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ABSTRACT

Pulmonary hypertension (PH) sustains elevation of pulmonary vascular resistance and ultimately leads to
right ventricular (RV) hypertrophy and failure and death. Recently, proangiogenic factors hypoxia-induc-
ible factor-1 alpha (HIF-1a) and vascular endothelial growth factor (VEGF) have been known to promote
left ventricular myocardial angiogenesis and lead to cardiac hypertrophy, and this would be involved in
RV hypertrophy of PH patients. Previously, we revealed that overexpression of HEXIM1 prevents endo-
thelin-1-induced cardiomyocyte hypertrophy and hypertrophic genes expression, and that cardiomyo-
cyte-specific HEXIM1 transgenic mice ameliorates RV hypertrophy in hypoxia-induced PH model.
Given these results, here we analyzed the effect of HEXIM1 on the expression of HIF-1a and VEGF and
on myocardial angiogenesis of RV in PH. We revealed that overexpression of HEXIM1 prevented
hypoxia-induced expression of HIF-1a protein and its target genes including VEGF in the cultured cardiac
myocytes and fibroblasts, and that cardiomyocyte-specific HEXIM1 transgenic mice repressed RV myo-
cardial angiogenesis in hypoxia-induced PH model. Thus, we conclude that HEXIM1 could prevent RV
hypertrophy, at least in part, via suppression of myocardial angiogenesis through down-regulation of
HIF-1a and VEGF in the myocardium under hypoxic condition.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

Disease-related cardiac remodeling is a complex process involv-
ing cardiac myocyte growth and death, vascular rarefaction, and

Pulmonary hypertension (PH) sustains elevation of pulmonary
vascular resistance and ultimately leads to right ventricular (RV)
hypertrophy and failure and death. Endothelin-receptor antago-
nists, phosphodiesterase type 5 inhibitors, and prostacyclin and
its analog have been approved for the treatment of PH, however,
these treatments are neither universally available nor always effec-
tive, thus, development of novel therapeutic strategies are antici-
pated [1]. Although the initial insult in PH involves the
pulmonary vasculature, survival of patients with PH is closely
related to RV function. However, it remains unknown how the
RV adapts to the increased afterload and RV dysfunction occurs [2].

* Corresponding author. Fax: +81 3 6409 2098.
E-mail address: n-yoshi@ims.u-tokyo.ac.jp (N. Yoshikawa).
! These co-authors are equally contributed this work.

http://dx.doi.org/10.1016/j.bbrc.2014.09.135
0006-291X/© 2014 Elsevier Inc. All rights reserved.

fibrosis. In the left ventricle (LV), hypertrophic responses increase
oxygen demand, promote myocardial angiogenesis, and sustain
the increase in myocardial mass to dissolve the hypoxic situation
and to maintain cardiac contractile function. The myocardium
secretes various physiological substances including angiogenic
growth factors and these responses induce crosstalk between car-
diac myocytes and microvasculature and coordinate myocardial
angiogenesis [3-5]. In the hypertrophied heart, myocardial angio-
genesis is maintained by vascular endothelial growth factor
(VEGF), which is mainly induced by hypoxia-inducible factor-1
alpha (HIF-1a) in relatively hypoxic conditions. In the advanced
hypoxic condition of the failing heart, HIF-1a is inhibited by p53
accumulation in the myocardium, resulting in the suppression of
myocardial angiogenesis and cardiac dysfunction [5-7]. However,
the role of HIF-1oo and VEGF on myocardial angiogenesis and
remodeling in the RV has not been well defined.
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HEXIM1 was initially identified as the protein that inhibits pro-
liferation of vascular smooth muscle cells and has been shown to
be involved in cancers, AIDS, inflammation, skeletal muscle regen-
eration, hormonal actions, and cardiac hypertrophy. One of the
major biological functions of HEXIM1 is suppression of positive
transcription elongation factor b (P-TEFb), which is a protein com-
plex composed of cyclin-dependent kinase 9 (CDK9) and cyclin T1
(CycT1), and plays a key role in regulation of RNA polymerase II-
dependent transcription elongation [8-12]. HEXIM1 knockout
mice exhibited LV hypertrophy during the late stages of fetal
development, whereas heart-specific activation of P-TEFb pro-
voked LV hypertrophy in mice [13,14]. The genetic reduction of
HEXIM1 in the background of elevated levels of CycT1 derepresses
P-TEFb activity, emphasizing the importance of the role of HEXIM1
in the mechanism governing cardiac hypertrophy [15]. Recently,
we also revealed that HEXIM1 suppressed endothelin-1 (ET-1)-
induced myocyte growth and RV hypertrophy in hypoxia-induced
PH model mice [16]. Together, HEXIM1 might play a critical role in
the cardiac development and attenuation of the hypertrophic stim-
uli in the myocardium.

Recently, HEXIM1 has been shown as an inhibitor of tumor
angiogenesis via down-regulation of HIF-1o protein expression
and inhibition of HIF-1o-mediated transcription [17,18]. The
mechanistic basis for regulation of HIF-1oe by HEXIM1 has been
considered that HEXIM1 down-regulates HIF-1a protein stability
[19]. On the other hand, HEXIM1 re-expression in the heart results
in the induction of angiogenesis that allows physiological hyper-
trophy via activation of several transcription factors including
HIF-1a [20]. The roles of HEXIM1 on HIF-1a and angiogenesis in
the heart, thus, remain controversial. Given this, we studied the
effect of HEXIM1 on the expression of HIF-1a. and VEGF and myo-
cardial angiogenesis using cultured cardiac myocytes and fibro-
blasts, and cardiomyocyte-specific HEXIM1 transgenic mice
under hypoxic condition.

2. Materials and methods
2.1. Ethics statement

All animal experimental procedures and protocols were
approved by the Animal Experiment Committee of Institute of
Medical Science, The University of Tokyo and conducted according
to the institutional ethical guidelines for animal experiments.

2.2. Animals

C57BL/6] mice were obtained from CLEA Japan (Tokyo, Japan).
The heterozygous mice expressing Cre recombinase driven by the
alpha-MHC promoter (alphaMHC-Cre) were kindly provided from
Dr. Kinya Otsu (Department of Internal Medicine and Therapeutics,
Osaka University Graduate School of Medicine, Osaka, Japan). To
create cardiomyocyte-specific HEXIM1 transgenic mice (HEX-Tg),
heterozygous mice, which encode FLAG-His-tagged human HEX-
IM1 preceded by a floxed stuffer sequence, were mated with alpha-
MHC-Cre mice as described previously [16].

2.3. Reagents and antibodies

ET-1 (E7764) and anti-actin antibodies (A2103) were purchased
from Sigma-Aldrich (St. Louis, MO). Anti-rat and human HIF-1oa
antibodies were purchased from Novus Biologicals (NB 100-105,
Littleton, CO) and BD Biosciences (610958, San Jose, CA), respec-
tively. Anti-PECAM-1 antibodies (M-20) were obtained from Santa
Cruz Biotechnologies (Santa Cruz, CA). Anti-human and rat HEX-
IM1 antibodies were generated as previously described [16]. Other

reagents were obtained from Nacalai Tesque (Kyoto, Japan) unless
otherwise specified.

2.4. Cell culture

HelLa cells were obtained from the RIKEN Cell Bank (Tsukuba,
Japan) and primary cultures of neonatal rat cardiomyocytes and
cardiac fibroblasts were prepared as described previously [21].
Cardiac and HelLa cells were grown in medium 199/DMEM (Invitro-
gen, Carlsbad, CA) and DMEM (Sigma-Aldrich), respectively, sup-
plemented with 10% fetal calf serum and antibiotics in a
humidified atmosphere at 37 °C with 5% CO,. The culture media
was replaced to phenol red and serum-free medium Opti-MEM I
(Invitrogen) and adenovirus infection was performed for 24 h
before culture under hypoxic condition and with various treat-
ments as described previously [16]. Hypoxia was achieved by using
an AnaeroPack System anaerobic jar (Mitsubishi Gas Chemical,
Japan) and a methylene blue indicator to monitor oxygen depletion
as described previously [22].

2.5. Recombinant adenoviruses

Recombinant adenoviruses encoding FLAG- and 6xhistidine
(FLAG-His)-tagged human HEXIM1 (AdCALNL/FHhHEXIM1) pre-
ceded by a floxed stuffer sequence were generated by using Adeno-
virus Cre/loxP-regulated Expression Vector Set (TaKaRa, Otsu,
Japan) as manufacturer’s instructions and previously described
[10]. Recombinant adenoviruses encoding Cre-recombinase
(AxCANCre) and beta-galactosidase (AXCALNLZ, used as irrelevant
adenovirus) were purchased from TaKaRa. These adenoviruses
were prepared and purified as described previously [10].

2.6. Western blotting

Whole cell extracts were prepared in RIPA buffer (50 mmol/L
Tris-HCl (pH 7.6), 150 mmol/L NaCl, 1% Nonidet-P40, 0.5%
sodium deoxycholate, 0.1% SDS) supplemented with 1 mmol/L
DTT, 100 nmol/L MG132, protease inhibitor cocktail, and phos-
phatase inhibitor cocktail as described previously [23]. They were
boiled in SDS sample buffer, resolved by SDS-PAGE, and electri-
cally transferred to a PVDF membrane (Millipore, Bedford, MA).
Subsequently, Western blotting was performed with appropriate
primary antibodies diluted at 1:1000 and horseradish peroxi-
dase-conjugated secondary antibodies (Amersham Biosciences,
Buckinghamshire, UK) diluted at 1:2000. Antibody-protein com-
plexes were visualized using the enhanced chemiluminescence
method according to the manufacturer’s protocol (Amersham Bio-
sciences). Signal intensities of the bands were quantified by using
the analysis software Image ] from National Institutes of Health
as described previously [16].

2.7. Quantitative RT-PCR (qRT-PCR) analysis

Total RNA was extracted from cell pellets using Sepasol-RNA I
Super G (Nacalai Tesque) and subjected to reverse-transcription
with oligo-dT primers using SuperScript™III First-Strand Synthesis
System for RT-PCR (Invitrogen). PCR was performed with the Light-
Cycler TagMan Master, Universal ProbeLibrary Set, and Light-
Cycler® ST300 systems (Roche, Indianapolis, Ind) according to the
manufacturer’s instructions as described previously [23]. Expres-
sion levels of mRNA were calculated on the basis of standard
curves generated for each gene. The sequences of the primers used
in this study are shown below:

Vegfa: 5'-aaaaacgaaagcgcaagaaa-3’ and 5'-tttctccgctctgaacaagg-
3.
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Gapdh: 5'-agccacatcgctcagaca-3’ and 5’-gcccaatacgaccaaatcc-3'.
Ldha: 5'-gatctcgcgcacgctact-3’and 5'-cacaatcagctggtecttgag-3'.

2.8. Chronic hypoxia model of PH

Adult male wild-type (C57BL/6]) and HEX-Tg mice were ran-
domized to the normoxia or hypoxia group. In hypoxia group,
the mice were placed in an airtight chamber with access to food
and water ad libitum, and exposed to 10% O, using a hypoxic air
generator (TEIJIN, Tokyo, Japan) as described previously [16].

2.9. Histopathological analysis

Formalin-fixed tissues from each animal were cut in paraffin
sections (4 pm thick) and mounted onto slides, and Hematoxy-
lin-Eosin and Azan staining were performed with heart sections
as described previously [24]. Immunohistochemistry (IHC) was
performed using a polymer-based method (Envision+Dual Link
System-HRP; Dako, Glostrup, Denmark). Formalin-fixed, paraffin-
embedded serial tissue sections (4 pm) were placed on silane-
coated slides. Sections cut through the maximum heart diameter
were selected for IHC evaluation. The sections were deparaffinized
and rehydrated in xylene and diluted ethanol (50-100%), and sub-
merged for 20 min in 0.3% hydrogen peroxide with absolute meth-
anol to block endogenous peroxidase activity. For antigen retrieval,
the sections were autoclaved in 10 mmol/L citrate buffer (pH 6.0)
at 121 °C for 10 min. After protein blocking, the sections were incu-
bated with primary antibodies against PECAM-1 (diluted at 1:50)
at room temperature for 1 h, followed by incubation with Envi-
sion+Dual Link reagent at room temperature for 30 min, and visu-
alized using 3,3'-diaminobenzidine tetrahydrochloride as a
chromogen. Finally, the sections were counterstained with hema-
toxylin. Sections were gently rinsed in phosphate-buffered saline
between the incubation steps. Three image fields (approximately
230 pm x 170 pumy/field) of each section were observed using fluo-
rescence microscope Biozero BZ-8000 system (Keyence, Osaka,
Japan). The degree of fibrosis in the images was estimated by BZ-
Analyzer (Keyence). The number of vessels and myocytes was
counted by two independent operators, and the mean of these val-
ues was determined. The number of capillaries per myocyte was
then calculated as the ratio of the number of capillaries per square
millimeter to the number of myocytes per square millimeter as
described elsewhere [25].

2.10. Statistical analysis

Data were analyzed with Student’s t test for unpaired data. P
values below 0.05 were considered statistically significant. Graphs
represent means + SD.

3. Results

3.1. Overexpression of HEXIM1 decreases protein expression levels of
HIF-10. in HeLa cells and cultured cardiac myocytes under hypoxic
condition

At first, we examined the effects of overexpression of HEXIM1
using adenovirus system on the protein expression levels of HIF-
1o in Hela cells (Fig. 1A). The protein expression levels of HIF-1a
were significantly increased under hypoxic condition compared
with normoxic condition. Infection of adenoviruses encoding HEX-
IM1 prevented hypoxia-induced expression of HIF-1o protein
(Fig. 1A). Next, we did similar set of experiments in primary cul-
tured neonatal rat cardiac myocytes (Fig. 1B). We showed that
hypoxia significantly increased protein expression levels of HIF-
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Fig. 1. Overexpression of HEXIM1 decreases protein expression levels of HIF-1a in
HeLa cells and cultured cardiac myocytes. HeLa cells (A) and cultured cardiac
myocytes (B) were infected with irrelevant AXCALNLZ (CON) or recombinant
adenoviruses, which express FLAG-tagged human HEXIM1 (HEX) in the co-presence
of Cre recombinase, along with Cre recombinase-expressing recombinant adeno-
viruses for 24 h. The cells were further cultured under normoxic or hypoxic
condition for 24 h. Protein expression levels of HIF-1o, HEXIM1, and actin were
analyzed by Western blotting and representative images from 5 independent
experiments are shown. The band densities of HIF-1a detected by Western blotting
were quantified and normalized to those of actin. Relative band densities compared
to the values obtained from control cells (AXCALNLZ-infected and cultured under
normoxic condition) are presented (means * SD, n =5). *P < 0.05.

1o and that overexpression of HEXIM1 again repressed hypoxia-
induced expression of HIF-1a protein (Fig. 1B).

3.2. Overexpression of HEXIM1 prevents hypoxia- and ET-1-induced
mMRNA expression of HIF-1 target genes in cardiac myocytes and
fibroblasts

Activation of HIF-1o induces expression of its target genes,
including VEGF (Vegfa), glyceraldehyde 3-phosphate dehydroge-
nase (Gapdh), and lactate dehydrogenase A (Ldha). Given this, we
tested the effect of exogenously expressed HEXIM1 on those HIF-
1o target gene expression. Hypoxia-triggered enhancement of
mRNA expression was significantly repressed by overexpression
of HEXIM1 in Vegfa, Gapdh, and Ldha in cardiac myocytes. HEXIM1
also repressed ET-1-induced expression of Vegfa mRNA (Fig. 2A).
Moreover, in cultured cardiac fibroblasts, HEXIM1 also repressed
hypoxia-induced gene expression of Vegfa (Fig. 2B).

3.3. HEXIM1 exerts antiangiogenic effects on hypertrophied right
ventricle in hypoxia-induced PH mice

Myocardial capillary proliferation is believed to be involved in
cardiac hypertrophy (See Section 1). Given that HEXIM1 sup-
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Fig. 2. Overexpression of HEXIM1 prevents hypoxia and ET-1-induced mRNA
expression of vascular endothelial growth factor in cardiac myocytes and fibro-
blasts. Cardiac myocytes (A) or fibroblasts (B) were infected with irrelevant
AXCALNLZ (CON) or recombinant adenoviruses, which express FLAG-tagged human
HEXIM1 (HEX) in the co-presence of Cre recombinase, along with Cre recombinase-
expressing recombinant adenoviruses for 24 h. The cells were treated with vehicle
or 100 nmol/L ET-1 and further cultured under normoxic or hypoxic condition for
24 h. Total RNA was extracted from the cells and expression levels of indicated
mRNA were assessed in qRT-PCR analysis. Results are shown as relative mRNA
expression levels in the control cells (AXCALNLZ-infected, vehicle-treated, and
cultured under normoxic condition). Error bars represent SD (n = 5). *P < 0.05.

presses proangiogenic substances including HIF-1oo and VEGF
in vitro (Figs. 1 and 2) and RV hypertrophy in vivo [16], we mea-
sured the capillary density with immunohistochemistry using
anti-PECAM-1 antibodies in the RV walls of wild-type (WT) and
cardiomyocytes-specific HEXIM1 transgenic (HEX-Tg) mice after
exposure to chronic hypoxia. As shown in Fig. 3A, the capillary
density was significantly increased in WT mice, but not in HEX-
Tg mice in hypoxic condition. In this setting, we again confirmed
that the RV weight to LV and septum weight ratio was increased
by chronic hypoxia in WT mice but not in HEX-Tg mice, suggesting
that the degree of RV hypertrophy was less marked in HEX-Tg mice
compared with WT mice (Fig. 3B) [16]. On the other hand, chronic
hypoxia appeared to induce mild fibrosis at perivascular space in
RV wall in both mice at almost similar level (Fig. 3C). We, therefore,
conclude that HEXIM1 prevents RV hypertrophy, at least in part,
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Fig. 3. HEXIM1 exerts antiangiogenic effects on hypertrophied right ventricle in
hypoxia-induced PH mice. Wild-type (WT) and cardiomyocyte-specific HEXIM1
transgenic mice (HEX-Tg) were placed in normoxic or hypoxic conditions for
10 weeks and the effect of HEXIM1 on the development of RV myocardial capillary
angiogenesis and remodeling in mice was analyzed. (A) Immunohistopathological
analysis using anti-PECAM-1 antibodies was performed to demonstrate the
presence of endothelial cells, the sections were counterstained with hematoxylin,
and representative images of RV sections are shown. For each condition, the
number of capillaries (yellow arrows) per myocytes (Capillary/Fiber) was calcu-
lated, and results are expressed as fold to those of WT mice placed in normoxic
condition. (B) Assessments of the RV weight to LV + septum weight ratio (RV/LV + S)
are shown. Results are expressed as means+SD (n=10). *P<0.05. (C) Azan
staining was performed and representative images of RV sections in each mouse are
shown.

via suppression of myocardial angiogenesis through preventing
HIF-1a protein accumulation and VEGF gene expression under
hypoxic condition.

4. Discussion

Previous reports suggest that hypoxia-driven cardiac factors
might independently participate in RV remodeling rather than pul-
monary vascular constriction or remodeling in hypoxia-induced
PH model [25-30]. Given that hypoxia induces HIF-1 activity and
VEGF expression, we, in the present study, focused on the effects
of HEXIM1 on those hypoxia-induced factors in the myocardium.
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Here we showed that HEXIM1 suppressed myocardial protein
expression of HIF-1oe and mRNA induction of its target genes under
hypoxic condition (Figs. 1 and 2). There have been pros and cons in
the relationship between HEXIM1 and HIF-1o. In line with our
results, the levels of HIF-1a protein was reported to be increased
in HEXIM1+/— heterozygous hearts subjected ischaemic stress
and that down-regulation of HIF-1a protein by HEXIM1 allows
not only for inhibition of VEGF-regulated angiogenesis, but also
for inhibition of migration and invasion of breast cancer cells
[18,31]. Recently, HEXIM1 was shown to down-regulate HIF-1a
protein stability by direct interaction with HIF-1o and up-regula-
tion of hydroxylation of HIF-1a, resulting in the induction of the
interaction of HIF-1a with pVHL (von Hippel-Lindau protein) and
ubiquitination of HIF-1at [19]. On the other hand, HEXIM1 was sug-
gested to interact with HIF-1a and increase HIF-1a protein expres-
sion in HIC2 cells [20]. HEXIM1, thus, could contribute to variable
modulation of HIF-1a and adaptive myocardial remodeling via
multiple mechanisms.

Angiogenesis-induced myocardial hypertrophy has been known
that, in the pressure-overloaded heart, the myocardium becomes
ischemic, and the DNA-binding activity of HIF-1o significantly
increases and HIF-1a is stabilized in hypoxic conditions to transac-
tivate various genes encoding hypoxia- and angiogenesis-associ-
ated proteins, such as VEGF, and this would be involved in the
development of RV hypertrophy [2,5,32]. In this line, here we
showed that not only the myocardial capillary density in RV wall
but also RV mass is significantly increased under chronic hypoxia
in wild-type mice, and we revealed that HEXIM1 transgenic mice
ameliorates these cardiac responses (Fig. 3A and B). Moreover,
we previously showed that HEXIM1 suppressed ET-1-induced
hypertrophic cellular growth in cardiac myocytes and RV remodel-
ing in hypoxia-induced PH model mice [16]. Together, HEXIM1
might efficiently control angiogenesis-induced myocardial hyper-
trophy via modulation of angiogenic factors including ET-1, HIF-
1o, and VEGF in PH. Since direct interruption of cardiac remodel-
ing, i.e., LV hypertrophy, has been suggested to be beneficial to
decrease the risk of heart failure [33], we may propose that those
negative effects of HEXIM1 on HIF-1o. and VEGF might intervene
excessive adaptive response of RV and delay consecutive progres-
sion to RV failure in PH. Our present study prompts us to work with
cardiomyocyte-specific HIF-1o-knockout mice for verification of
the role of HEXIM1 in prevention of RV remodeling in PH model
for future publication. On the other hand, it is shown that pro-
longed pathological hypertrophy reveals down-modulation of
HIF-1a and VEGF despite persistent myocardial hypoxia [5]. More-
over, HEXIM1 re-expression is shown to induce angiogenesis and
hypertrophy via activation of several transcription factors includ-
ing HIF-1a, c-Myc, GATA4, and PPAR-a [20]. We, therefore, con-
clude that pathological milieu to cardiac remodeling is multiple,
but that HEXIM1 might be beneficial at a certain stage of RV
remodeling in PH.
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