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Hypoxia-inducible factor-1 alpha (HIF-1a) is a key transcription factor responsible for the induction of genes that
facilitate adaptation to hypoxia. To study HIF-1 signalling in the heart, we developed a mouse model in which an
oxygen-stable form of HIF-1a can be inducibly expressed in cardiac myocytes, under the regulation of tetracycline.

Remarkably, expression of the transgene in mice generated two distinct phenotypes. One was the expected expres-
sion of HIF-regulated transcripts and associated changes in cardiac angiogenesis and contractility. The other was an
unresponsive phenotype with much less expression of typical HIF-response genes and substantial expression of a
zinc-finger protein, Protein Kinase C Binding Protein 1 (PRKCBP1). We have demonstrated that this second
phenotype is due to an insertion of a fragment of DNA upstream of the PRKCBP1 gene that contains two addi-
tional canonical HIF binding sites and leads to substantial HIF binding, assessed by chromatin immunoprecipitation,
and transcriptional activation. This insertion is found only in the FVB strain of mice that contributed the aMHC-tet
binding protein transgene to these biallelic mice. In HEK293 cells transfected with oxygen-stable HIF-1a and
PRKCBP1, we demonstrated inhibition of HIF-1 activity by a luciferase reporter assay. Using mouse primary cells
and cell lines, we show that transfection with oxygen-stable HIF-1a and PRKCBP1 reduced expression of direct
HIF-1 gene targets and that knockdown of PRKCBP1 removes that negative inhibition. Consistent with previous
reports suggesting that PRKCBP1 modulates the chromatin landscape, we found that HL-1 cells transfected with
oxygen-stable HIF-1oe and PRKCBP1 have reduced global 5-methyl cytosine compared to HIF-1 alone.

We show genetic, transcriptional, biochemical, and physiological evidence that PRKCBP1 inhibits HIF activity.
Identification of a new oxygen-dependent and previously unsuspected regulator of HIF may provide a target for
new therapeutic approaches to ischaemic heart disease.

HIF inhibition e Genetic variance e Zmynd8 e RACK7 e transcriptional repressor

1. Introduction

Hypoxia-inducible factor 1 (HIF-1) is a transcription factor that regulates
hundreds of genes that mediate the cellular response to hypoxia. HIF is
stabilized in areas of ischaemia and plays an important role in the physiol-
ogy of hypoxic response, enhancing angiogenesis, glycolytic metabolism,
and cell survival. Clinical pathologies involving HIF are equally broad,
including abnormal embryonic vasculogenesis, Von Hippel-Lindau syn-
drome, ischaemic disease of the heart, extremities, and cerebrovascula-
ture, and cancer angiogenesis."> Given the important role of oxygen
signalling pathways in the pathogenesis of these diseases, there is sub-
stantial clinical interest in factors that regulate HIF.

HIF-1 is a heterodimer of a labile HIF-1a subunit and the constitutively
expressed HIF-1p subunit. Under hypoxic conditions, HIF-1ot translocates
to the nucleus, dimerizes with HIF-1p, and binds to hypoxia response ele-
ments (HREs) via basic helix-loop-helix domains in the promoters of
oxygen-responsive genes.> However, in the presence of oxygen HIF-1o. is
hydroxylated by prolyl hydroxylases at two Pro residues™® which leads
to rapid degradation by the ubiquitin-proteasome pathway.” An additional
regulatory mechanism involves hydroxylation at an Asn of HIF-1o by the
factor inhibiting HIF-1 (FIH-1), which reduces transcriptional activity of
HIF2 Thus, HIF-10 stability and its capacity to regulate downstream tar-
gets are tightly regulated by distinct but synergistic mechanisms.
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The Prkebp1 gene (known also as both Zmynd8 and Rack7) contains
a variety of conserved motifs that are known to mediate interaction with
DNA and transcription factors, including a plant homeodomain (PHD),
bromodomain (BRD), zinc finger-MYND (myeloid, Nervy, and DEAF-1)
domain, and nucleosome-binding PWWP (Pro-Trp-Trp-Pro) domain.
Protein Kinase C Binding Protein 1 (PRKCBP1) was initially identified as a
RACK (receptor for activated C-kinase) protein that binds to activated
protein kinase C beta I.” Subsequently, mutations and dysregulation of
PRKCBP1 have been found in a variety of human cancers.'®"* Not sur-
prisingly, PRKCBP1 was identified as the ninth strongest gene target of
HIF-1o in MCF-7 breast cancer cells by chromatin immunoprecipitation
(ChIP)—seq.14 Recently, it was found to play a tumour-suppressive
role by directing histone methylation in the enhancer regions of genes
associated with tumour growth, invasion, and migration.”> HIF-1o
up-regulation and stabilization is a common feature of both cancer and
myocardial ischaemia. Two studies have correlated differential regulation
of PRKCBP1 with pathology in the human myocardium,'®'” however, its
role in the heart has not been systematically evaluated.

Here, we present a potent and previously unsuspected regulatory
mechanism of HIF action in the hypoxic heart. We have shown that
PRKCBP1 is induced by ischaemia as well as HIF-1, it localizes with HIF in
the nucleus, and its knockdown and over-expression alters downstream
HIF-1-regulated genes. These findings incidentally suggest an explanation
for the greater susceptibility of the FVB mouse strain to infarct-related
heart failure, but more importantly imply that this protein can modify the
pathophysiology of ischaemia.

2. Methods

2.1 Transgenic animal generation

All animal work was approved by and carried out in accordance with the
University of Hawaii Institutional Animal Care and Use Committee
(IACUC approval number 07-100-3), and complied with the standards
stated in the Guide for the Care and Use of Laboratory Animals (Institute of
Laboratory Animal Resources, National Academy of Sciences, Bethesda,
MD, USA). The generation of our transgenic model has been previously
described." Briefly it utilizes an aMHC-driven Tet-off binding protein
(obtained in an FVB background), and a transgenic HIF-1oc cDNA (in a
C57Bl/6 strain) that had been mutagenized to substitute alanine for the
two prolines that confer oxygen-destabilization, and the asparagine
that is required for maximal transcriptional activity (Pro*%% Pro°®*
Asn®® to Ala; denoted HIF-10i-PPN). The oxygen stable HIF-1o trans-
gene included a carboxy-terminal HA tag. Double transgenic mice
(tTA/HIF-10-PPN) were maintained on 200 pg doxycycline per mL of
2.5% sucrose-water to suppress HIF-10-PPN expression. All animals
were treated with doxycycline from conception to 6 weeks. Thereafter,
doxycycline was omitted for varying periods to assess effects of the
mutated HIF-1a transgene. All experiments used 6—8-week-old male
mice. Mice were euthanized by CO,, hearts were excised, frozen in
liquid nitrogen, and stored at —80°C until processing for genomic DNA,
RNA, or protein lysates.

2.2 Echocardiography

We evaluated left ventricular function in unsedated mice with transtho-
racic echocardiography (Sonos 5500 machine, Philips, Andover, MA,
USA) using a S12 transducer (12 MHz). We examined both responsive
and unresponsive HIF-1a-PPN transgenic mice at 7 days or 14 days after
omitting doxycycline (n=5 for each phenotype at each time point).

Left ventricular parasternal short-axis views were obtained in M-mode
imaging at the level of the papillary muscle. Two consecutive beats in
three M-mode images (six beats total) were used for measurements of
left ventricular end-diastolic internal diameter (LVEDD), left ventricular
end-systolic internal diameter (LVESD), and posterior wall thickness.
Fractional shortening (FS) was calculated as FS% = [(LVEDD-LVESD)/
LVEDD] x 100.

2.3 Myocardial infarctions

Myocardial infarctions were performed on 6-8-week-old C57Bl/6 and
FVB mice by permanent ligation of the left anterior descending artery
(LAD) (n=5 per group), as previously described.'” Briefly, mice were
anaesthetized with isoflurane (4%) and the left side of their chest shaved.
Following endotracheal intubation, animals were placed supine on the
surgical table over a heating pad and mechanically ventilated. Isoflurane
(1.8%) was used to maintain general anaesthesia. A left-lateral thoracot-
omy between the 3rd and the 4th rib was used for access. The pericar-
dial sac was opened and the LAD ligated with 8-0 Prolene suture
(Ethicon, Norderstedt, Germany). Lead | and Il electrocardiograms
(ECG) were recorded continuously (Power Laboratory, AD
Instruments, Mountain View, CA, USA). Visual blanching and ST segment
elevation on continuous ECG display confirmed myocardial ischaemia.
Three days after LAD ligation mice were sacrificed for further histologi-
cal evaluation, as detailed below.

2.4 ChIP assays

After 1 or 3 days of induction of the HIF-1at transgene, responsive hearts
were identified by obvious ventricular dilation and epicardial vascular di-
lation. Non-responsive hearts looked grossly normal. DNA was isolated
from hearts with both phenotypes, subjected to ChlP, using Protein A
magnetic beads according to manufacturer’s protocol (Magna ChiP,
Millipore, Billerica, MA, USA) with an antibody directed against the
HA-tag on the transgenic HIF protein (Roche, Mannheim, Germany).
Fragments immunoprecipitated from the ChIP assay were ligated into
pZEr0-1 plasmids, cloned into TOP 10 Escherichia coli (Invitrogen,
Carlsbad, CA, USA), and sequenced using plasmid-specific T7 sequenc-
ing primers. Resulting sequences were mapped to the mouse genome
(UCSC genome browser), following nucleotide BLAST analyses (NCBI).

2.5 Sequencing

After Prkcbp1 was implicated as important in the unresponsive pheno-
type by ChlIP, the exons of Prkcbp1 were sequenced in both responsive
and unresponsive mice. Sequence was generated until there was at least
triple coverage on the complete region of interest. Sequences were
aligned and consensus sequence was generated using Clustalx software.*’
+4 KB and -2 KB of the untranslated regions were also generated via
PCR and sequenced (Supplementary material online, Table S7). PCR pri-
mers were subsequently designed to interrogate the promoter region of
PRKCBP1 for location (L set) and for the existence of the inserted se-
quence (E set) (Supplementary material online, Table S2).

2.6 HIF-inducible luciferase assay

Constitutive activity of the HIF-1a-PPN construct was assessed by tran-
sient transfection of a CMV-driven HIF-1a-PPN expression vector into a
HEK-293 cell line that contained a luciferase expression construct down-
stream of a concatemerized HREs (n=5; a gift from Rick Bruick).?’
Modulation of the HIF-1 response was assessed by co-transfecting the
HIF-10-PPN  expression vector with a CMV-driven PRKCBP1
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expression vector (Open Biosystems, Huntsville, AL, USA). Luciferase
activity was measured using Luciferase Reporter Assay System
(Promega, Madison, WI, USA), following manufacturer’s instructions
20 h following transient transfection using the Lipofectamine 2000 trans-
fection reagent (ThermoFisher, Waltham, MA, USA).

2.7 Western blotting

Individual whole mouse hearts were homogenized in RIPA-buffer and in-
cubated for 1h at 4°C. Western blots were performed on 30 pg total
protein per lane with: a primary monoclonal anti-HA antibody (100 ng/
mL) (Roche), a monoclonal anti-human-HIF-1a antibody (1:500) (Novus
Biologicals, Littleton, CO, USA), a monoclonal anti-GAPDH (1:5000)
(Sigma-Aldrich, St Louis, MO, USA), or a polyclonal rabbit anti-mouse
PRKCBP1 antibody (1:1000). The anti-mouse Prkcbp1 antibody was cus-
tom developed using a BSA conjugated PRKCBP1 peptide
(CAPAEKSKDSNPGSF) (GeneScript, Piscataway, NJ, USA). To reduce
non-specific binding of primary antibodies, PVDF membranes were cut
into 3 fractions, one containing the region 260—130kDa for PRKCBP1,
130-60kDa for HIF-1a, and 60-8 kDa for GAPDH, according to a pre-
stained protein ladder (Li-Cor, Lincoln, NJ, USA). After incubation with
secondary AlexFluor®-568-conjugated antibodies, Western blots were
visualized with a Typhoon scanner (GE Lifesciences, Piscataway, NJ,
USA) (535nm excitation, 560LP emission, 500PMT). Image] software
was used for densitometry analyses. Western blots were performed on
mouse hearts of both responsive and unresponsive phenotype.

2.8 Immunohistochemistry and histology
Mice (n=5 for each evaluation) were anaesthetized with Ketamine/
Xylazine (100 mg/kg and 8 mg/kg), then perfused with PBS by cardiac
puncture followed by fixation with 4% paraformaldehyde in PBS. For
paraffin-embedded tissue, hearts were removed and immersed in 4%
paraformaldehyde for 4 h, then transferred to 70% ethanol. Hearts were
embedded in hot paraffin wax. Five micrometre sections were cut and
kept on a heat block overnight. Polyclonal PRKCBP1 antibody (described
above) was used as a primary antibody (1:100), with a secondary anti-
body of goat anti-rabbit IgG (H+ L) conjugated with AlexFluor®-568
(1:250). HIF-1oe antibody was a mouse monoclonal (1:200) (US
Biologicals), used with a secondary antibody of sheep anti-mouse IgG
(H+L) with AlexFluor®-488 (1:250). Fluorescence images were
obtained using a Zeiss Axioscope 2 Plus microscope with AxioVision
Release 4.7 software (Carl Zeiss Microlmaging, Thornwood, NY, USA).

2.9 Semi-quantitative real-time PCR

Total RNA from mouse hearts was isolated with TRIzol® reagent
(Invitrogen) according to the manufacturer’s protocol. RNA from HL-1,
MCF-7 and H9C2 cells was isolated using Qiagen RNeasy Mini Kit
according to manufacturer’s protocol (Qiagen, Hilden, Germany). For
real-time PCR, cDNA was produced from each individual heart (n=3
for each time point) to allow assessment of inter-animal variation, or
from cells (n = 6). Oligonucleotide primers were designed to cross an in-
tron (Supplementary material online, Table S3). Real-time PCR was per-
formed on cDNA representing 5ng of total RNA. PCR was run in
triplicate with QuantiTect SYBR Green (Qiagen). Tangerin (Ehbp1),
which was stable on initial array analyses,'® was used as an internal
control.
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Figure | HIF-10-PPN transgene phenotypes. When induced to
express the HIF-10-PPN transgene by removal of doxycycline from
the drinking water, some mice do not exhibit the expected pheno-
type, (A) as assessed by change in heart weight compared to body
weight (n=5 per group and time point), and (B) change in ventricular
function (fractional shortening %; n=5 per group and time point).
Two-way ANOVA (A) and repeated measures two-way ANOVA (B)
with Tukey’s post hoc test were used for statistical analysis. Data are
expressed as mean + SD; *#P<0.05 (*between groups and *to
baseline).

2.10 Neonatal cardiomyocyte isolation and
culture

Neonatal (p1-p3) mice were euthanized by decapitation, hearts were
harvested and washed in ice cold PBS. Atria were removed and ven-
tricles were minced into small pieces and incubated in TrypLE (Thermo
Fisher Scientific) for 15 min at RT. Tissue was pelleted by centrifugation
at 500 x g for 5 min, washed with PBS and incubated with 0.08% collage-
nase type Il (Worthington Biochemicals, Lakewood, NJ, USA) while sub-
ject to gentle rocking for 30 min at 37°C. Suspended cells were pelleted
by centrifugation at 500 x g for 5 min and plated on a gelatine/fibronectin
(0.04%/12.5 mg/mL) coated plate in Claycomb Media as described.**
After 24 h of culture, cells were transfected as outlined below (n= 3 per
condition). Cells were placed in the hypoxia chamber 8h after
transfection.

2.11 Cell culture and siRNA

The murine HL-1 cell line was generated and provided to us by Dr
Claycomb (Louisiana State University Medical Centre), and maintained
in Claycomb Media as described?* Rat ventricular cardiomyoblasts
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Table I HIF-1o ChIP results from mouse hearts of responsive and unresponsive phenotypes

HIF-responsive phenotype

Gene Percent of sequenced ChIP fragments (%)
Eno1 2
Egln3 2
Pfkp 2
Abcg1 2
Pcca 2
Car12 2
Albg 2
E2G 2 2
Bazf 2
Fscn1 2
Mcmdé 2
Mki67 2
Vegfa 2
Gstm5 2
Ucp1 2
Car9 1
Gpi1 1
Paip1 1
Plunc 1
Scd1 1
Slc27a1 1
Wisp1 1
LOC208820 >1
LOC68099 >1
LOC76862 >1
LOC269695 >1
LOC545279 >1
LOC211208 >1
Vwf >1
Prkcbp1 >1
Usp3 >1
Pdgfra >1
Eeflg >1
Rgs3 >1
Ncoa3 >1

HIF-unresponsive phenotype

Prkcbp1 78
Eno1
Car9
Gpi1
Pdgfra
Slc27a1
Paip1
Scd1
Ucp1
Usp3
Plunc
Wisp1
Vwf

= A A A NN N NN

vV V Vv
AN

HIF-1 transgene induction resulted in two distinct phenotypes. HIF-12-PPN was bound to promoters of typical HIF-1 target genes in the responsive phenotype. In the unre-

sponsive phenotype, the transgene was bound predominantly to the promoter of Prkcbp1.

(H9C2) were maintained in DMEM containing 4mM  L-glutamine,
4500 mg/L glucose, 1 mM sodium pyruvate, and 1500 mg/L sodium bicar-
bonate with 10% FBS. Human mammary adenocarcinoma MCF-7 cells
were maintained in DMEM with 10% FBS, as above, and supplemented
with 0.01 mg/mL human recombinant insulin (Sigma). At 60% confluence,
cells were transfected with a pcDNA expression vector for PRKCBP1
or the mutated oxygen-stable form of HIF-1o (HIF-10-PPN) using
FuGene HD (Promega) (Supplementary material online, Figure S2).
Knockdown of PRKCBP1 was achieved by transfection of siRNA accord-
ing to the manufacturer's recommendations. siRNAprkcbp1 (Life
Technologies, Carlsbad, CA, USA) was incubated with Lipofectamine
RNAIMAX and Opti-MEM | Medium (Life Technologies)
(Supplementary material online, Figure S3). In parallel, cells were trans-
fected with siRNAscramble as control (Silencer® Select Negative

Control No. 1 siRNA; Life Technologies) and/or a pcDNA expression
vector for green fluorescent protein. In H9C2 cells that were transfected
with both expression vectors and siRNA constructs, siRNA was first
transfected, followed 1h later by expression vectors. Cells were har-
vested after 48 h and processed for western blot or semi-quantitative
real-time polymerase chain reaction analysis.

2.12 Cellular hypoxia

Cells were incubated at 37°C in 1% O, and 5% CO, using a Baker
Ruskinn InvivO, 400 hypoxia workstation (Baker, Sanford, ME, USA).
Cells were harvested after 24 h exposure, with lysis performed under
hypoxia, and processed for downstream applications.
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CCAGGAGGAGGTGGCATTTGGCCTCCGGAGCTGAAGCAGGAGCTTCAGATGAAA......
GATGAAGAAAGAAATGTAAAGCTGACAGACTTTGGCCTGGCCATAAAATG
CAGTGCTGGCAGATTACTGAGCCGGAAGTGTGGGACCAGGACCTTTTGG
GCGCCAGAGAAACTGCTAGGGGAGCCATATGATGGCAGGAAGACAGATA
TATGGAGGCAGAGGAGAAAAATCTCTGATTTTGGGCCAGCCGGGTCTACA
GAGGGAGGAGGCCTGTACTGCATCGCTGATTATCTCCTCTGGAACATAGC
AGTATGCAGATTTGTTAGCGTTCCCTAAAAGGGAAAAATGGAAGGATTAA
GGGGGTAGACCTCGGAACCATTTCCCGTTGTGGACTCTCTGTCTACCCGG
GTTTCATCACAGCAAAGGGTGTGGGGGAGGTGTAACACCTAAAATAAAAA

ACGTGGGAAGCCTGCGTGCTGGCTGTCCCAGAACTGCTAGTCTTGA
TCGTCACTCCCGTCAGTTGGGGCTTTTTTGAGGCCCC......
GCTTTGGATGTGATGGGAACTATTTGCTGTAGTAGGCTGTAGATCTGTTTGGAGGACCTCAA
AAAAGCCCCAAGTGACGGGAGTGACTTGCATTGACAAACAGTTCAGGGAGAGGTAGTGGG
CATACGTGAGAGA
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Figure 2 Genomic ‘FVB allele’ insertion. lllustration of genomic insertion and PCR identification of variant ‘FVB allele’. The specific insertion in the
Prkebp1 gene is only found in the FVB strain and unresponsive phenotype. The 480 bp inserted sequence is shown in bold and putative HREs are

underlined.

2.13 DNA methylation

The global DNA methylation status was determined on DNA isolated
from HL-1 cells transfected with HIF-1a-PPN and PRKCBP1 (n = 4), and
hearts of mice that were either induced or non-induced (n=4 for each
group) to express the HIF-1o transgene, using an ELISA assay (5-mC
DNA ELISA kit, Zymo Research, Irvine, CA, USA). A 200 ng of genomic
DNA purified from hearts was measured for 5-mC content according to
the manufacturer’s protocol. Assays were performed in triplicate.

2.14 Statistical analysis

Data are presented as mean * standard deviation (SD) and were
analysed by two-tailed Student’s t-test between two groups or by
ANOVA when three or more groups were compared. A P value less
than 0.05 was considered statistically significant.

3. Results

3.1 HIF-10-PPN expression generates
bimodal phenotypes

While evaluating the phenotype of tet-regulated expression of an
oxygen-stable mutated HIF-1a, (Pro*®, Pro®®* Asn®® to Ala; denoted
HIF-10-PPN), in the hearts of transgenic mice, we recognized that a sub-
set of genotype confirmed mice were not exhibiting phenotypic changes

typically seen with HIF-1 expression and stabilization. The typical mor-
phological effects of transgene expression in the heart include increased
capillary density with increased VEGF expression as well as other com-
ponents of a robust angiogenic response. We also typically see a marked
deterioration in ventricular function with associated dilation.’® A portion
of the bi-allelic HIF-10-PPN mice removed from doxycycline did not
show this prominent cardiac dilation nor a decline in cardiac function
(Figure 1). Binding of HIF-1 to HRE in the promoter of its target genes fa-
cilitate the cellular response to low oxygen, and is responsible for the
phenotypic changes seen with HIF-1 activation. Therefore, we were curi-
ous what HIF-1 was binding to in this HIF unresponsive phenotype, if not
its classic gene targets. We investigated the phenotype further with ChlP
for the HIF-10. transgene.

3.2 Chromatin Immunoprecipitation

We used ChlP assays to identify genes to which HIF-1at is directly bound
in hearts with the typical phenotypic changes of HIF expression
(responsive) and hearts lacking these findings (unresponsive). Four hundred
and eighty of the recovered ChlP fragments were individually subcloned
and sequenced. In hearts with obvious HIF response, including ventricu-
lar dilation and enlarged epicardial coronary arteries, ChlP revealed the
expected binding location (HRE sites) in promoter fragments from
known HIF-regulated genes. In mice lacking the strong phenotypic
changes seen with HIF over-expression, ChIP results showed that HIF
was predominantly associated with the promoter of the Prkcbp1 gene.
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Figure 3 PRKCBP1 is more abundant in the unresponsive hearts.
(A) Real-time PCR analysis of PRKCBP1 transcript. Hearts taken
from the unresponsive mice have greater PRKCBP1 transcript than
the hearts from responsive mice, assessed after 3 days of transgene
induction. (B) HIF-1o.and PRKCBP1 western blots and densitometry.
Unresponsive hearts express significantly more PRKCBP1 with simi-
lar induction of HIF-1 transgene. HA-tag is used to assess HIF-1a-
PPN expression. To reduce non-specific binding of primary antibod-
ies, PVDF membranes were cut into three fractions, one containing
the region 260130 kDa for PRKCBP1 immunoblotting, 130-60kDa
for HIF-1a;, and 60-8 kDa for GAPDH, according to pre-stained pro-
tein ladder. Two-tailed Student’s t-test was used for statistical analy-
sis. Data are expressed as mean + SD; n = 3 per group. *P < 0.05.

Approximately 78% (374 out of 480 sequences) of the chromatin associ-
ated with HIF-1a transgene expression pulled down a fragment of the
Prkebp1 promoter in the unresponsive phenotype, compared to less
than 1% in the responsive hearts (Table 7). This led us to question what
the difference was between the Prkcbp 1 gene in the two mouse pheno-
types. We, therefore, sequenced the genomic region surrounding
Prkebp1 in the responsive and unresponsive phenotypes.

3.3 PRKCBP1 genomic sequence analysis

The coding sequence and +4KB/-2KB of the untranslated regions of four
mice from each of the observed phenotypes were sequenced following
PCR amplification. A 480bp inserted region was identified +320bp
from the start of transcription of the Prkcbp1 gene relative to the C57Bl/
6 reference sequence (Figure 2). The inserted fragment added two ca-
nonical HREs to the promoter region of Prkcbp 1, 193 bp and 209 bp up-
stream of the known HRE. The inserted element demonstrated 90%
similarity with the upstream promoter region of hypothetical protein,
XP_896558, LOC626940 from chromosome 10 of Mus musculus strain
C57BL/6) (NCBI Reference Sequence: NT_039500.7). To determine the
origin of this inserted sequence, the existence (E), as well as location (L)

of the sequence was evaluated in the transgenic as well as the two paren-
tal inbred strains that contribute to the heterogeneous background of
the bi-allelic mice, namely C57BV6 and FVB/N (Figure 2 and
Supplementary material online, Table S2). The parental and both the re-
sponsive and unresponsive mice had the inserted sequence present in
the genome, however, at different locations. Only the unresponsive phe-
notype and the parental FVB inbred strain harbour the sequence in the
5 UTR of Prkebp 1 (on chromosome 2).

3.4 PRKCBP1 expression profile

We next confirmed the sequence insert and ChlP data indicating that
HIF was binding to and up-regulating PRKCBP1 in the unresponsive phe-
notype. Real-time PCR of cDNA from both phenotypes revealed in-
creased Prkcbp 1 transcript at day three of transgene expression in the
unresponsive hearts (Figure 3A). Western blots confirmed that after
seven days of transgene expression, both responsive and unresponsive
hearts expressed approximately equal amounts of HIF-10-PPN, how-
ever, unresponsive hearts had substantially higher expression of
PRKCBP1 (Figures 3B and 4A). We next tested our hypothesis that the
parental FVB strain contributed the inserted sequence, and that it was
responsible for HIF-dependent induction of PRKCBP1. After myocardial
infarction to stabilize HIF-1a, we found that PRKCBP1 expression was
greater in the parental FVB than C57BU6 animals (Figure 4B). These data
suggest that both transgenic and endogenous HIF-1o up-regulate
PRKCBP1 with strain-specific variation (Supplementary material online,
Figure ST).

3.5 PRKCBP1 inhibits HIF-1 activity

We next assessed whether the presence of increased PRKCBP1 was in-
deed affecting HIF-1 function. We constructed a HEK293 cell line with
stable expression of a luciferase reporter downstream of concatamer-
ized HRE. Transfection of an expression vector for HIF-10-PPN pro-
duced the expected marked increase in luciferase reporter activity when
it bound to the HRE’s. However, co-transfection of HIF-10-PPN and a
vector expressing PRKCBP1 substantially reduced this HIF-driven activ-
ity of the reporter (Figure 5). The effect of PRKCBP1 on endogenous
downstream HIF-1a target-genes in murine cardiac HL-1 cells, rat ven-
tricular H9C2 cardiomyoblasts, mouse primary cardiomyocytes, and hu-
man mammary adenocarcinoma MCF-7 cells was also investigated. We
included the MCF-7 cell line in our analysis since the majority of recent
investigation of PRKCBP1 has been performed in cancer cells. Semi-
quantitative real-time PCR confirmed that transfection of the HIF-1a-
PPN vector (or 1% O, for primary cells) increased transcript of multiple
known direct HIF-1o target genes, and that co-transfection with the
PRKCBP1 expression vector reduced the abundance of target gene
mRNAs in all four cell types (Figures 6A, B, 7D, and E). These in vitro
experiments support our mouse in vivo findings that increased PRKCBP1
expression in the unresponsive phenotype leads to less HIF-1 target
gene activation.

3.6 Mechanistic hypothesis

Shen et al'® recently reported that PRKCBP1 acts as a tumour
suppressor by recruiting a histone demethylase which alters the chroma-
tin landscape and ultimately represses transcription of genes associated
with tumour growth. We propose that PRKCBP1 functions in a similar
way in the heart, reducing the accessibility of HIF-1 target genes to HIF-
dependent transcription (Figure 7A). To explore this hypothesis, we first
aimed to learn about changes to the chromatin landscape in our
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Figure 4 Immunohistological evaluation of PRKCBP1. (A) PRKCBP1 expression after transgene expression. Unresponsive mice express more
PRKCBP1 than responsive mice at 7 days and 27 days of HIF-1a. transgene induction (red: PRKCBP1 and blue: nuclear DAPI). (B) PRKCBP1 expression af-
ter myocardial infarct. Three days after induced myocardial infarct, the parental FVB strain expresses more PRKCBP1 than C57BI/6 mice in the infarct re-

gion. (red: HIF-1a., green: PRKCBP1, and blue: nuclear DAPI).

transgenic mice due to HIF-1 induction and stabilization. It is well estab-
lished that hypoxia alters the chromatin landscape,”>** however, it is un-
known whether HIF-1 alone has this effect. We found a decrease in
global DNA methylation in hearts where the HIF-1a transgene was
expressed, compared to mice that were not induced to express the
transgene (Figure 7B). To address the effect of PRKCBP1 on methylation
specifically in cardiomyocytes, we transfected HL-1 cells with HIF and/or
PRKCBP1 expression vectors and found that HIF up-regulates DNA
methylation and PRKCBP1 has an opposing effect (Figure 7C). This in vitro
data, discordant with the in vivo findings, nonetheless supports the notion
that HIF-1a can independently affect DNA methylation. The observation
that PRKCBP1 reduces the HIF-induced increase further supports a role
for PRKCBP1 in modulating the HIF response at the epigenetic level. To
further characterize the effect of PRKCBP1 on HIF-1 activity we used
siRNA to knockdown PRKCBP1, obtaining an 85% reduction of protein
in cardiac H9C2 cells and nearly 60% reduction of transcript in mouse
primary cardiomyocytes, (Supplementary material online, Figure S3). In
siRNA-treated H9C2 cells subject to HIF-1a-PPN expression for 48 h,
HIF-1 target gene expression was significantly increased compared to
scramble control or HIF-10-PPN expression alone (Figure 7D). This ef-
fect was also apparent in siRNA treated mouse primary cardiomyocytes
subject to 1% O, for 24 h (Figure 7E). Thus, inhibition of PRKCBP1 re-
leased the negative regulation of HIF-1 target genes. Importantly, knock-
down of PRKCBP1 in the absence of HIF-1 activation had no effect on
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Figure 5 HIF-1 activity by luciferase reporter. HIF-1 regulated lucifer-
ase activity is reduced by co-transfection of HEK293 cells with CMV-
driven expression vectors for HIF-10-PPN and PRKCBP1. Two-tailed
Student’s t-test was used for statistical analysis. Data are expressed as
mean * SD; n=5 per group. *P<0.05. HRE-LUC, hypoxia response
elements concatamerized to a luciferase reporter
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Figure 6 In vitro co-transfection of HL-1 and MCF-7 cells. Transfection of HIF-1a-PPN leads to induction of HIF-1a target gene mRNA as assessed by
semi-quantitative real-time PCR, in (A) HL-1, and (B) MCF-7. Co-transfection with a PRKCBP1 expression vector reduces HIF target gene transcript.
One-way ANOVA with Bonferroni post hoc test was used for statistical analysis. n = 6. Data are expressed as mean £ SD. *P < 0.05.

HIF-1 target genes, suggesting that the effects of PRKCBP1 are only
revealed during episodes of HIF stabilization.

4. Discussion

We previously created a mouse model of cardiac HIF action by express-
ing an oxygen-stable form of HIF-1a in cardiac myocytes of transgenic
mice using a tet-regulated system."® This is a bi-allelic system with a tet-
off regulated transcriptional activator driven by the myosin heavy chain
promoter that is crossed into a strain with the tet-response element up-
stream of a HIF-1o. cDNA that has been mutagenized for stability in nor-
moxia (Pro402, Pro°®* Asn®® to Ala; denoted HIF-1a-PPN). Therefore,
the genetic background of these animals incorporates genomic variation
from the C57Bl/6 and FVB strains that contained the two alleles. The
typical physiological effects of HIF-1a transgene expression in the heart
include increased capillary density with increased VEGF expression, as
well as other components of a robust angiogenic response. We also typi-
cally see a marked deterioration in ventricular function and associated di-
lation. A portion of our mice that express the mutated HIF nonetheless
did not manifest the typical phenotype of HIF over-expression. We then
evaluated whether a modifying allele might be responsible for the dichot-
omous phenotypes.

ChlIP revealed that HIF-1a was binding to previously identified
gene targets as expected in the responsive mice. The relative abun-
dance of these represented genes was as expected given that HIF-1a
has over 300 gene targets, and that we individually subcloned and se-
quenced only a portion (480 fragments) of the precipitated
fragments.14 However, in the group that did not manifest the typical
phenotype, HIF-1a was bound primarily to the HREs upstream of
Prkebp 1, with over 75% of the precipitated fragments coming from
this gene. Sequencing of the promoter region of the Prkcbp1 gene
revealed an unexpected 480 base pair insert in the HIF-unresponsive
animals, containing two canonical HIF binding sites. We found that
the parental FVB mice contain the promoter insert as well and thus
refer to it as the FVB allele. This suggests that in the unresponsive
phenotype, HIF-10-PPN is driving the over-expression of PRKCBP1.
This in turn somehow interferes with HIF-1 binding to the pro-
moters of traditional HIF-1 regulated genes, while HIF binding to the
promoter of Prkcbp1 is somehow insulated from this effect.
Although, we do not know how PRKCBP1 redirects HIF promoter
specificity, recent findings on its role in other cell types suggests a
mechanism.">??

One possibility might be that insertional modification of the promoter
for Prkcbp1 in the unresponsive phenotype enhances transcription by
remaining accessible to HIF, (by an as yet unknown mechanism), thereby
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Figure 7 Proposed mechanism. (A) Proposed mechanism of HIF-induced PRKCBP1 expression, and PRKCBP1 mediated negative feedback of HIF-1 reg-
ulated genes. (B) Global DNA methylation is altered following cardiac HIF-1 induction in mice. After 3 days of HIF-1 induction, ELISA analysis confirmed sig-
nificant reduction in the number of methylated CG residues compared to HIF-1 non-induced mice. n=4 per group, **P = 0.0007. (C) DNA methylation is
altered in response to HIF-1 and PRKCBP1 in HL-1 cells. ELISA analysis confirmed significant increase in the number of methylated CG residues in HL-1
HIF-10-PPN transfected cells, and co-transfection with PRKCBP1 reduced % 5-mC to baseline levels. n =4 per group, *P < 0.05. PRKCBP1 modulates the
HIF response in (D) H9C2 cells and (E) mouse primary cardiomyocytes. Overexpression of PRKCBP1 in the presence of (D) HIF-1a-PPN or (E) 1% O,
reduces HIF-1 target gene transcript. siRNA mediated knockdown of PRKCBP1, in the presence of HIF-1a-PPN or hypoxia removed this negative inhibi-
tion (n = 6 H9C2; n = 3 mouse primary cells). Two-tailed Student’s t-test (B) and one-way ANOVA with Bonferroni post hoc test (C—E) was used for statisti-
cal analysis. Data are expressed as mean + SD. *P < 0.05. Adapted from Shen et al. HRE, hypoxia response element; KDM, lysine demethylase.

providing a simple and effective feedback for inhibition of HIF transcrip-
tional activity. The additional HREs provided by the insertion are likely to
play a role in this effect. Other mechanisms of HIF modification by
PRKCBP1 are suggested by the domain structure of the PRKCBP1 pro-
tein. The domains that PRKCBP1 shares with p300, the bromodomain
and PHD finger, suggest that PRKCBP1 may compete with p300 and pre-
vent HIF-1 target gene activation. PRKCBP1 also contains a MYND-
DNA binding domain, which may competitively dislodge HIF-1 from its
traditional HRE sites when bound. The bromodomain and PHD finger
are known to bind acetylated histones, and are key domains in the HIF
co-activator p300. For these reasons, we speculate that PRKCBP1 is not
outcompeting HIF-1 for HRE sites, but rather interfering with the inter-
action of HIF-1o with HRE's, either by interfering with formation of the
HIF transcription complex or the recognition of HREs by that complex
once formed. The newly described role of PRKCBP1 in modifying chro-

matin structure by directing histone methylation'>*

would be an elegant
and parsimonious explanation for how HIF-sensitive promoter regions
could be made inhospitable to HIF activation. Moreover, our mouse

hearts induced to express oxygen-stable HIF-1a show significant

alterations in genome-wide DNA methylation, further supporting the
role of chromatin modification in response to not just hypoxia,”*** but
HIF-1 specifically. Interestingly, we found that HIF-1o consistently down-
regulated DNA methylation in mouse hearts in vivo but up-regulated
DNA methylation in HL-1 cardiomyocytes in vitro. As described by multi-
ple groups, this may be due to differences between the in vivo and in vitro
models, or may reflect cell type specific responses to changes in oxygen
tension.?”*® Nevertheless, this data support the notion that HIF-1 can in-
dependently affect DNA methylation and that PRKCBP1 can modify the
HIF-induced changes, further supporting a role for PRKCBP1 in modulat-
ing the HIF response at the epigenetic level. Also, importantly, the initial
observation that PRKCBP1 inhibits HIF action of a mutated HIF-1a,
proves that the mechanism of inhibition does not act through the hydrox-
ylation sites previously implicated in HIF regulation (and removed from
the mutated protein). Nonetheless, PRKCBP1 is inhibiting HIF action in
response to oxygen levels, and we suggest that this is an indirect result of
the oxygen-dependent transcriptional regulation of Prkcbp? by HIF.
Moreover, enhanced PRKCBP1 expression is able to overcome the trans-
genic expression of uninhibitable transgenic HIF expressed under the very
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strong o-MHC promoter. This suggests that it would also be able to in-
hibit HIF action during the milder induction of intrinsic oxygen-labile HIF
during physiological induction by hypoxia, for example after infarction.

We examined the effect of PRKCBP1 on HIF transcriptional activity in
transient transfection assays in a HEK293 cell line that contained a reporter
construct for HIF action. Transient transfection of the oxygen-stable HIF-
10-PPN construct produced 12-fold induction of the reporter in these
cells. Co-transfection with PRKCBP1 substantially inhibited the activity of
HIF-10-PPN. We confirmed this functional inhibition of PRKCBP1 on HIF
activity by expressing the mutated HIF in murine atrial HL-1 cardiomyo-
cytes, rat ventricular H9C2 cardiomyocytes, and human mammary adeno-
carcinoma MCF-7 cells, and investigated the influence of PRKCBP1 on the
endogenous downstream target genes of HIF-1. We investigated transcript
of six classic HIF-1 target genes that are robustly activated in the heart dur-
ing myocardial infarct, and for each cell line we show results from 3 repre-
sentative genes, with commonality of genes between cell lines to
demonstrate consistency between species and cell type. As expected, we
saw a robust increase in transcript of the target genes when transfected
with the HIF-1 construct, and a substantial decrease in their message when
cells were co-transfected with PRKCBP1. This inhibition of HIF-1 action
was lost when we used siRNA to knockdown PRKCBP1 in cardiac H9C2
cells. Importantly, knockdown of PRKCBP1 without a hypoxic or HIF-1
challenge did not alter HIF-1 gene targets, suggesting that the inhibitory ef-
fect of PRKCBP1 on downstream target genes is HIF dependent.

A previous study demonstrated important differences in mouse
strains in outcomes following myocardial infarction.*” It has been recog-
nized that the FVB strain, which contributes the modified Prkcbp1 allele
(and HIF-resistant phenotype) in our studies, was particularly susceptible
to early, lethal, heart failure after infarction. These findings may support a
beneficial physiological role for HIF action in the immediate post-infarct
period. Other cardiac pathology has strong strain-dependent variation,
for example the hypertrophic response to aortic banding,* and given
the pleotropic roles of HIF it is possible that genetic variation in its regu-
lation or its sequence could modulate a variety of cardiac processes.

Ultimately, it will be important to determine whether PRKCBP1 plays
a role in the susceptibility of humans to acute or chronic myocardial is-
chaemia, wherein HIF-1 is stabilized and active. For example, one could
imagine that PRKCBP1 polymorphisms in the human population might
modify the hypoxic response, as has been inferred for Egln1 polymor-
phisms in high versus low altitude popula‘cions.31‘32 Multiple SNPs have
been identified in the human and mouse PRKCBP1 gene, however, the
functional consequences are incompletely characterized. Investigation
into the abundance, location, and variation of PRKCBP1 has largely been
examined in the cancer setting, however, we suggest that PRKCBP1 may
also play a novel role in modifying HIF-1 responses in the heart.

5. Conclusions

Our data suggest that PRKCBP1 may be acting in a negative feed-back
mechanism to shut off HIF-1-directed gene expression. While the role of
PRKCBP1 in response to hypoxia remains to be fully elucidated, the pheno-
typic changes seen with interaction with oxygen-stable HIF suggests that it
may prove a useful target for anti-ischaemic and anti-angiogenic therapies.

Supplementary material

Supplementary material is available at Cardiovascular Research online.
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