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Ahn Y-T, Kim Y-M, Adams E, Lyu S-C, Alvira CM, Cornfield
DN. Hypoxia-inducible factor-1� regulates KCNMB1 expression in
human pulmonary artery smooth muscle cells. Am J Physiol Lung Cell
Mol Physiol 302: L352–L359, 2012. First published November 23,
2011; doi:10.1152/ajplung.00302.2011.—Previously, we observed
that hypoxia increases the expression of the �1-subunit (KCNMB1) of
the calcium-sensitive potassium channel (BKCa). Herein, we elucidate
the mechanism whereby hypoxia increases KCNMB1 expression in
human pulmonary artery smooth muscle cells (hPASMC). In response
to hypoxia, the expression of both the transcription factor hypoxia-
inducible factor 1-� (HIF-1�) and KCNMB1 are increased. Knock-
down of HIF-1� using a shRNA plasmid blocked the hypoxic induc-
tion of KCNMB1 expression. Chromatin immunoprecipitation (ChIP)
demonstrated HIF-1� binding to three discrete regions of the human
KCNMB1 promoter known to contain hypoxia response elements
(HREs). A KCNMB1 promoter reporter assay combined with site-
directed mutagenesis identified two adjacent HREs located between
�3,540 bp and �3,311 bp that are essential for the hypoxic induction
of KCNMB1 promoter activity. Furthermore, additional ChIP assays
demonstrated recruitment of the HIF-1� transcriptional coactivator,
p300, to this same promoter region. Treatment of hPASMC with the
histone deacetylase inhibitor, trichostatin, prolonged the increase in
KCNMB1 observed with hypoxia, suggesting that alterations in chro-
matin remodeling function to limit the hypoxic induction of
KCNMB1. Finally, KCNMB1 knockdown potentiated the hypoxia-
induced increase in cytosolic calcium in hPASMC, highlighting the
contribution of the �1-subunit in modulating vascular SMC tone in
response to acute hypoxia. In conclusion, HIF-1� increases KCNMB1
expression in response to hypoxia in hPASMC by binding to two
HREs located at �3,540 to �3,311 of the KCNMB1 promoter. We
speculate that selective modulation of KCNMB1 expression may serve
as a novel therapeutic approach to address diseases characterized by
an increase in vascular tone.

calcium-sensitive K� channel; oxygen sensing

REGULATION OF VASCULAR TONE is of critical importance. Evi-
dence underscores the significance of the calcium-sensitive
potassium channel (BKCa) in ensuring that blood flow to vital
organs is preserved across the spectrum of development, as
well during physiological and pathophysiological stress (17).
In vascular smooth muscle cells (SMC), the BKCa channel is
formed by four ion-conducting �-subunits (8, 14) and regula-
tory �-subunits. The �-subunits serve to optimally well adapt the
BKCa �-pore (KCNMA1) channel to the functional requirements
of the cell (3, 16). In vascular SMC, activation of the BKCa

channel results in K� efflux, membrane hyperpolarization, closure

of voltage-dependent calcium channels, a decrease in cytosolic
calcium, and a subsequent decrease in tone (2).

The �1-subunit (KCNMB1) is highly expressed in SMC but
not in other tissues and serves to increase the voltage and
calcium sensitivity of the pore-forming �-subunit of the chan-
nel (6). Evidence supporting the importance of the �1-subunit
includes the observation that, in mice lacking KCNMB1, cal-
cium sparks are uncoupled from the BKCa channels, resulting
in vasoconstriction, systemic hypertension, and left ventricular
hypertrophy (19). In several rat models of hypertension, ele-
vated blood pressure is associated with downregulation of the
�- but not the �-subunit (1). In animal models, �- and �1-
subunit expression of the BKCa channel may decrease with
maturation (24). The well-characterized protective effects of
the female sex on the risk of essential hypertension may be the
result of the activation of the BKCa channel by estradiol (26).
Moreover, a large epidemiological study indicates that a single
nucleotide substitution in the third exon of the KCNMB1 gene
(E65K) confers protection against diastolic hypertension. These data
support the notion that, in humans, augmented �1 expression
serves a protective function by increasing BKCa activity, fur-
ther illustrating the importance of the BKCa channel and the
�1-subunit (7).

Despite data that underscore the importance of the �1-
subunit of the BKCa channel, the factors that regulate its
expression remain incompletely understood. Data from our
laboratory have established a central role for the BKCa channel
in mediating the transition of the pulmonary circulation. Nitric
oxide (25), shear stress (27), rhythmic distention of the lung
(28), and oxygen (4) are each critically important physiological
stimuli that cause perinatal pulmonary vasodilation through
activation of the BKCa channel. With maturation and ongoing
exposure to the relatively oxygen-rich environment of air-
breathing life, pulmonary vascular BKCa expression decreases
while voltage-gated K� channels expression increases (24).

Two observations from our laboratory have at least partially
informed our understanding of the factors that account for the
developmental regulation of the pulmonary vascular K� chan-
nels. First, the normally low oxygen tension in the fetal
environment increases BKCa channel subunit expression (22).
Second, hypoxia-inducible factor-1� (HIF-1�), a transcription
factor that represents a universal response element to hypoxia,
is relatively more stable and less prone to destruction in fetal
and neonatal pulmonary artery (PA) SMC, compared with
adult PA SMC (23). Taken together, these two observations
suggest that the biologically imperative vasodilatory response
of the perinatal pulmonary circulation to oxygen is guaranteed
by robust HIF-1� expression that functions to increase BKCa

channel �1-subunit expression.

Address for reprint requests and other correspondence: D. N. Cornfield, Ctr.
for Excellence in Pulmonary Biology, Division of Pediatric Pulmonary,
Asthma and Critical Care Medicine, Stanford Univ. Medical School Medicine,
770 Welch Rd., Ste. 350, Stanford, CA 94305 (e-mail: cornfield@stanford.
edu).

Am J Physiol Lung Cell Mol Physiol 302: L352–L359, 2012.
First published November 23, 2011; doi:10.1152/ajplung.00302.2011.

1040-0605/12 Copyright © 2012 the American Physiological Society http://www.ajplung.orgL352

Downloaded from www.physiology.org/journal/ajplung by ${individualUser.givenNames} ${individualUser.surname} (171.066.012.190) on June 15, 2018.
Copyright © 2012 American Physiological Society. All rights reserved.



Thus the present experimental series was undertaken to test
the hypothesis that hypoxia increases �1-subunit expression
through HIF-1�-mediated transcriptional regulation. Here we
demonstrate that HIF-1� increases KCNMB1 expression in
response to hypoxia and identify the two discrete, adjacent
hypoxia response elements (HREs) located between �3,540 bp
and �3,311 bp of the KCNMB1 promoter that are essential for
this HIF-1�-mediated induction. Furthermore, we go on to
demonstrate that this regulation possesses functional implica-
tions, as the response of hPASMC to acute hypoxia is accen-
tuated in the absence of KCNMB1.

MATERIALS AND METHODS

Cell culture. Human PASMC (hPASMC) derived from a 2.5-mo-
old human were purchased from Lonza (Walkersville, MD) and
grown according to the manufacturer’s protocol. Cells were main-
tained in either normoxic (20% O2-5% CO2-balance nitrogen) or
hypoxic conditions (1% O2-5% CO2-balance nitrogen). Oxygen ten-
sion in the hypoxic medium ranged between 9 and 14 Torr.

Western immunoblot analysis. Total cellular extracts of PASMC were
prepared according to the manufacturer’s protocol (TransFactor extrac-
tion kit; Clontech, Mountain View, CA). Protein lysates were quantified
using the Bradford method and then subjected to SDS-PAGE. Mem-
branes were incubated with primary antibodies to detect KCNMA1
(Santa Cruz Biotechnology, Santa Cruz, CA), KCNMB1 (Santa Cruz
Biotechnology), HIF-1� (Cayman Chemical, Ann Arbor, MI), or �-tu-
bulin (GE Life Sciences, Piscataway, NJ) followed by detection with
enhanced chemiluminescence reagents (GE Life Sciences).

Real-time quantitative PCR. Total RNA was extracted using the
RNeasy kit (Qiagen, Valencia, CA) and reverse transcribed using
Superscript II (Invitrogen, Carlsbad, CA) per the manufacturer’s
protocol. Primers for real-time PCR are outlined in the Table 1. PCR
was performed using SYBR Green (Applied Biosystems, Carlsbad,
CA) with a GeneAmp 7900 sequence detection system (Applied
Biosystems) for 40 cycles of PCR under the following conditions: 2
min at 50°C and 10 min at 95°C for 1 cycle, followed by 40 cycles of
15 s at 95°C and 1 min at 60°C. The expression of the target genes was
represented as the fold increase (2���Ct), where ��Ct �
[�Ct(normoxia)] � [�Ct(hypoxia)] and �Ct � [Ct(sample)] � [Ct(18S)].

Depletion of HIF-1� with shRNA plasmid. HIF-1� shRNA plasmid
and related negative control shRNA plasmid were purchased from
Santa Cruz Biotechnology. A total of 2 � 105 hPASMCs were
transfected with either 2.5 �g of HIF-1� or nonsilencing shRNA
plasmids using the Lipofectamine LTX reagent (Invitrogen) according

to the manufacturer’s protocol. Cells were plated in six-well plates in
SMC-specific media with 5% FBS and incubated under normoxic
conditions at 37°C, 5% CO2. After 6 h of incubation, the media was
exchanged, and hPASMC were incubated for an additional 72 h and
subsequently exposed to acute hypoxia for up to 12 h. Cells were then
harvested for use in Western blotting assays and real-time quantitative
PCR. For the studies wherein cytosolic calcium was measured in
hPASMC, HIF-1� siRNA and related negative control siRNA were
purchased from Dharmacon (ON-TARGETplus SMARTpool HIF1A;
Dharmacon, Chicago, IL). hPASMC were transfected with 50 nM
siRNA using Lipofectamine RNAiMAX (Invitrogen) according to the
manufacturer’s protocol. After 6 h of incubation, the media was
exchanged, and hPASMC were incubated for an additional 24 h and
subsequently rendered acutely hypoxic.

ChIP assay. Chromatin immunoprecipitation (ChIP) assays were
performed using the ChIP-IT kit (Active Motif, Carlsbad, CA), per the
manufacturer’s instructions, and 5 � 106 hPASMCs were used per
condition. The sonicated chromatin complexes were immunoprecipi-
tated with specific antibodies for HIF-1� (Cayman) or p300 (Milli-
pore, Billerica, MA). Input DNA and DNA immunoprecipitated with
either specific antibodies or immunoglobulin G (IgG) were amplified
by PCR using primers flanking the proximal KCNMB1 promoter (�81
to �3,540) (Table 2). Reaction mixtures were cycled with an initial melt
step at 94°C for 5 min and then 24–30 cycles of 94°C for 45 s, 55°C for
30 s, and 72°C for 30 s, followed by 72°C for 10 min. Products were
analyzed by electrophoresis on a 2% agarose gel. As a negative control,
primers corresponding to a genomic region distal to the KCNMB1
promoter from �20,969 to �20,668 were used (Table 2).

Transient transfection and luciferase assay. We constructed pGL3-A,
pGL3-BA, and pGL3-DCBA plasmids by inserting a series of PCR-
amplified KCNMB1 promoter fragments into pGL3-Basic Luciferase
Reporter Vector (Promega, Madison, WI). To identify which of the
HRE(s) within promoter fragment D possessed transcriptional activ-
ity, three different mutants (two single mutants and a double mutant,
RCGTG¡GTACG) were also constructed and used for luciferase
assays to determine the functional HRE(s) within the KCNMB1
promoter. hPASMC were transfected with the various luciferase
reporter constructs in combination with a HIF-1� overexpression
plasmid (15), using Lipofectamine LTX. Forty-eight hours after
transfection, groups of cells were either maintained in normoxia, or
exposed to 6 h of hypoxia, and luciferase was measured with the Dual
Luciferase Assay Kit (Promega) per the manufacturer’s instructions.
Luciferase activity was measured over a 30-s time interval in an
EG&G Lumat LB 9507 luminometer (Berthold Technologies, Bad
Wideband, Germany). As a negative control, cells were transfected

Table 1. Primers for qPCR

Gene Forward Primer Reverse Primer

KCNMA1 5=-CGGTTAGTGGAAGAAACACA-3= 5=-GAGGACGGAACCCTGATAAAA-3=
KCNMB1 5=-CTGTACCACACGGAGGACACT-3= 5=-GTAGAGGCGCTGGAATAGGAC-3=
HIF-1� 5=-TTTGCTGAAGACACAGAAGC AAAGA-3= 5=-TTGAGGACTTGCGCTTTCAGG-3=
Human 18S 5=-AACGGCTACCACATCCAAGG-3= 5=-GGGAGTGGGTAATTTGCGC-3=

KCNMA1, �1-subunit of the calcium-sensitive potassium channel; KCNMB1, �1-subunit of the calcium-sensitive potassium channel; HIF, hypoxia-inducible factor.

Table 2. Primers for chromatin immunoprecipitation

KCNMB1 Promoter Region Forward Primer Reverse Primer

A 5=-TAACACAAGTGAGAAAACTGAG-3= 5=-TCAGCCTGGTATATTTGGAA-3=
B 5=-AGTGAAGGGTGGAGATAAGC-3= 5=-AAATCAGCAACAAAGGGCAG-3=
C 5=-TGAGATCTGAGCTGAGGCT-3= 5=-GCTTCGTAAGGGCCTCAATAG-3=
D 5=-AGCAGACATCATGAAGAAAC-3= 5=-CATACACATGGACATTCCTC-3=

Neg 5=-CCTTATTAATCCTGCCCTGACC-3= 5=-AGGAGATCGCAGACACAG-3=

Neg, negative.
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with the pGL3 basic vector (pGL3-basic), which lacks the KCNMB1
or any other promoter. Data were reported as fold increase in lu-
ciferase activity over normoxic control samples.

Site-directed mutagenesis. Mutation in the HIF-1� binding site in
the upstream promoter region of KCNMB1 gene was introduced via
PCR-based, site-directed mutagenesis (QuickChange XL-mutagenesis
kit; Stratagene, Santa Clara, CA). The HRE sites, RCGTG, in the
upstream promoter region of KCNMB1 were changed to XhoI site
(CTCGAG) using mutant primer sets (Table 3). Double mutants for
HRE were made with a single mutant as a template and corresponding
mutant primer set. All mutants were verified by DNA sequencing
(Elimpharma, Hayward, CA).

Ca2� imaging. To assess dynamic changes in cytosolic calcium
([Ca2�]i) in individual hPASMC, the Ca2�-sensitive fluorophore
fura-2 AM (Molecular Probes, Carlsbad, CA) was used. Subconfluent
monolayers of hPASMC on 25-mm2 glass coverslips were placed on
the stage of an inverted microscope (Nikon Diaphot). Cells were loaded
with 10 nM fura-2 AM and 2.5 �g/ml pluronic acid (Molecular Probes)
for 20 min, followed by 20 min in Ca2�-containing solution to allow for
deesterification before the experiment. After a stable baseline was mea-
sured, oxygen tension was decreased to 	20 Torr and [Ca2�]i measure-
ments were continued. Ratiometric imaging was performed with the
excitation wavelengths of 340 nm and 380 nm and an emission wave-
length of 510 nm. Imaging was performed with an ICCD camera
(Photonic Science, Robertsbridge, UK) using Axon Instruments (Foster
City, CA) or Metafluor (Fryer, Bloomington, MN) image capture and
analysis software. Ca2� calibration was achieved by measuring a maxi-
mum (with 1 mM ionomycin) and a minimum (with 10 mM EGTA). For
each experiment 	5–10 cells per coverslip were visualized, and ratio-
metric data were acquired from individual cells.

Statistical analysis. Statistical significance between two groups was
determined using Student’s t-test and differences between multiple
groups using an ANOVA with Bonferroni posttest analysis. P 
 0.05
was taken as the threshold level for statistical significance. All results
are expressed as means � SE.

RESULTS

Hypoxic induction of KCNMB1 expression is associated
with an increase in HIF-1� protein. We demonstrated previ-
ously that hypoxia increases KCNMB1 expression both in vivo
and in vitro in the rat (22). To determine whether the hypoxic
induction of KCNMB1 is conserved across species, hPASMC
were maintained in culture under either normoxic or hypoxic
conditions, and total mRNA (Fig. 1A) and protein (Fig. 1B) of
KCNMA1, KCNMB1, and HIF-1� were measured. Whereas
the expression of KCNMA1 did not change with acute hyp-
oxia, both KCNMB1 gene and protein rapidly increased upon
exposure to hypoxia. By 10 min of hypoxic exposure, KCNMB1
mRNA and protein expression increased markedly, followed
by a gradual decrease over time, but remained elevated com-
pared with normoxic control at 6 h. As expected, hypoxia also
caused an increase in HIF-1� gene and protein, which tempo-
rally mirrored the hypoxic induction of KCNMB1. These data
suggested that KCNMB1 might be under the transcriptional
control of HIF-1�.

HIF-1� depletion decreases KCNMB1 expression in hPASMC.
To identify a role for HIF-1� in regulating KCNMB1 expression
in hPASMC, the cells were transfected with a HIF-1�-specific
shRNA plasmid. As depicted in Fig. 2, shRNA against HIF-1�
effectively decreased HIF-1� mRNA (Fig. 2A) and protein
(Fig. 2B) expression in hPASMC incubated in hypoxia for 6 h.
Furthermore, depletion of HIF-1� prevented the hypoxic in-
crease in KCNMB1 mRNA and protein expression (Fig. 2, C
and D). Transfection with the scrambled shRNA had no effect
on either HIF-1� or KCNMB1 expression, confirming the
specificity of the HIF-1� shRNA plasmid. The observation that
silencing of HIF-1� blocks the upregulation of KCNMB1 in

Table 3. Primers for site-directed mutagenesis

HRE Mutants Forward Primer Reverse Primer

mHRE6.D 5=-CACATCACACGCTAGGGCTCG AACCTTGGGAAAATCACTTTG-3= 5=-CAAAGTGATTTTCCCAAGGTTC GAGCCCTAGCGTGTGATGTG-3=
mHRE7.D 5=-CAGGCTCCATCACATCATCG AGTAGGGGCGTGACCTTGG-3= 5=-CCAAGGTCACGCCCCTACTCGATGATGTGATGGAGCCTG-3=

Underlined segments are mutant sequences. HRE, hypoxia response element.

Fig. 1. Hypoxia increases the �1-subunit (KCNMB1) of the calcium-sensitive potassium channel (BKCa) and hypoxia-inducible factor-1� (HIF-1�) in human
pulmonary artery smooth muscle cells (hPASMC). A: qRT-PCR in hPASMC demonstrates a significant increase in the �1-subunit of BKCa (KCNMB1) and
HIF-1� mRNA expression after 10 min to 6 h of hypoxia compared with normoxia. No difference was found in KCNMA1 gene expression. *P 
 0.05, **P 

0.01, and ***P 
 0.001 vs. normoxia by one-way ANOVA followed by Bonferroni posttest analysis, with n � 3. B: representative Western immunoblot to detect
KCNMA1, KCNMB1, and HIF-1� protein expression in hPASMC demonstrates that hypoxia increases KCNMB1 protein within 10 min of hypoxic exposure
and persists through 6 h, which mirrors the increase in HIF-1� protein expression.
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response to hypoxia provides further evidence for the notion
that HIF-1� is a direct transcriptional regulator of KCNMB1.

Hypoxia increases the binding of HIF-1� to select HRE(s) within
the KCNMB1 promoter. The human KCNMB1 promoter contains
ten putative HREs located in seven separate regions (12). To
demonstrate that hypoxia increases HIF-1� binding to the
KCNMB1 promoter, a ChIP assay was performed. On the basis of

the distribution of the HRE regions within the KCNMB1 promoter
and location of restriction enzyme sites (Figs. 3 and 4A), the
promoter was dissected and fragments were arbitrarily named (A,
B, C, and D). With the use of anti-HIF-1�-specific antibody and
primer sets specific to each fragment (Table 2), data from four
distinct ChIP assays (Fig. 3, top) were obtained. DNA was
amplified with primers that included the HRE(s) located within

Fig. 2. Silencing HIF-1� prevents the hypoxic induc-
tion of KCNMB1. A and B: qRT-PCR and Western
immunoblot demonstrate that stable transfection of
hPASMC with shRNA to target HIF-1� effectively
decreases HIF-1� gene and protein expression. C
and D: qRT-PCR and Western immunoblot to detect
KCNMB1 mRNA and protein show that knockdown
of HIF-1� prevents the hypoxic induction of
KCNMB1 expression. In Western immunoblotting
experiments, �-tubulin was used as a protein loading
control. WT, wild-type; Scram; scrambled.

Fig. 3. Hypoxia increases binding of HIF-1� to discrete regions of the human KCNMB1 promoter. Chromatin immunoprecipitation (ChIP) demonstrated that hypoxia
induced binding of HIF-1�-containing complexes and the KCNMB1 promoter regions A, B, and D. Data are presented as relative binding activity determined as the
intensity of the PCR product obtained after HIF-1� IP relative to the input signal and expressed as a percent, with n � 3. HRE, hypoxia response element.
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each specific region of the KCNMB1 promoter. Although no PCR
product was detectable after immunoprecipitation of HIF-1� un-
der normoxic conditions, PCR products corresponding to the A,
B, and D regions of KCNMB1 promoter were readily apparent
under hypoxic conditions (1% O2, 6 h). The levels of binding
differed significantly between promoter regions, with promoter
regions A, B, and D demonstrating the greatest level of HIF-1�
binding (Fig. 3, top and middle). Evidence of the specificity of the
assay included the observation that no PCR product was amplified
after immunoprecipitation with IgG or after immunoprecipitation
with HIF-1� antibody, followed by PCR using primers corre-
sponding to an upstream region of the KCNMB1 promoter that
does not contain an HRE (Neg). Taken together, this data provides
evidence that HIF-1� binds directly to HRE(s) located within the
A, B, and D regions of the KCNMB1 promoter.

HIF-1�-mediated transcription of KCNMB1 requires bind-
ing to the two HREs located between �3,540 and �3,311 bp
of the promoter. To identify which specific HRE(s) account for
the HIF-1�-mediated induction of KCNMB1, we next em-
ployed a luciferase reporter assay. We cloned components of
the KCNMB1 promoter fragments (A, B, C, and D) (Fig. 4A)
and subcloned them into the luciferase reporter vector.
hPASMC were transiently transfected with the reporter vec-
tors, in addition to a HIF-1� overexpression vector. In the
transfected hPASMC exposed to hypoxia (1% O2, 6 h), only
transfection with the construct containing promoter region D
(pGL3-DCBA) resulted in a significant increase in luciferase

activity over that observed with the pGL3-basic control plas-
mid (Fig. 4B). In addition, mutating either of the two adjacent
HREs located in this portion of the KCNMB1 promoter (mu-
tants mHRE7-D and mHRE6-D) completely prevented the
hypoxia-mediated increase in luciferase activity, and mutating
both regions (dmHRE-D) had no additional effect (Fig. 4C).
These studies indicate that binding of HIF-1� to both of the
HREs located within the D regions (�3,540 to �3,311) is
essential for the hypoxic induction of KCNMB1, and that
binding to a single HRE within that region is insufficient to
increase KCNMB1 expression.

Normally, HIF-1� activates transcription through recruit-
ment of the coactivator, p300/CBP (9, 31). Thus additional
ChIP assays were conducted to determine whether hypoxia
enhances p300 recruitment to the D region of the KCNMB1
promoter. Using the primers spanning D (�3,540 to �3,311)
regions, we demonstrated that, after only 10 min of hypoxia,
p300 is recruited to the KCNMB1 promoter. The recruitment of
p300 to the KCNMB1 promoter was time limited, as after 6 h
of hypoxia p300 recruitment decreased (Fig. 5), paralleling the
decrease in KCNMB1 expression we observed at 6 h. Under
normoxic conditions, no PCR products were detected follow-
ing immunoprecipitation with p300 antibody, confirming that
the interaction between the KCNMB1 promoter and p300 is
oxygen sensitive (Fig. 5). The specificity of the approach was
demonstrated by the absence of PCR products when IP was
performed using control IgG, or after IP with HIF-1� antibody

Fig. 4. HIF-1�-mediated transcription of
KCNMB1 requires binding to the HREs located
between �3,540 and �3,311 bp of the pro-
moter. A: schematic of the KCNMB1 promoter
divided into fragments arbitrarily named (A,
B, C, and D) based on the distribution of
HREs (gray boxes) and location of restriction
enzyme sites. B: hPASMC were transfected
with 1 of 3 luciferase reporter plasmids con-
taining different fragments of the KCNMB1
promoter, or the negative control plasmid,
pGL3-basic. Transfected hPASMCs were
then exposed to 1% O2 for 6 h, and luciferase
reporter activity was measured and reported as
the fold induction of reporter activity after
hypoxia vs. normoxia. **P 
 0.01 vs. pGL3-
basic, with data presented as the means � SE
of 3 independent experiments. C: hPASMC
transfected with luciferase reporter constructs
containing mutations within each of the 2
HRE located within the D region (mHRE7-D
and mHRE6-D), or a double mutant with both
HRE mutated (dmHRE-D). Transfected cells
were exposed to 1% O2 for 6 h, and luciferase
reporter activity was measured and reported as
the fold induction of reporter activity after
hypoxia vs. normoxia. **P 
 0.01 vs. pGL3-
DCBA, with data presented as the means �
SE of 3 independent experiments.
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and PCR using primers corresponding to an upstream region of
the KCNMB1 promoter that does not contain an HRE
(�20,969 to �20,668). These results suggest that HIF-1�
regulates KCNMB1 expression by binding and recruiting p300
to the D region of KCNMB1 promoter.

Histone deacetylase activity limits the hypoxic induction of
KCNMB1. The hypoxic induction of KCNMB1 peaked at 10 to 30
min, and decreased with persistent exposure to hypoxia. Sustained
hypoxia can silence gene expression through epigenetic mecha-
nisms (11, 18). Thus we investigated whether changes in histone
acetylation contributed to the decrease in KCNMB1 expression
after prolonged hypoxia. hPASMC were maintained under either
hypoxic or normoxic conditions, and KCNMB1 protein expres-
sion was measured after treatment with the histone deacetylase
(HDAC) inhibitor, trichostatin A. Interestingly, in contrast with
the time-limited increase in KCNMB1 expression in vehicle-
treated cells, the hypoxia-induced increase in KCNMB1 expres-
sion was sustained over an extended interval in the presence of
HDAC inhibitor, TSA (Fig. 6).

KCNMB1 expression modulates the level of cytosolic cal-
cium in hPASMC in response to acute hypoxia. We hypothe-
sized that depletion of KCNMB1 might possess physiological
implications for the response of hPASMC to acute hypoxia, a
stimulus that increases cytosolic calcium ([Ca2�]i). Therefore,
hPASMC were transfected with either siRNA to target
KCNMB1 or nontargeted control siRNA. Transfection with the
KCNMB1 siRNA effectively silenced both KCNMB1 mRNA
and protein expression (data not shown). Acute hypoxia for 20
min induced a significant increase in [Ca2�]i from 78 � 1 to
92 � 1 nM (P 
 0.001, vs. normoxia) in untransfected control
cells (Fig. 7). Interestingly, transfection itself appears to blunt
the hypoxic-mediated increase in [Ca2�]i, as hypoxia did not
induce a statistically significant increase in [Ca2�]i in control
siRNA-transfected cells. In contrast, silencing of KCNMB1
with siRNA accentuated the response to hypoxia, resulting in
an increase in [Ca2�]i increasing from 90 � 1 (normoxia) to

109 � 1 nM (hypoxia; P 
 0.001, vs. normoxia). Thus
KCNMB1 knockdown potentiated and accentuated the re-
sponse to acute hypoxia, demonstrating a role for KCNMB1 in
modulating the response of PASMC to hypoxia.

DISCUSSION

Previously, we reported that chronic hypoxia induces signif-
icant increase in BKCa �- and �1-subunits in ovine PASMC
and the lung of Sprague-Dawley rats (22). In the present report,
we found that acute hypoxia increases BKCa �1-subunit
(KCNMB1) expression in hPASMC through promoter activa-
tion and that this induction is mediated by HIF-1�. We dem-
onstrate that hypoxia causes a rapid, significant, but time-
limited increase in HIF-1� protein in hPASMC that is paral-
leled, qualitatively and temporally, by the increase in KCNMB1
expression. Further, we provide definitive information that the
hypoxic induction of KCNMB1 results from binding of HIF-1�
to two specific HREs of the KCNMB1 promoter. We add
further detail to the molecular regulation of the hypoxic induc-
tion of the KCNMB1 gene by demonstrating that epigenetic
regulation contributes to the time-limited increase in the ex-
pression of the �1-subunit. Finally, we demonstrate the func-
tional significance of the KCNMB1 gene, as the response of
hPASMC to acute hypoxia is meaningfully potentiated in the
absence of the �1-subunit.

Data from the ChIP studies in Fig. 3 indicate that HIF-1�
binds most avidly to regions A, B, and D of the KCNMB1
promoter. However, promoter reporter assays on HIF-1� over-
expressing hPASMC demonstrated that only region D (�3,540
to �3,311 bp) of the KCNMB1 promoter is crucial for the
HIF-1�-mediated transcriptional activation of KCNMB1. We
conclude that HIF-1� is primarily responsible for the hypoxic
induction of KCNMB1 expression in hPASMC. Furthermore, by
individually mutating the two HREs located within the D region
of the KCNMB1 promoter, we concluded that both are essential

Fig. 6. Histone deacetylase (HDAC) inhibition prolongs the hypoxic induction of
KCNMB1. Western immunoblot to detect KCNMB1 protein after treatment of the
hPASMC with either vehicle, or the HDAC inhibitor, trichostatin A (TSA), and
exposure to hypoxia for 10 min to 6 h. �-Tubulin was used as a loading control.
§P 
 0.05 vs. vehicle 30 min, and §§§P 
 0.001 vs. vehicle 10 min and 30 min.
**P 
 0.01 vs. vehicle 60 min, and ***P 
 0.001 vs. vehicle 6 h.

Fig. 5. Hypoxia increases binding of the transcriptional coactivator, p300, to
the KCNMB1 promoter at 3,540 to �3,311 bp. Representative ChIP after IP
with an antibody against p300 followed by and PCR using primers designed to
detect the D region (�3,540 to �3,311 bp) of the KCNMB1 promoter in
hPASMC under normoxia, and after either 10 min or 6 h of hypoxia. Control
experiments were performed by immunoprecipitating with an isotype control
antibody (Ig), and after IP using the p300 antibody followed by PCR using
primers corresponding to an upstream region of the KCNMB1 promoter that
does not contain an HRE.
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for the hypoxic induction of KCNMB1 promoter activity. As
mutations in either of the HREs in region D attenuate expression,
we conclude that the juxtaposition of two HREs immediately
adjacent to one another is required for the high degree of hypoxic
sensitivity that characterizes the KCNMB1 promoter. There is
precedent for the notion that HREs positioned immediately adja-
cent to one another might have implications for the hypoxic
induction of a specific gene (10).

As seen in Fig. 5, our data are consistent with the notion that,
with hypoxia, HIF-1� recruits p300 to the HRE of the KCNMB1
promoter, specifically to the D region of the promoter. As HIF-1�
normally activates transcription through recruitment of the coacti-
vator, p300/CBP (9, 31), the observation provides further evi-
dence that HIF-1� mediates the hypoxic induction of KCNMB1
expression. Moreover, the observation that hypoxia-induced re-
cruitment of p300 to the D region of the KCNMB1 was time-
limited is entirely consistent with the data presented in Fig. 1,
thereby lending still further strength to the notion that HIF-1�
mediates the increase in KCNMB1 expression.

In these experiments, KCNMB1 expression increased rapidly
in response to hypoxia. However, by 6 h of hypoxic exposure,
the level of KCNMB1 was decreasing. Epigenetic mechanisms
of gene silencing have been implicated in the repression of
genes in response to chronic hypoxia (11, 18). This observation
prompted us to interrogate the possibility that epigenetic mech-
anisms may contribute to the regulation of the KCNMB1 gene
during hypoxia (20). To address the issue, we used the rela-
tively nonspecific inhibitor of histone deacetylase activity,
tricostatin (30), to demonstrate a role for epigenetic regulation
in modulating the hypoxic induction of the KCNMB1 gene
product. Interestingly, in the presence of the HDAC inhibition,
the increase in KCNMB1 expression was sustained over the
entire 6-h study period, suggesting that epigenetic mechanisms
likely play a role in preventing the sustained increase in
hPASMC expression of the �1-subunit (Fig. 6). This observa-
tion may have implications for conditions wherein pulmonary
vascular tone is increased. If the capacity to augment KCNMB1

expression is developmentally regulated, then a tool to com-
pensate for an increase in pulmonary vascular tone may not be
available in more mature organisms.

Finally, we demonstrated that loss of KCNMB1 has substan-
tial functional significance in hPASMC. Previous work from
our laboratory led us to believe that the �1-subunit plays a role
in modulating the pulmonary vascular response of PASMC to
changes in oxygen tension (22). Given evidence that HIF-1�
regulates KCNMB1 expression, we postulated that depletion of
KCNMB1 expression would potentiate the physiological re-
sponse to acute hypoxia in PASMC. As expected, hypoxic
induction of cytosolic calcium was further exacerbated in
KCNMB1-depleted hPASMC compared with that in control
hPASMCs. Therefore, upregulation of KCNMB1 in response
to acute hypoxia likely provides a compensatory mechanism to
modulate the hypoxia-induced cytosolic calcium and vasocon-
striction. These results provide further support for the notion
that KCNMB1 expression has physiological significance in the
pulmonary circulation. This result is logical from a mechanistic
perspective, given previous data from our laboratory that
underscore the importance of the BKCa channel in mediating
perinatal pulmonary dilation (4, 25). The presence of the
�1-subunit might serve to mitigate hypoxic pulmonary vaso-
constriction, a physiological response that in the perinatal
period might lead to marked untoward sequelae, such as
extrapulmonary shunting and severe arterial hypoxemia (13).

These studies were performed in hPASMC derived from 2.5-
mo-old human infant. Given previous data from our laboratory
demonstrating the importance of the BKCa in the perinatal pul-
monary circulation (4, 27, 28) superimposed on the observation
that expression of the channel decreases with maturation (5), it
may be the case that the robust increase in KCNMB1 expression
in response to hypoxia is developmentally regulated. It may be
important to undertake a similar line of investigation at several
different developmental stages. Indeed, if the response to hypoxia
is developmentally regulated, it is possible that the relatively
greater level of resiliency in the pulmonary circulation of neonates

Fig. 7. Depletion of KCNMB1 potentiates the response of hPASMC to hypoxia. hPASMC were transfected with either nontargeting (control) or KCNMB1 siRNA.
Untreated and siRNA-transfected cells were loaded with fura-2 AM and exposed to acute hypoxia for 20 min. A: hypoxia caused a significant increase in cytosolic
calcium (P 
 0.05 vs. normoxia; n � 14). Transfection of hPASMC with nontargeted control siRNA blunted hypoxia-induced increase in of cytosolic calcium
(n � 15). However, KCNMB1 knockdown with siRNA accentuated the response of hPASMC to hypoxia, resulting in significant increase in cytosolic calcium
(***P 
 0.001, vs. normoxic control for that treatment group, with n � 14–15, per group). B: after 20 min of hypoxia, untreated hPASMC demonstrated a
significant increase in cytosolic calcium. Compared with untreated cells, the response to hypoxia in hPASMC treated with nontargeting (control) siRNA was
attenuated (***P 
 0.001). In hPASMC treated with KCNMB1 siRNA, the response to hypoxia was accentuated, compared with untreated cells (**P 
 0.01).
NTC, non targeted control.
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with persistent pulmonary hypertension of the newborn (13)
compared with older people results, in part, from the capacity of
neonatal PASMC to increase KCNMB1 in response to injurious
stimuli such as hypoxia.

There are limitations in the present study. First, all the exper-
iments were performed in vitro. The strength of the findings
would be amplified by in vivo experiments. Moreover, as the
experiments were performed in a cell line, there is potential for
phenotypic drift that may have influenced the findings. However,
in studies performed in rats (22), hypoxia caused a similar in-
crease in �1-subunit expression in the pulmonary arteries, sug-
gesting that the present findings have fidelity with the biology
seen in whole animals.

In conclusion, we have identified two HREs located between
bp �3,540 and �3,311 of the KCNMB1 promoter that function
as cis-acting elements to regulate the KCNMB1 gene induction
by hypoxia. Evidence that HIF-1� interacts with these specific
HREs provides mechanistic information regarding how HIF-1� reg-
ulates KCNMB1 gene transcription in hPASMC. Modulating
expression of the �1-subunit of BKCa channel in hPASMC
might represent a novel and potentially powerful strategy to
address pulmonary vascular disease.
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