemiluminescence
reagents, and blots were exposed to hyperfilm. Results were quan-
tified with the Kodak electrophoresis documentation and analysis
system and Kodak ID image analysis software (Kodak, Rochester,
NY). The target protein abundance was normalized to the abundance
of beta-actin as a protein loading control.

Quantitative methylation-specific polymerase chain
reaction

Genomic DNA was isolated from uterine arteries using a GenElute
Mammalian Genomic DNA Mini-Prep kit (Sigma-Aldrich, St. Louis,
MO), denatured with 2 N NaOH at 42°C for 15 min and treated
with sodium bisulfite at 55°C for 16 h, as previously described [21].
DNA was purified with a Wizard DNA clean-up system (Promega)
and dissolved in 120 uL of H,O. Bisulfite-treated DNA was used
as a template for real-time fluorogenic methylation-specific PCR us-
ing specific primers designed to amplify the regions of interest with
unmethylated CpG dinucleotides or methylated CpG dinucleotides
(CmG), respectively. Real-time methylation-specific PCR was per-
formed using the iQ SYBR Green Supermix with iCycler real-time
PCR system (Bio-Rad). Data of methylated CpG were normalized
to that of unmethylated CpG, and were presented as the percentage
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of methylation at the region of interest (methylated CpG/methylated
CpG+unmethylated CpG x 100).

Chromatin immunoprecipitation

Chromatin extracts were prepared from uterine arteries. Chro-
matin immunoprecipitation (ChIP) assays were performed using the
ChIP-IT Express kit (Active Motif), as previously described [21].
Briefly, tissues were exposed to 1% formaldehyde for 10 min to
cross-link and maintain DNA/protein interactions. The reactions
were stopped with glycine, tissues were washed, and chromatin
was isolated and sheared into medium fragments (100-1000 bp)
using a sonicator. ChIP reactions were performed using ERa or
Sp1 antibodies to precipitate the transcription factor/DNA com-
plex. Primers flanking the Sp1_359 binding site at the KCNMB1 pro-
moter were 5'-GTCAAAGGCTGAGGGTTTTG-3' (forward) and
5'-GGAGGAGGAGTGGAAGCTCT-3' (reverse). PCR amplifica-
tion products were visualized on 2% agarose gel stained with ethid-
ium bromide. For quantitative real-time PCR amplification, 45 cycles
of real-time PCR were performed with 3-min initial denaturation fol-
lowed by 95°C for 30 s, 55°C for 30 s, and 72°C for 45 s, using
the iQ SYBR Green Supermix with iCycler real-time PCR system
(Bio-Rad). Data were normalized to input chromatin that had not
been going through immunoprecipitation process. The negative con-
trol determined by a normal IgG provided in the kit was subtracted.
The results were further normalized and presented as percentage of
normoxia control.

Pharmacological tools

Current mediated by BKc, channels was determined using BKc,
channel blocker tetraethylammonium (Sigma-Aldrich). We have pre-
viously demonstrated that tetraethylammonium at 1 mM was just as
effective as 100 nM iberiotoxin (Sigma-Aldrich) in inhibiting BKc,
channel activity in uterine arteries [19]. The functional roles of BKc,
channels were probed using BK¢, channel opener NS1619 (Tocris,
Bristol, UK) [29, 30]. The specificity of NS1619 on BK¢, channels in
uterine arteries has been demonstrated previously using iberiotoxin
[31]. 5-Aza (Sigma-Aldrich), a DNMT inhibitor, has been exten-
sively used as a pharmacological tool to investigate DNA methyla-
tion [32]. Our previous studies demonstrated that 5-Aza at 10 uM
effectively ablated norepinephrine-stimulated DNMT activity and
hypoxia-induced NR3C1 promoter methylation in rat heart [28,
33]. Therefore, the same concentration of 5-Aza was used in this
study.

Statistical analysis

Data were expressed as means = SEM obtained from the number
of experimental animals given. Concentration-response curves were
analyzed by computer-assisted nonlinear regression to fit the data
using GraphPad Prism (GraphPad Software, San Diego, CA). Dif-
ferences were evaluated for statistical significance (P < 0.05) by
ANOVA or ¢ test where appropriate, and the concentration-response
relationship was analyzed with repeated measure ANOVA.

Results

High-altitude acclimatization increased expression and
activity of DNA methyltransferases in uterine arteries

We previously demonstrated that high-altitude acclimatization re-
sulted in hypermethylation of the KCNMB1 promoter in uterine
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Figure 1. High-altitude hypoxia increased DNMT expression and activity in
uterine arteries. Uterine arteries were isolated from low-altitude (control) and
high-altitude pregnant sheep. (A) DNMTs protein abundance determined with
western blot. (B) DNMT activity determined with a DNMT activity assay Kkit.
Data are means + SEM from five animals of each group. *P < 0.05, high
altitude vs. control.

arteries of pregnant sheep [21]. Given that DNA methylation is me-
diated by DNMTs, we determined the expression and activity of
DNMTs in uterine arteries from pregnant sheep residing at low alti-
tude and high altitude. As shown in Figure 1A, high-altitude acclima-
tization significantly increased protein abundance of DNMT3b, but
not DNMT1 and DNMT3a, in uterine arteries. Accordingly, uterine
arterial DNMT activity was significantly increased in high-altitude
sheep as compared to low altitude animals (Figure 1B).

Ex vivo hypoxic treatment increased expression and
activity of DNA methyltransferases in uterine arteries
We then determined the direct effect of hypoxia on expression and
activity of DNMTs in uterine arteries. Uterine arteries isolated from
low-altitude pregnant sheep were treated with normoxia (21.0%
0;) or hypoxia (10.5% O3) for 48 h in the absence or presence of
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Figure 2. Ex vivo hypoxic treatment increased DNMT expression and activity
in uterine arteries. Uterine arteries were isolated from low-altitude pregnant
animals and were treated ex vivo with 21.0% O, (control) and 10.5% O, (hy-
poxia) for 48 h in the absence or presence of 5-Aza (10.0 «M). (A) DNMTs pro-
tein abundance determined with western blot. (B) DNMT activity determined
with a DNMT activity assay kit. Data are mean = SEM from five animals of
each group. *P < 0.05, hypoxia vs. control. #P < 0.05, +-5-Aza vs. -5-Aza.

a DNMT inhibitor 5-Aza. In a pattern similar to high-altitude ac-
climatization, ex vivo hypoxic treatment selectively increased protein
abundance of DNMT3Db in uterine arteries (Figure 2A). Prolonged
hypoxia also significantly increased DNMT activity in uterine arter-
ies. Whereas 5-Aza did not alter DNMT activity under normoxia, it
ablated hypoxia-induced increase in DNMT activity (Figure 2B).

5-Aza blocked hypoxia-induced hypermethylation of
the KCNMB1 promoter in uterine arteries

The Sp1 binding site (Sp1_330) at the KCNMB1 promoter is func-
tionally important in the regulation of KCNMB1 promoter activ-
ity and is hypermethylated in uterine arteries from pregnant sheep
acclimatized to long-term high-altitude hypoxia [21]. We subse-
quently examined whether hypoxia-induced DNMT upregulation
attributed to the increased DNA methylation of the KCNMB1 pro-
moter in uterine arteries using quantitative methylation-specific PCR.
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Figure 3. 5-Aza blocked hypoxia-induced hypermethylation of KCNMB1 pro-
moter in uterine arteries. Uterine arteries were isolated from low-altitude
pregnant animals and were treated ex vivo with 21.0% O, (control) and
10.5% O3 (hypoxia) for 48 h in the absence or presence of 5-Aza (10.0 M). (A)
Methylation of Sp1.350 binding site at the KCNMB1 promoter determined with
quantitative methylation-specific PCR. (B) ERx and Sp1 binding to Sp1_3g site
determined with ChIP assays. Data are mean + SEM from five and six ani-
mals for quantitative methylation-specific PCR and ChlP, respectively. *P <
0.05, hypoxia vs. control.

Consistent with the findings in high-altitude animals, ex vivo hypoxic
treatment significantly increased methylation levels at the Sp1_3s0
site in uterine arteries (Figure 3A). This hypermethylation was as-
sociated with a significant decrease in the binding of ER«a and Sp1
to the KCNMB1 promoter (Figure 3B). Although 5-Aza did not
change the methylation status of Spl_330 and the binding of ER«
and Sp1 to the KCNMB1 promoter under normoxia, it significantly
reduced Spl_3sp methylation levels and increased the binding of
ERa and Sp1 to the KCNMB1 promoter under hypoxia (P < 0.05;
Figure 3A and B). Of critical importance, 5-Aza essentially annulled
hypoxia-induced hypermethylation at the Sp1_3g¢ site and restored
the binding of ERa and Sp1 to the KCNMBI1 promoter.

5-Aza rescued KCNMB1 gene expression in uterine
arteries

Acclimatization to high altitude reduced BK¢, channel beta-1 sub-
unit mRNA and protein abundance in uterine arteries of pregnant
sheep [20, 21]. Similarly, ex vivo hypoxia also significantly decreased
beta-1 subunit transcripts and protein abundance in uterine arteries
(P < 0.05; Figure 4A and B). As hypermethylation is associated with
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Figure 4. 5-Aza restored hypoxia-induced KCNMB1 gene repression in uterine
arteries. Uterine arteries were isolated from low-altitude pregnant animals
and were treated ex vivo with 21.0% O, (control) and 10.5% O, (hypoxia) for
48 h in the absence or presence of 5-Aza (10.0 xM). (A) BK¢, channel beta-1
subunit (BKA1) mRNA abundance determined with real-time RT-PCR. (B) BKc,
channel beta-1 subunit (BKB1) protein abundance determined with western
blot. Data are means + SEM from six and five animals for mMRNA and protein
measurements, respectively. *P < 0.05, hypoxia vs. control.

gene silencing [34] and methylated SP1_3g¢ significantly reduced KC-
NMB1 promoter activity [21], we further investigated the causal role
of DNA methylation in hypoxia-induced downregulation of BKc,
channel beta-1 subunit in uterine arteries. As shown in Figure 4A
and B, 5-Aza significantly increased BK¢, channel expression under
hypoxic, but not normoxic, conditions (P < 0.05), and hypoxia-
induced repression of BK¢, channel beta-1 subunit was abrogated
by 5-Aza.

5-Aza ablated hypoxia-induced suppression of BKc,
channel activity in uterine arteries

Current-voltage curves measure the current-voltage relationship of
channel activation. We then determined further a causal role of hy-
permethylation and repression of KCNMBI1 in altering BK, channel
activity in uterine arteries by measuring current amplitude at vari-
ous membrane potentials. Uterine arteries of pregnant sheep were
treated with normoxia (21.0% O,) or hypoxia (10.5% O,) for 48
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Figure 5. 5-Aza recovered hypoxia-induced reduction of BK¢, channel activity
in uterine arteries. Uterine arteries were isolated from low-altitude pregnant
animals and were treated ex vivo with 21.0% O, and 10.5% O, for 48 h in
the absence (A) or presence (B) of 5-Aza (10.0 xM). Arterial myocytes were
freshly isolated from uterine arteries, and BKc¢, channel current density was
determined in the absence and presence of tetraethylammonium (TEA, 1.0
mM) as described in Materials and Methods. Data are mean + SEM of 7 to 10
cells from five animals of each group. *P < 0.05, 10.5% O; vs. 21.0% O,.

h in the absence or presence of 5-Aza, and BK¢, channel currents
were determined in myocytes. In the absence of 5-Aza, the hypoxic
treatment significantly decreased BK¢, channel current density (e.g.,
23.1 £ 2.5 pA/pF vs. 8.6 £ 1.0 pA/pF at +80 mV; P < 0.05;
Figure 5A). BK¢, channel currents were not significantly altered by
5-Aza under the normoxic condition. However, 5-Aza abrogated the
effect of hypoxia (e.g., 25.6 + 2.5 pA/pF vs. 23.8 + 0.8 pA/pF at
+80 mV; P > 0.05; Figure 5B).

b-Aza restored BK¢, channel-mediated relaxations

of uterine arteries

The functional importance of DNA methylation in regulating BK¢,
channels was further determined in uterine arteries by investigat-
ing NS1619-induced relaxations. NS1619 relaxes uterine arteries
via activation of the BK¢, channel, and high-altitude acclimatization
inhibits BK¢, channel-mediated relaxations in uterine arteries from
pregnant animals [31]. The ex vivo hypoxic treatment provided com-
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Figure 6. 5-Aza reversed hypoxia-induced reduction of BK¢, channel-mediated
relaxations of uterine arteries. Uterine arteries were isolated from low-altitude
pregnant animals and were treated ex vivo with 21.0% O, and 10.5% O, for
48 h in the absence (A) or presence (B) of 5-Aza (10.0 xM). Uterine arteries
were contracted with serotonin (1 M) followed by additions of NS1619. Data
are mean + SEM of tissues from six to eight animals of each group. *P < 0.05,
10.5% O3 vs. 21.0% O,.

parable findings. Under the normoxic condition, NS1619 induced
concentration-dependent relaxations of uterine arteries, and the hy-
poxic treatment significantly decreased NS1619-induced relaxations
(Figure 6A). Consistent with aforementioned electrophysiological
studies, 5-Aza treatment significantly enhanced NS1619-induced re-
laxation of uterine arteries cultured under hypoxic, but not nor-
moxic, conditions. As a matter of fact, there were no significant
differences in NS1619-induced relaxations between normoxic and
hypoxic conditions in the presence of 5-Aza (P > 0.05; Figure 6B).

5-Aza inhibited hypoxia-induced increase in
pressure-dependent tone of uterine arteries
The BKc, channel plays a critical role in regulating pressure-
dependent myogenic tone in uterine arteries [19, 20]. We then
determined the role of DNA methylation in hypoxia-induced in-
creases in pressure-dependent tone of uterine arteries. Uterine vascu-
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Figure 7. 5-Aza inhibited hypoxia-induced increase in pressure-dependent
myogenic tone of uterine arteries. Uterine arteries were isolated from low-
altitude pregnant animals and were treated ex vivo with 21.0% O, and 10.5%
O, for 48 h in the absence (A) or presence (B) of 5-Aza (10.0 M). Pressure-
dependent myogenic tone was determined. Data are mean + SEM of tissues
from five animals of each group. *P < 0.05, 10.5% O3 vs. 21.0% O,.

lar myogenic tone developed as intraluminal pressure increased. As
shown in Figure 7A, the hypoxic treatment resulted in a significant
increase in pressure-dependent tone in uterine arteries in the absence
of 5-Aza. 5-Aza did not alter pressure-dependent tone in uterine
arteries treated under normoxic condition. However, 5-Aza signif-
icantly reduced the tone under hypoxic condition (P < 0.05) and
virtually rescinded the hypoxic effect on pressure-dependent tone
(Figure 7B).

Discussion

Hypoxia is an important regulator of gene expression [26, 35, 36].
Ion channels including the BK¢, channel in vascular smooth muscle
cells are major targets of hypoxia [9, 37]. Hypoxia exposure re-
duced BK¢, channel beta-1 subunit expression and channel activity
in cultured vascular smooth muscle cells [38]. Similarly, our present
studies revealed that ex vivo hypoxia also suppressed BK¢, chan-
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nel beta-1 subunit expression in uterine arteries of pregnant sheep,
replicating high altitude’s effects on this vasculature [20, 21]. Al-
though significant progresses have been made in understanding ion
channel dysregulation following hypoxia exposure, the molecular
mechanisms controlling their expression under this pathophysiolog-
ical condition remained enigmatic.

DNA methylation is a primary mechanism for epigenetic influ-
ence on gene expression in mammals and plays an important role
in the pathogenesis of cardiovascular diseases [39]. An increasing
body of evidence implicates an altered DNA methylation profile fol-
lowing chronic hypoxia exposure [26, 40-42]. DNA methylation is
catalyzed by the DNMT family that includes DNMT1, DNMT3a,
and DNMT3b. The methylation of CpG is established de novo by
DNMT3a and DNMT3b and is maintained by DNMTT1. In this
study, we found that the expression of DNMT3b was selectively
increased in uterine arteries of pregnant sheep acclimatized to long-
term high-altitude hypoxia, which was associated with elevated
enzyme activity. Similarly, high-altitude acclimatization selectively
increased DNMT3a in pig lungs [43]. Of importance, ex vivo hy-
poxic treatment, in a way similar to high-altitude acclimatization,
increased the expression and activity of DNMTs in uterine arter-
ies, indicating a direct effect of hypoxia. The increase in DNMT3b
expression was much greater following ex vivo hypoxia. However,
both high-altitude acclimatization and ex vivo hypoxia produced
similar alterations of DNMT activity. The discrepancy might be due
to different extents of posttranslational modifications. Hypoxia has
also been shown to increase DNMT1 and/or DNMT3b expression
in other tissues [44, 45]. The observations of increased DNMT3b
expression and enzyme activity in this study highlight a novel mech-
anism by which hypoxia could heighten DNA methylation in uterine
arteries of pregnant sheep acclimatized to long-term high altitude.

In this study, we revealed that ex vivo hypoxic treatment sig-
nificantly increased methylation levels of Sp1_3g0 at the KCNMB1
promoter in uterine arteries. Of importance, this hypermethylation
was ablated by a DNMT inhibitor 5-Aza. We found that 5-Aza did
not alter DNMT activity and methylation status of the Sp1_3g9 bind-
ing site at KCNMB1 promoter under normoxia. Similar results were
demonstrated in the heart in which 5-Aza blocked norepinephrine-
induced increase of DNMT activity and methylation of protein ki-
nase C epsilon (PKCe) promoter without affecting the basal enzyme
activity and promoter methylation [28]. It is not uncommon that
some enzyme inhibitors inhibit stimulated-enzyme activity without
affecting basal activity. Although it is possible that the procedure of
nuclear protein extraction might affect the interaction of 5-Aza with
enzymes, the finding that 5-Aza inhibited hypoxia-induced DNMT
activity suggests that the inhibition is sustained. This is consistent
with the previous studies [28, 46, 47]. Of importance, 5-Aza inhibi-
tion of hypoxia-induced DNMT activity is consistent with the inhi-
bition of promoter methylation and reversal of transcription factor
binding and KCNMB1 gene expression. Thus, this study established
a direct effect of hypoxia in increasing KCNMB1 promoter methyla-
tion via elevated DNMT expression and activity in uterine arteries.
Increased expression of DNMT1 and DNMT3b in lungs of fawn-
hooded rats caused superoxide dismutase-2 (SOD2) downregulation
through hypermethylation of the SOD2 promoter in pulmonary ar-
terial smooth muscle cells, leading to the development of pulmonary
arterial hypertension [48]. Likewise, chronic hypoxia-induced SOD2
downregulation due to hypermethylation of SOD2 gene was accom-
panied by enhanced expression of DMNT1 and DNMT3b in carotid
bodies of rats [44]. Moreover, hypermethylation-mediated syncytin-
1 gene downregulation in preeclamptic placenta occurred along with

DNMT1 and DNMT3b upregulation [49]. Thus, upregulation of
DNMTs is an important mechanism leading to gene hypermethyla-
tion in various pathophysiological conditions. It is currently unclear
how hypoxia initiates DNMT3b upregulation in uterine arteries. A
recent study showed that hypoxia-induced DNMT1 and DNMT3b
upregulation is regulated by the hypoxia-inducible transcription fac-
tor (HIF) 1-a in human cardiac fibroblast cells [45]. Activation of
HIFs is the primary cellular response to hypoxia [50]. Acclimatiza-
tion to high altitude enhanced HIF-1a expression in uterine arteries
of pregnant sheep [27]. It is possible that hypoxia-stimulated HIF-1«
upregulation triggered an increase in DNMT3b expression in uter-
ine arteries. Moreover, it appears that hypoxia-induced elevation of
oxidative stress is a major determinant in suppressing BK¢, chan-
nel expression and activity in uterine arteries [51]. Reactive oxygen
species were linked to increased PKCe promoter methylation and
gene repression in rodent hearts [52]. Thus, oxidative stress may
alter the methylation status in uterine arteries following hypoxia
exposure. These notions will need further investigation to confirm.
Methylation of a gene promoter is generally associated with gene
silencing [34, 53]. Spl is an important transcriptional factor par-
ticipating in the regulation of gene expression [54]. Our previous
study revealed that ovine KCNMB1 promoter is a TATA-less pro-
moter with a Sp1 binding site at position —380 (Sp1_3g0), and this
site is essential for the promoter activity [21]. DNA methylation may
hinder the binding of Sp1 to its cognate sites [55, 56]. In addition,
ERa has been implicated in stimulating transcription through the
ERa—Sp1 complex [57]. We showed that ERa could interact with
Spl to form an ERa-Spl complex to activate KCNMB1 expres-
sion via binding to the Sp1 site [21]. Likewise, estrogen-stimulated
expression of KCNN3, which encodes the small-conductance Ca**-
activated K* channel K¢,2.3 or SK3, involves interactions between
ERa and Sp1 [58, 59]. Not surprisingly, the binding of Sp1 and
ERa to Spl_330 of the KCNMB1 promoter in uterine arteries was
suppressed by hypoxia as a result of hypermethylation at this site.
Consequently, KCNMBI1 expression was significantly decreased at
both mRNA and protein levels. Our findings demonstrate a novel
mechanism that methylation-dependent disruption of Sp1/ER« bind-
ing instigates KCNMB1 repression. DNA hypermethylation also
causes repression of other channels including Kv1.3 and Cav3.1
[60, 61]. Of importance, the inhibition of DNMTs by 5-Aza re-
stored the binding of Sp1 and ERa to Sp1.3g0 and recovered KC-
NMB1 expression in uterine arteries. Thus, our observations pro-
vide a causative mechanism of hypoxia-induced hypermethylation
in BK¢, channel beta-1 subunit downregulation in uterine arteries.
We recently demonstrated that hypoxia-induced ERa hypermethy-
lation resulted in ESR1 repression, which was associated with the
ablation of estrogen-mediated upregulation of BK¢, channel activity
and downregulation of pressure-dependent myogenic tone of uterine
arteries [62]. It is conceivable that increased expression and activ-
ity of DNMT3b could also contribute to the hypoxia-induced ER«
hypermethylation. These findings are consistent with the previous
study showing an important role of estrogen in the regulation of
BK¢, channel activity and uterine blood flow in pregnant sheep [17].
The BK¢, channel plays a key role in regulating uterine vascu-
lar tone during pregnancy [19]. Therefore, reduced BK¢, channel
beta-1 subunit expression has important functional consequences.
This downregulation could decrease beta-1 subunit abundance on
membrane surface of vascular smooth muscle cells, leading to di-
minished BK¢, channel activity. The resultant membrane depolar-
ization in turn promotes Ca”* influx via opening voltage-gated Ca>*
channels, which is the primary mechanism to trigger contraction of
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vascular smooth muscle cells. Consequently, prolonged hypoxia im-
paired BK¢, channel-mediated vasorelaxation and increased uterine
vascular tone. The reversal of hypoxia-impaired BK¢, channel func-
tion by 5-Aza strongly supports the notion that heightened methyla-
tion of KCNMB1 promoter contributes to elevated uterine vascular
tone during gestational hypoxia. Consistently, uterine blood flow
was decreased in human acclimatized to high altitude [63, 64]. An
inadequate uterine and placental perfusion was evidenced by the
increased angiogenesis in human and ovine placenta [65-67]. The
insufficient blood supplies to both uterus and placenta would lead
to an increased occurrence of preeclampsia and fetal growth restric-
tion [6, 7]. Hence, hypermethylation of the KCNMB1 promoter
highlights a novel mechanism whereby gestational hypoxia exerts its
role in the maladaptation of uterine circulation, and this epigenetic
modification could function as a link between the environmental
factor Oy and pregnancy outcomes. Indeed, DNA methylation is
increasingly being acknowledged as a key factor in the pathogen-
esis of various cardiovascular diseases, including hypertension and
atherosclerosis [39, 68, 69]. In addition, evidence of DNA methyla-
tion in the pathogenesis of pregnancy complications is emerging. For
example, expression of endothelial nitric oxide synthase was reduced
in human endothelial cells isolated from umbilical veins of growth
restricted fetuses compared with cells from control pregnancies, and
this downregulation was due to DNMT1-mediated hypermethyla-
tion of the NOS3 promoter [70]. Nitric oxide (NO) plays an impor-
tant role in steroid hormone-mediated adaptation of uterine blood
flow in pregnancy [15, 71, 72]. It has been demonstrated that BKc,
channel activity is increased by NO and endothelium-derived hyper-
polarization [73, 74]. It is possible that hypoxia-mediated methy-
lation may decrease NOS3, contributing to the regulation of BKc,
channel activity in uterine arteries.

Gestational hypoxia reduces uterine blood flow and increases the
frequency of preeclampsia and fetal growth restriction, and BKc,
channel dysfunction in uterine arteries plays a critical role in the
occurrence of aberrant uterine circulation. This study provides evi-
dence that chronic hypoxia impairs BK¢, channel-mediated function
by hypermethylation-mediated BK¢, channel beta-1 subunit down-
regulation in uterine arteries, promoting uterine vascular dysfunction
and aberrant uterine circulation. In addition, this study presents a
novel finding that constraining methylation ameliorates adverse im-
pacts of chronic hypoxia and improves BK¢, channel expression and
function in uterine arteries, which could in turn mend uterine per-
fusion impaired by gestational hypoxia. These findings provide new
insights into therapeutic approaches for pregnancy complications as-
sociated with gestational hypoxia including preeclampsia and fetal
growth restriction.
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