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Hypoxia-inducible transcription factor 1 (HIF-1) and HIF-2« regulate the expression of an expansive array
of genes associated with cellular responses to hypoxia. Although HIF-regulated genes mediate crucial beneficial
short-term biological adaptations, we hypothesized that chronic activation of the HIF pathway in cardiac
muscle, as occurs in advanced ischemic heart disease, is detrimental. We generated mice with cardiac
myocyte-specific deletion of the von Hippel-Lindau protein (VHL), an essential component of an E3 ubiquitin
ligase responsible for suppressing HIF levels during normoxia. These mice were born at expected frequency
and thrived until after 3 months postbirth, when they developed severe progressive heart failure and premature
death. VHL-null hearts developed lipid accumulation, myofibril rarefaction, altered nuclear morphology,
myocyte loss, and fibrosis, features seen for various forms of human heart failure. Further, nearly 50% of
VHL ™/~ hearts developed malignant cardiac tumors with features of rhabdomyosarcoma and the capacity to
metastasize. As compelling evidence for the mechanistic contribution of HIF-1«, the concomitant deletion of
VHL and HIF-1« in the heart prevented this phenotype and restored normal longevity. These findings strongly
suggest that chronic activation of the HIF pathway in ischemic hearts is maladaptive and contributes to cardiac

degeneration and progression to heart failure.

In the cardiovascular system, hypoxia is encountered in a
number of important clinical settings, including sleep apnea,
chronic obstructive pulmonary disease, and, most commonly,
ischemic heart disease (IHD). Myocardial hypoxia, as a com-
ponent of ischemia, may also occur in other common clinical
conditions, such as valve disease, pathological cardiac hyper-
trophy, and severe systemic hypertension. As such, under-
standing how hypoxia-induced molecular changes affect the
heart is of great importance. Altered gene expression mediated
by hypoxia-inducible transcription factor la (HIF-la) and
HIF-2a is one of the most fundamental and ubiquitous mech-
anisms whereby biological adaptations to hypoxia occur. The
HIFs are basic helix-loop-helix transcription factors that reg-
ulate the expression of a wide repertoire of genes involved in
a myriad of biological functions, including angiogenesis, apop-
tosis, and cellular metabolism (14, 17, 51). A third family mem-
ber, HIF-3a, lacks a transcriptional activation domain and may
act as a competitive inhibitor of HIF-1a and -2« activity (41).

Although HIF-1a and -2« appear to bind the same hypoxia
response elements (HREs) in hypoxia-inducible genes, it has
been established that they preferentially regulate different
genes in different cell types and therefore are not redundant.
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The role of HIF-1« in the transcriptional control of angiogen-
esis has led to the ongoing development of HIF-1a as a ther-
apeutic stimulator of angiogenesis in IHD and peripheral vas-
cular disease (12, 15, 48, 60), although clinical development of
HIF-2a for this purpose has also been considered. Others and
we have previously shown that HIF-1« plays a cardioprotective
role and is essential for the maintenance of normal cardiac
function and gene expression, even under normoxic conditions
(7, 23). Thus, the role of HIF-1a in the heart has been estab-
lished as beneficial and adaptive. However, the effects of
chronic activation of the endogenous HIF pathway in the
heart, as can occur in advanced IHD, to date have remained
unclear.

Regulation of the HIF pathway is complex, and understand-
ing HIF regulation is essential to any approach designed to
model the effects of chronic HIF pathway activation. The ma-
jor level of HIF regulation is posttranslational, involving the
von Hippel-Lindau protein (VHL) and the ubiquitin-proteo-
some degradation pathway (14, 52). Consequently, simple
transcriptional overexpression of wild-type HIF-1 or -2a can
fail to raise HIF levels commensurate with what is encountered
normally during hypoxia. In the context of clinical develop-
ment, this was addressed by removing the degron domain and
replacing it with the VP16 transactivation domain (48). It is
possible that by altering the C termini of HIF proteins to
achieve stability of overexpression, the repertoire of biological
activities of HIF could be altered. Therefore, to study chronic
HIF pathway activation we deleted the VHL gene. VHL is an
~30-kDa protein that functions as a major subunit in an E3
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ubiquitin ligase complex (38, 47, 50). Other biological func-
tions have been ascribed to VHL (3), but its role in the ubig-
uitylation of HIF-1a and -2« is the best established (25, 26, 37,
62). Under normoxic conditions, HIF-1a and its cousins HIF-2
and -3a undergo prolyl hydroxylation, an event that promotes
VHL binding and the ubiquitylation of HIF (52). This poly-
ubiquitylation results in the degradation of HIF in the proteo-
some; thus, VHL is a negative regulator of HIF protein levels.
Mutation or loss of a single VHL allele is associated with von
Hippel-Lindau syndrome, characterized by central nervous sys-
tem and retinal hemangioblastomas, renal and epididymal
cysts, pheochromocytoma, and an increased risk of developing
renal cell carcinoma (38, 50). Each of these has been postu-
lated to be related to chronic HIF pathway activation, includ-
ing HIF-induced angiogenesis in the genesis of hemangioblas-
tomas, HIF-mediated overexpression of tyrosine hydroxylase
in pheochromocytoma, and HIF-mediated expression of trans-
forming growth factor alpha (TGF-a) in renal cell carcinoma.
Although biallelic silencing of VHL does occur secondary to
spontaneous somatic mutation or promoter hypermethylation,
global homozygous VHL mutations in patients have not been
described (33, 34). In addition, no cardiospecific role of VHL
has been previously delineated.

In this report we show that the absence of VHL in heart
muscle causes lipid accumulation, myofibrillar rarefaction and
disarray, profound nuclear envelope and nuclear architecture
abnormalities, cardiac muscle degeneration and loss, increased
autophagy, and the development of severe heart failure. We
further show that the loss of VHL allows cardiac dedifferen-
tiation and the development of malignant cardiac tumors ex-
hibiting features of rhabdomyosarcoma and the capacity to
metastasize. Finally, by generating mice with combined dele-
tion of VHL and HIF-1a specifically in cardiac muscle, we
demonstrate that the profound cardiac abnormalities that oc-
cur as a consequence of VHL deletion do not occur in the
absence of HIF-1a, establishing that the chronic activation of
a HIF-1lo-dependent gene program is markedly deleterious in
the heart.

MATERIALS AND METHODS

Generation of cardiac myocyte-specific VAL ™'~ mice. MLC2v-Cre haploid
knock-in mice were crossed with VHL!*?10® mice (Vhlht™1ae? gtrain; Jackson
Labs) that harbor loxP sites flanking the promoter and exon 1 of the VHL gene
(22). Both lines were back-bred for at least six generations into a C57BL/6
background. Genotyping and gene frequency analysis were performed using
VHL-specific primers and a standard PCR method on tail-derived DNA as
previously described (13, 23). Mice with homozygous cardiac myocyte-specific
deletion of VHL (Cre™~ VHL'""*/*) were designated cmVHL /~. For all
studies, results are from cmVHL ™/~ mice and their age-matched, gender-
matched VHL™/" littermates (controls were Cre ™/~ X VHL'*"*/* and are
designated cmVHL*/"). The MLC2v-Cre mice were created by knock-in of Cre
downstream of the MLC2v promoter. These mice have no basal or inducible
phenotype, have normal levels of MLC2v protein expression despite being hap-
loid for the MLC2v gene, and are a well-established cardiac myocyte-directed
Cre line (5, 16, 23, 42).

Immunohistochemistry, histology, and transmission EM. For standard histol-
ogy, hearts were fixed in formalin, embedded in paraffin, sectioned, and stained
(hematoxylin and eosin, lipid O red, trichrome) by the Yale Pathology core
facility. For immunohistochemistry, OCT-embedded frozen sections were used.
Five-micrometer sections were cut and fixed with acetone-methanol. A mono-
clonal anti-PECAM antibody (Invitrogen, San Diego, CA) was used for mi-
crovessel counts. Four VHL ™/~ and four littermate control hearts were sec-
tioned, and digital images from five separate 40X fields were assessed from each
section as described previously. Vessel density was also analyzed by Western
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blotting for PECAM and Flt-1 on protein lysates from VHL ™/~ and control
hearts. Vascular casts were created by infusing Microfil polymer into the coro-
nary tree via retrograde aortic perfusion at constant pressure, as we have previ-
ously described (16). For transmission electron microscopy (EM), hearts were
fixed by retrograde perfusion with a buffered solution containing 2% EM-grade
glutaraldehyde. Subsequent processing was done at the Yale EM core.

Echocardiography. Echocardiograms were obtained for lightly anesthetized
mice (isofluorane inhalation) by use of a 15-MHz transducer and a Sonos 7500
console as previously described (13, 23). Zoomed two-dimensional views were
used to determine a short-axis plane at the level of the papillary muscles, and
then M-mode was obtained at this level. Measurements were obtained using the
7500 analysis software.

Tumor cell culture, soft agarose assay, in vivo tumor assay. Cells were disag-
gregated from excised tumors by a short (10- to 15-min) incubation with type I
collagenase (Worthington, Inc.). Cells were initially cultured in Dulbecco mod-
ified Eagle medium-20% fetal bovine serum, with serum levels decreased se-
quentially upon serial passage. For analysis of anchorage-independent growth, a
standard soft agar assay was used in which cells were suspended in 1 ml of 0.3%
agar (Difco) supplemented with complete growth medium. The agar was allowed
to gel at room temperature over a 0.8-ml base layer of growth medium-supple-
mented 0.6% agar in six-well plates (n = 3 gels/condition). Colony formation was
determined by light microscopy and compared to a positive control (HepG2
cells) and nontransformed negative control cells (h9¢c2 cells) (HepG2 and h9c2
cells were obtained from the ATCC). In vivo tumor formation was assessed as
previously described by subcutaneous injection of 5 X 10° tumor cells in Rag2 ™/~
(Taconic, Inc., NY) immune-deficient mice and compared to what was seen for
control injections of nontransformed cells (20).

In vivo gene delivery. Recombinant adenoviruses encoding HIF-1a with the
degron transactivation domain replaced by the VP16 transactivation domain,
wild-type HIF-1a, and beta-galactosidase were constructed and expanded as
previously described (18). Day 1 neonatal mice were anesthetized by ice immer-
sion and adenoviral gene delivery to the heart was achieved using 10-pl glass
capillary tubes pulled to a point to create pipettes. These were filled with 10 pl
of adenovirus containing ~1 X 10° viral particles. By use of a micromanipulator,
the pipette tip was inserted into the heart directly through the chest wall and the
adenovirus was then injected, as previously reported (6).

Gene expression, floxing efficiency, and quantification of mitochondrial DNA.
For real-time reverse transcriptase PCR (RT-PCR), total RNA was extracted
from the left ventricles of VHL ™/~ and littermate control mice by use of RNA
Stat-60 reagent (Tel-Test, Inc.), treated with RNase-free DNase I (Roche), and
column purified (Qiagen). RT-PCR was performed in two steps. First-strand
c¢DNA was synthesized with the ProSTAR first-strand RT-PCR kit (Stratagene)
by use of random primers. Conditions for the RT reactions were 1 h at 42°C and
10 min at 95°C. SYBR green JumpStart Taq ReadyMix (Sigma) was used in the
second step of real-time PCR amplification of first-strand cDNA. Reactions were
run in 96-well plates on an Opticon-2 quantitative PCR block (MJ Research,
Inc.). For all primer pairs, the presence of a single gene product was verified by
agarose gel electrophoresis. Melting curves were also examined after each run.
For Western blot analysis, equally loaded protein samples underwent electro-
phoresis on 10% NuPAGE gels (Invitrogen, San Diego, CA). Protein bands were
transferred onto nitrocellulose membranes and blocked with 5% nonfat milk.
Membranes were incubated at 4°C overnight with primary antibody, washed and
incubated for 1 h with secondary antibody, and developed using chemilumines-
cence.

For determination of floxing efficiency, genomic DNA was isolated from car-
diac myocytes and nonmyocytes isolated from knockout and control hearts.
Quantitative PCR was performed using a primer pair designed to give product
only in the absence of floxing. Quantification of mitochondrial DNA was per-
formed by quantitative PCR using the following primers: F, 5'-GCCCCAGAT
ATAGCATTCCC-3"; and R, 5'-GTTCATCCTGTTCCTGCTCC-3'.

Ras activation and HIF activity assays. Ras activation was assessed using a
commercial assay kit (Upstate Inc., Waltham, MA). Briefly, this assay pulls
down activated Ras onto Rafl agarose and quantitates this activated Ras by
subsequent Western blot analysis. The activity of HIF-1a was determined
using a commercial DNA-binding enzyme-linked immunosorbent assay
(ELISA)-based kit that binds HIF-1a from the samples onto plated oligonu-
cleotides that contain HIF HREs and then uses an anti-HIF antibody for
quantitation of bound HIF-1a (TransAM; ActiveMotif, Carlsbad, CA). The
validity of the assay was verified using control HIF-1la peptide and mutant
peptide in competition assays.
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FIG. 1. Targeted deletion of VHL in cardiac myocytes leads to cardiomegaly, progressive heart failure, tumor formation, and cardiac death.
(A) Cardiac myocyte-specific deletion of VHL (VHL /") results in development of severe cardiomegaly relative to what is seen for hearts from
age- and sex-matched littermates (VHL*/*). (B) Short-axis two-dimensional (2-D) echocardiography (orientation of ultrasound slice depicted at
left) demonstrates severe left ventricular dilation in VHL ™/~ hearts. For VHL*/" and VHL /" hearts, the image on the right is an enlargement
of the short-axis image. The yellow lines depict relative intraventricular diameters during diastole. (C) Long-axis two-dimensional echocardiog-
raphy (orientation depicted at left) demonstrating chamber dilation and the presence of a tumor in the left atrium. LV, left ventricle; RV, right
ventricle; LA, left atrium; the yellow arrow depicts a tumor. (D) Echocardiographic analysis of cardiac function reveals significantly reduced
fractional shortening during contraction of VHL ™/~ hearts and significant increases in both end-diastolic and end-systolic diameters of the left
ventricle. Whereas these differences were significant at 5 months postbirth, these differences were not significant at 4 months, thus demonstrating
the temporal progression of dysfunction and dilation. » = 10 mice per genotype. FS, fractional shortening; LVEDD, left ventricular end-diastolic
diameter; LVESD, left ventricular end-systolic diameter; 4m and 5m, 4 and 5 months postbirth; ctrl, control littermates; KO, VHL /" (E) He-
modynamic assessment reveals reduced rates of pressure increase and pressure decrease during left ventricular contraction in VHL ™/~ hearts
(+dP/dt and —dP/dt, respectively) and reduced peak developed pressures in VHL /™ hearts at baseline and during progressive infusion rates of
dobutamine. Heart rates were similar in VHL ™~ and VHL"'* (control littermate) hearts at all but the highest dose of dobutamine. (F) Heart
weights and heart weight/body weight ratios were higher for the cmVHL /™ mice (n = 12 per genotype). (G) Cardiac deletion of VHL results in
early and progressive mortality, beginning after 3 months postbirth. Concomitant deletion of VHL and HIF-1a in heart muscle prevents this
increased mortality. dKO, double knockout. Curve generated with =20 mice per genotype.

RESULTS concomitant cardiospecific deletion of both VHL and HIF-1a
(cmVHL/HIFdKO mice). cmVHL/HIFdKO mice were born at
expected Mendelian frequency, were healthy, and exhibited
none of the phenotypic features that developed progressively
in the cmVHL ™/~ mice. Cardiac function in these mice was
normal (not shown) and they had normal longevity (Fig. 1G),
strongly confirming that HIF-la plays a crucial role in the
pathogenesis of the cmVHL '~ phenotype.

To understand the pathophysiological basis for the HIF-1a-
dependent cmnVHL /™ phenotype, we began with an examina-
tion of the histological and ultrastructural features of the

Loss of VHL in cardiac muscle results in severe heart fail-
ure and early mortality; concomitant deletion of HIF-1a pre-
vents this phenotype. To investigate the role of VHL in the
heart and the effects of chronic myocardial activation of the
HIF pathway, we generated mice with deletion of VHL spe-
cifically from cardiac myocytes (cmVHL '~ mice) by crossing
MLC2v-Cre haploid knock-in mice with VHL loxP mice.
cmVHL ™~ mice were born at expected gene frequencies with-
out embryonic or early postnatal lethality and with no evident
early physical distress. At 3 months of age, heart function in

the cmnVHL /" mice was not significantly different from that in
wild-type littermates, but by 5 months severe cardiac dilation
and heart failure were apparent, as were increases in cardiac
weight and heart weight/body weight ratios (Fig. 1A to F).
Further, intracardiac masses were apparent premortem by car-
diac ultrasound examination in a subset of these mice (Fig.
1C). emVHL /"~ mice also exhibited early mortality (Fig. 1G).
Given that the major known function of VHL is to reduce HIF
levels under normoxic conditions, we hypothesized that the
cmVHL ™/~ phenotype was at least partially HIF mediated and
HIF dependent. To evaluate this, we generated mice with

cmVHL /" hearts. Histologic examination of the myocardium
revealed prominent myocyte degeneration and loss, replace-
ment fibrosis, vacuolization, and lipid accumulation (Fig. 2A to
I). Ultrastructural analysis revealed myofibrillar rarefaction,
disarray, and disassembly (Fig. 2J to L). The structure of the
myocyte nuclei was also markedly abnormal, with redundancy
and loss of integrity of the nuclear envelope, nuclear blebs, and
nuclear inclusions, as well as severe morphological changes
reminiscent of nuclear laminopathies associated with cardiac
dysfunction (Fig. 2M to P). Finally, there were mitochondrial
inclusions and a marked increase in ultrastructural features of
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autophagy (Fig. 2K, Q, and R). These changes were apparent
throughout the left ventricle, independent of the presence or
absence of intracardiac masses. Many of these ultrastructural
features have been described for human IHD and for dilated

FIG. 1—Continued.

Time (months)

cardiomyopathy. To investigate whether the ultrastructural ev-
idence of mitochondrial autophagy was correlated with a de-
crease in ventricular mitochondrial content, we performed
quantitative PCR for mitochondrial DNA. These studies con-
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FIG. 2. Absence of VHL from cardiac myocytes results in myocyte disassembly and loss, replacement fibrosis, automacrophagocytosis, lipid
accumulation, organelle inclusions, and an altered nuclear envelope. (A to C) Hematoxylin and eosin staining (200X magnification) of myocardia
from mice with cardiac myocyte-specific deletion of VHL (cmVHL /") reveals severe myocardial degeneration with thinning and loss of cardiac
muscle bundles (B and C) compared to VHL*'* control littermate hearts (A). Also visible is patchy infiltration by inflammatory cells (C). (D to
F) Analysis at 400X magnification further demonstrates myocardial degeneration and nonuniformity of cardiac muscle bundles (E and F) and
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firmed a significant decrease in mitochondrial number for
cmVHL /" hearts (Fig. 2S).

emVHL ™'~ mice develop malignant cardiac tumors, a HIF-
la-dependent phenotype. When examined directly, the intra-
cardiac masses identified upon echocardiography (Fig. 2C)
were found to be cardiac neoplasms (Fig. 3A to E). They
occurred with a frequency of at least 45% of all cmVHL ™/~
mice (Fig. 3F) and never developed in wild-type littermates or
cmVHL/HIFdKO mice. Tumors were found in the left ventri-
cle, in the right ventricle growing from the intraventricular
septum, and growing into the left atrium from the atrial-ven-
tricular region (Fig. 3A to D). These intracardiac tumors were
also capable of metastasis, indicative of their malignancy (Fig.
3E). Light microscopy revealed sheets of pleomorphic cells
and loss of normal myocardial architecture (Fig. 3G to I).
Further, intratumoral regions stained positive for desmin and
exhibited striations consistent with the formation of myofibrils
(Fig. 3J). The gross morphometric and histological features
were not consistent with hemangioma formation. Metastatic
tumors exhibited similar morphology and histology (Fig. 3K
and L). Transformed cells were cultured from multiple succes-
sive tumors and evaluated for structural and functional fea-
tures (Fig. 3M to U). These features included spindle cell and
spider cell morphology (Fig. 3M and N), loss of contact growth
inhibition (Fig. 30), anchorage-independent growth in soft aga-
rose (Fig. 3P), the ability to form myotubes and multinuclear cells
in culture (Fig. 3Q and R), and positive staining for desmin (Fig.
3S and T), many of which are features observed for rhabdomyo-
sarcoma. Immunostaining for PECAM was negative. Finally,
these cells were fully capable of tumor formation when injected
subcutaneously in immune-deficient (Rag2™/") mice (Fig. 3U)
and could then be recultured from these tumors (data not shown).
To date, each tumor cell line has remained viable and passageable
over at least 100 passages. Quantitative RT-PCR analysis of VHL
expression and genomic analysis of tumor tissue confirmed mark-
edly decreased VHL expression and a high rate of VHL exci-
sion in these tumors (Fig. 3V and W).

emVHL ™'~ hearts paradoxically exhibit nonuniform hypo-
vascularity. One of the most prominent clinical findings for
VHL syndrome is the development of hemangioblastomas,
thought to be secondary to HIF-la-mediated vascular endo-
thelial growth factor (VEGF) expression in the absence of
VHL. Accordingly, we expected that the loss of VHL in cardiac
myocytes would lead to markedly increased coronary vascular-
ity and perhaps to the development of cardiac hemangiomas.
Interestingly, cmVHL ™/~ hearts actually exhibited decreased
average capillary counts relative to littermate control hearts
(Fig. 4A and B), possibly partially attributable to the myocyte
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loss and replacement fibrosis observed for these hearts. De-
spite this decrease in average capillary counts, total PECAM
and Flt-1 protein levels were elevated in the cmVHL ™'~ hearts
(Fig. 4C). To determine whether this might reflect an increase
in larger-diameter vessels, we created and analyzed vascular
casts of cmVHL ™" and cmVHL /" hearts. At the macrovas-
cular level, defined as those vessels capable of distinct resolu-
tion and visualization by stereoscopic analysis of coronary vas-
cular casts, there was no evidence increased vascularity in the
cmVHL ™/~ hearts. Conversely, there were areas of decreased
vascularity in these hearts, although there was considerable
variability from region to region within each cmVHL ™/~ heart
(Fig. 4D and E). We hypothesized that the paradox between
the PECAM and Flt-1 protein elevation and the hypovascu-
larity we documented might be partially attributable to in-
creased infiltration of the cmVHL ™~ hearts by marrow-de-
rived cells with these markers. Indeed, histological and
immunohistological analysis revealed significant numbers of
inflammatory cells within these hearts (data not shown).

Forced expression of HIF-1a in the heart by gene transfer
induces lipid accumulation in the myocardium and failure to
thrive. Although the VHL/HIF-1a double gene excision stud-
ies documented a crucial and deleterious role of HIF-1« in the
genesis of the cnVHL ™/~ phenotype, we examined the direct
effect of chronic HIF-1a expression in hearts in which the VHL
gene was intact. To accomplish this, we injected the myocar-
dium of day 1 neonatal mice with recombinant adenovirus
encoding either wild-type HIF-la, HIF-1a-VP16 (a stable
chronically active HIF-1a), or beta-galactosidase (control). In-
jection of the mouse heart at this age diminishes adenovirus-
induced immune responses and results in the expression of the
transgene into adulthood. Cardiac gene transfer with either
HIF construct induced marked retardation in the growth of the
recipient mice (Fig. 5A and B) and an increase in heart weight/
body weight ratios (Fig. 5C), as well as a trend toward in-
creased heart absolute weights (data not shown). There was
also a marked increase in cardiac lipid content as assessed by
oil red O staining (Fig. 5E and F), recapitulating the finding for
cmVHL ™/~ hearts. There were also, as expected, significant
alterations in the expression of HIF-responsive genes in the
HIF-injected hearts, and the level of induced expression cor-
related closely with the expression of the HIF-VP16 construct
(Fig. 5G).

Deletion of VHL results in significantly increased HIF-1a
binding activity, chronic activation of hypoxia-responsive
genes, phosphorylation of the cMET and epidermal growth
factor receptors (EGFR), and Ras activation in the heart.
Although ubiquitylation by VHL is the major mechanism

cellular infiltration (F) compared to control myocardium (D). (G and H) Myocyte loss and replacement fibrosis is also shown by Mason’s trichrome
staining of cmVHL /" hearts (H) versus control littermates (G). (I) cmVHL ™/~ hearts also accumulate lipids, as shown by oil red O staining. (J
to L) Ultrastructural analysis by transmission EM demonstrates disarray and disassembly of myofibrils (white arrows), irregular spacing of Z-bands,
irregular orientation of myofibrils, and mitochondrial inclusions (yellow arrow) in cmVHL '~ hearts (K and L) versus the normal architecture of
control hearts (J). (N to P) Nuclei from cmVHL /™ hearts exhibit irregular nuclear morphology with prominent folding and blebbing of the nuclear
envelope (blue arrows) and multiple nuclear inclusions (black arrows) compared to the normal nuclear architecture in control myocardium (M;
arrowhead indicates nucleolus). (Q and R) Multilaminar vesicles (autophagosomes) containing whole organelles (e.g., mitochondria), myofibrils,
and other cellular debris were seen frequently in cmVHL ™/~ hearts, indicating increased autophagy/macroautophagy. (S) Quantitative PCR for
mitochondrial DNA revealed a decrease in cmVHL ™/~ hearts (n = 5 per genotype). For ultrastructural and histological analysis, =5 hearts per
genotype were studied, with at least five sections and five separate fields/section evaluated per heart.
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D) Spontaneous primary cardiac tumors growing from the atrial-ventricular junction into the left atrium (A and D), the intraventricular septum
into the right ventricle (C), and the left ventricular free wall into the left ventricular chamber (D). Areas from which tumors develop are areas in
which MLC2V-Cre is expressed and therefore where VHL is excised. (E) Metastatic tumor to lung. (F) Graphic representation of the incidence
of tumors in cmVHL /" mice. (G to I) Hematoxylin and eosin-stained sections of cmVHL '~ myocardium with tumor infiltration. At a
magnification of X200, the loss of myocardial normal myocardial architecture (J) (compare with Fig. 2A) and myocardial replacement by
undifferentiated cells (G and H) are seen. (I) At a magnification of X400, variable morphologies of nuclei and cells are seen. (J) Tumor tissue
exhibits desmin staining and histological characteristics of myofibrillar structure, features consistent with rhabdomyosarcoma. (K) Normal lung
histology from control littermate. (L) Histology of metastatic tumor in lung tissue. (M to U) Cultured tumor cells from cmVHL /" hearts display
multiple morphologies (M and N), lack contact inhibition (O), form colonies in soft agarose (P), and can form myotubes (Q). These cells can also
become multinucleate and form myofibril-like structures (R), are desmin positive (S and T) (desmin staining is seen as green fluorescence), and
form tumors in immunodeficient mice when injected subcutaneously (U) (arrow depicts tumor; n = 4). Quantitative RT-PCR (V) and quantitative

PCR (W) of tumors revealed reduced VHL expression correlating with VHL gene excision.

whereby HIF-1a levels are suppressed, there are multiple ad-
ditional levels of control of HIF activity. Therefore, it re-
mained unclear that deletion of VHL in the heart would result
in chronically elevated HIF-1a activity. We assessed this using
a transcription factor ELISA to determine HIF-la-specific
HRE binding activity and found a greater-than-5.5-fold in-
crease in nuclear extracts from cmVHL ™/~ hearts (Fig. 6A).
There was no concomitant increase in HIF-1a« mRNA, consis-
tent with lost posttranslational destruction of HIF-1a in the
absence of VHL as the predominant mechanism of increased
HIF-1a activity (Fig. 6B). In conjunction with this increase in
HIF-1a binding activity there were increased mRNA levels of
multiple HIF-responsive genes (Fig. 6C). Among these were
expected elevations in metabolism, angiogenesis, and matrix-
associated genes, including the Glut-1, LDH-A, phosphoglyc-
erate kinase, VEGF-A, PDGF-B, and TGF-B1 genes. There
was also a more-than-21-fold increase in the expression of
atrial natriuretic factor peptide, a marker of heart failure.
Interestingly, fibronectin, assembly of which has been linked to
VHL via a non-HIF pathway (44), was increased (4.1 = 0.9)-
fold (P = 0.01). Real-time PCR documented an ~90% VHL

gene deletion in cardiac myocytes from cmVHL ™/~ mice and
no detectable deletion in noncardiac cells, consistent with our
previous experience generating conditional knockouts using
MLC2v-Cre mice (13, 23).

To investigate potential mechanisms whereby cardiac
dedifferentiation and malignant transformation might occur
in the absence of VHL, we analyzed the activation of the
Ras, TGF-a-EGFR, and cMET pathways. Forced expres-
sion of activated Ras in the heart has been shown to induce
cardiac hypertrophy and dysfunction (24), the TGF-a-
EGFR pathway has been implicated in the genesis of VHL-
associated renal cell carcinoma, and cMET activation has
been specifically implicated in the pathogenesis of rhabdo-
myosarcoma. Total and activated Ras protein levels were
markedly elevated in cmVHL '~ hearts (Fig. 6D). TGF-q, a
ligand for EGFR that has been implicated in tumorigenesis,
was increased (4.5 = 1)-fold at the mRNA level in cmVHL ™/~
hearts (P < 0.05), and EGFR was increased (1.61 =+ 0.3)-fold (P <
0.01). This was accompanied by EGF-R phosphorylation, a
marker of activation (Fig. 6C and D). cMET mRNA was in-
creased (1.8 = 0.3)-fold (P < 0.01) and was accompanied by
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phosphorylation of this receptor, indicative of activation
(Fig. 6C and D). Survivin, an apoptosis inhibitor that is
upregulated in a variety of human malignancies including
rhabdomyosarcoma and has been implicated as contributing
to the pathogenesis of cancer, was increased by (3.1 *
1)-fold (P < 0.05). Conversely, TSC1 and TSC2, associated
with development of nonmalignant rhabdomyoma, were un-
changed (data not shown). All of the above data were ob-
tained from the left ventricular tissue of hearts devoid of
observable tumor.

DISCUSSION

Here we show that the loss of VHL in heart muscle results
in the chronic activation of the HIF-1a hypoxia response path-
way, progressive cardiac degeneration, severe heart failure,
malignant transformation, and death. That these changes do
not occur when HIF-1a and VHL are concomitantly deleted
strongly implicates HIF-1a in the genesis of these pathologies.
These data document for the first time a crucial role for VHL
in the heart and also strongly support a conclusion that chronic
activation of the HIF pathway, such as occurs in advanced IHD
(36), is a two-edged sword that plays an important role in the
pathogenesis of progressive cardiac dysfunction. The clinical
implications of this conclusion are significant, suggesting that
modifications of the hypoxia response could prevent progres-
sive cardiac dysfunction in various clinical settings, that recur-
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rent ischemia might lead to progressive cardiac dysfunction
independent of myocardial infarction, and that recurrent isch-
emia perhaps should thus be more determinedly avoided.
More broadly, these findings raise the question of whether
adaptive hypoxia responses play a pathophysiological role in
other clinical settings in which recurrent ischemia or hypoxia
are encountered, such as sleep apnea and cerebrovascular
dementia.

Others and we have documented several crucial basal and
adaptive functions of HIF-1a in the heart (7, 23, 29). It would thus
seem inconsistent to concomitantly implicate HIF in the patho-
physiology of cardiac disease. We contend that this seeming par-
adox is a function of the chronicity and intensity of HIF pathway
activation. Short-term elevation of HIF levels in response to hyp-
oxia or ischemia drive beneficial adaptive processes such as an-
giogenesis and appropriate shifts in cell metabolism. Accordingly,
promoting a short-term increase in HIF-la levels may prove
clinically beneficial; this approach is currently being evaluated in
patients with THD and in patients with peripheral arterial disease
(15, 48). Preliminary reports from these trials have indicated that
short-term adenovirus-mediated expression of HIF-1« is safe (15,
48, 60). In our current study, cmVHL ™~ mice do well for the first
3 months of life despite elevated HIF levels. This is consistent
with our contention that the chronicity of HIF pathway activation
is a major determinant of whether HIF responses are adaptive or
pathological.
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FIG. 4. cmVHL /" hearts exhibit nonuniform hypovascularity. (A and B) Anti-PECAM immunostaining reveals a significant decrease in
average capillary counts in cmVHL /™ hearts. (C) Despite decreased average capillary counts, there was an increase in total PECAM and Flt-1
protein in cmVHL ™/~ hearts, possibly attributed to myocardial infiltration by PECAM/FIt-1-positive inflammatory cells (Fig. 2C and F). (D and
E) Casts of the coronary vasculature demonstrate regional variability and decreased macrovascular density in cmVHL /™ hearts. *, n = 5 hearts

per genotype for vessel counts; n = 4 hearts per genotype for casts.

Many of the pathological features observed for cmVHL ™/~
hearts are seen for human hearts with advanced IHD, hiber-
nating myocardium, and various cardiomyopathies (9-11, 53).
The precise mechanisms mediating all these pathological
changes in cmVHL ™/~ hearts remain unclear. We demonstrate
here that they are, however, HIF-1a dependent, and several
potential HIF-associated mechanisms are identifiable. We
demonstrate marked lipid accumulation in cmVHL ™/~ hearts
and in hearts chronically expressing an activated/stable HIF-
la, supporting an important role of HIF-1a in mediating this
phenotype. This is important, as lipid accumulation in the
myocardium has been documented in human cardiomyopathy,
and lipotoxicity has been put forth as an important mechanism
of progressive cardiac dysfunction and myocyte loss (53). HIF
is intrinsically involved in the regulation of an array of metab-
olism-related genes encoding proteins that could contribute to
lipid accumulation and lipotoxicity in the heart. Examples in-
clude the glucose transporter Glutl, the glycolytic enzymes,
and ANGPTLA4 (angiopoietin-like 4), a protein that has signif-
icant effects on lipid metabolism and alters lipoprotein lipase
activity. The HIF pathway has also been implicated in cross
talk with the AMP kinase pathway and may have effects on
mitochondrial energetics, all of which could contribute to al-
tered lipid metabolism.

The prevalence of organelles and myofibrils within double-
membrane vesicles seen on ultrastructural analysis of cmVHL ™/~
hearts is consistent with increased myocardial autophagy (55, 64),
and the reduction in mitochondria we document for these hearts
is consistent with loss via autophagy. Autophagy has been linked
to abnormal lipid metabolism, and this represents one potential
mechanism for our findings. Another potential link is BNIP3, a
member of the bcl2/adenovirus E1B-interacting protein family

that has been implicated in regulating autophagy (59). BNIP3 is
encoded by a HIF-regulated gene, and BNIP3 levels were highly
induced in cmVHL '~ and HIF-encoding-adenovirus-transduced
hearts. Another consideration is that autophagy can be in-
duced in settings in which cells are “starving” and use self-
digestion to provide nutrients and building blocks to maintain
cell viability. The mTOR (mammalian farget of rapamycin)
pathway functions in part to coordinate cellular events with
nutrient availability and has been linked to the regulation of
cellular autophagy (61). Multiple studies have documented
cross talk between the mTOR and HIF pathways (35), but
whether HIF and mTOR cooperate in the regulation of auto-
phagy is unknown. It is interesting, however, to consider that
activation of the HIF pathway promotes a cellular state in
which “starvation” occurs in the setting of nutrient abundance,
possibly via uncoupling oxidative phosphorylation and shunt-
ing of metabolism to lower-energy pathways such as glycolysis.
Multiple features shared by cmVHL ™'~ hearts and chronically
ischemic human myocardium, including myofibrillar rarefac-
tion, are, like autophagy, processes consistent with a cellular
response to either decreased nutrient/energy availability or an
inability to functionally utilize available nutrients. Rarefaction
also occurs in neurons of patients with cerebrovascular demen-
tia, and autophagy has been recently shown to be a prominent
neuropathological component of dementia (43, 63). Although
clearly beyond the objective findings of our current study, it is
compelling to consider that noninfarct degeneration in IHD
and cerebrovascular disease may share a mechanistic link in-
volving chronic activation of the HIF pathway.

The development of HIF-la gene therapy for IHD and
peripheral arterial disease is largely tied to the role of HIF in
mediating proangiogenic responses to tissue hypoxia. The vas-
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FIG. 5. Forced cardiac overexpression of HIF-1a results in myocardial lipid accumulation and failure to thrive. On day 1 postbirth, adenovirus
encoding either beta-galactosidase (Ad-B-Gal [Ad bGal]) or a stable form of HIF-1a (Ad-HIFVP16) was delivered to the hearts of neonatal mice.
(A to C) Neonatal expression of Ad-HIFVP16 in the heart resulted in significant growth retardation and increased heart weight/body weight ratios
10 days postbirth (#, P = 0.07; *, P < 0.05). WT, wild type. (D) Illustration of the general efficiency of gene delivery to the heart 10 days after
neonatal Ad-B-Gal gene delivery. (E and F) Oil red O staining reveals a marked increase in myocardial lipid content in Ad-HIFVP16 hearts
(F) versus those that received Ad-B-Gal (E). (G) Ad-HIFVP16 expression in the neonatal heart results in marked induction of HIF-responsive
genes (assessment by real-time RT-PCR; values relative to those for Ad-B-Gal hearts and normalized to 18S; onefold is baseline expression).
(H) Induction of gene expression correlates with the efficiency of gene delivery as defined by HIF-VP16 expression in the heart (basal VP16 value,
0; VP16 of 1 was the lowest level detected). ANF, atrial natriuretic factor; ET-1, endothelin 1; Bnip3, bcl2/adenovirus E1B-interacting protein 3;
Glut-1, glucose transporter 1. n = 5 per group.

cular abnormalities seen for von Hippel-Lindau syndrome are
in fact attributable to HIF-mediated angiogenesis, and HIF is
thought to play an important role in the vascularization of
tumors. Paradoxically, cnVHL /" hearts exhibit regional hy-
povascularity at both microvessel and macrovessel levels. One
possible explanation involves the myocyte loss and replace-
ment fibrosis seen for cnVHL ™/~ hearts. Fibrotic regions tend
to be less vascular than normal myocardium. Further, cardiac
myocytes are the major source of some crucial angiogenic

factors in the heart, such as VEGF, and the loss of myocytes
thus decreases the regional production of these angiogenic
factors (16). Another important consideration is that the HIF
pathway regulates the expression of both pro- and antiangio-
genic factors, and thus the relationship between HIF and an-
giogenesis is more complex than that between VEGF and
angiogenesis, for example. Illustrative of this are data we gen-
erated from mice with cardiac myocyte- and endothelium-spe-
cific deletions of VEGF and HIF-la (16, 23, 57). Cardiac
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deletion of HIF-1a resulted in only a mild reduction of vascu-
larity, whereas cardiac deletion of VEGF resulted in a more
pronounced hypovascularity and in variable levels of embry-
onic lethality. Endothelial deletion of HIF-1a resulted in no
significant basal decrease in vascularity. Thus, although
HIF-1« is intrinsically involved in linking hypoxia to an angio-
genic response, the relationship appears to be more complex
than initially thought.

One of the most surprising findings of this study is the
development of malignant cardiac tumors. Deletion of VHL in
other tissues in mice has resulted in hemangiomas but not
malignant transformation (22, 30, 39, 40, 46). Further, the
myocardium is among the most tumor-resistant mammalian
tissues. That mice with concomitant deletion of VHL and HIF
do not manifest malignant transformation of the heart estab-
lishes that this occurrence is HIF-la dependent, although
clearly other VHL-dependent HIF-1a-independent functions
may be involved. Elevated HIF levels and expression of HIF-
responsive genes have been shown for a myriad of human
malignancies, but it has remained unclear whether HIF path-
way activation contributes to the transformation process or is
only secondarily involved in the vascularization and metabolic
switching of ischemic neoplasms. Recently it was shown that
hypoxia-independent overexpression of HIF-1a precedes the
development of hepatic malignancies in mice, suggesting but
not proving HIF involvement in early carcinogenesis (56). In
another study, knockdown of HIF-2a by a small interfering
RNA approach prevented VHL-deficient renal cell carcinoma
cells from efficiently forming tumors in mice (32). This again
shows that the HIF pathway is involved in tumor growth but
does not establish a role in malignant transformation.

If the HIF pathway is indeed involved in the transformation
process, how might this occur? The cardiac tumors in cmVHL ™/~
mice exhibit features consistent with rhabdomyosarcoma. Con-
stitutive expression of hepatocyte growth factor in mice, when
combined with the loss of the cell cycle control protein pl6
(INK4a), is associated with highly penetrant occurrence of
rhabdomyosarcoma in skeletal muscle (54). The receptor for
hepatocyte growth factor is cMET, which is a HIF-responsive
gene (45). cMET mRNA is elevated in cmVHL ™/~ hearts, as
is the active phosphorylated form of this receptor, thus pro-
viding a link between HIF-1a and at least one pathway asso-
ciated with malignancy in muscle. Another link is TGF-a,
which has been shown to be VHL responsive via both HIF-
dependent and -independent pathways (21, 31). TGF-« and its
receptor, EGFR, are both expressed at higher levels in
cmVHL ™/~ hearts, and the active phosphorylated form of
EGFR is also increased. TGF-a-EGFR signaling, as an auto-
crine loop, has been implicated in the genesis of renal cell
carcinoma in human VHL syndrome (8, 21, 31). EGFR acti-
vation has also been implicated in cardiac hypertrophy and
cardiomyocyte proliferation and has been shown to play an
important role in cardiac development (2, 19, 58). Survivin, a
protein that is elevated in a wide array of malignancies and
linked to the pathophysiology of tumor progression (1), was
also markedly induced in cmVHL /" hearts.

Another mechanistic consideration relates to the abnormal
nuclear morphology exhibited in cmVHL ™/~ hearts. These
changes resemble nuclear morphology in human lamino-
pathies, including the aging syndrome Hutchinson-Gilford
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progeria, Emery-Dreifuss muscular dystrophy, and lamin A/C-
related cardiomyopathies (4). These syndromes are caused by
abnormalities in genes encoding proteins that define the nu-
clear architecture and envelope integrity, including lamins A,
B, and A/C. Recently, it was shown that primary fibroblasts
from patients with laminopathy display altered genomic orga-
nization and a higher propensity to undergo apoptosis. Fur-
ther, the incidence of malignancy in patients with laminopathy
appears to be elevated, and methylation of the lamin A gene is
associated with human leukemia and lymphoma. This raises
the question of whether a HIF- or VHL-associated alteration
in nuclear architecture could lead to altered genomic organi-
zation or other epigenetic changes that could promote cell loss
or even transformation. The answer to this question is beyond
the scope of the current study, but it is interesting that nuclear
abnormalities have been described for failing or ischemic hu-
man heart muscle and that skeletal myopathy and cardiomy-
opathy are prominent features of various laminopathies.

We show that the concomitant deletion of HIF-1a and VHL
is sufficient to prevent the tumorigenesis observed for cnVHL ™/~
mice, thus establishing that the cmVHL™/~ phenotype is
HIF-1a dependent. This does not, however, preclude the con-
tribution of a lost HIF-independent VHL function or the in-
volvement of HIF-2a and/or HIF-3«, which are also regulated
by VHL. The repertoires of genes regulated preferentially by
HIF-2a versus HIF-1a appear to be distinct, despite the ability
of each to bind the same HRE (49). Thus, in the heart, the
finding that concomitant deletion of VHL and HIF-1a abro-
gated the cmVHL ™/~ phenotype despite the continued pres-
ence of HIF-2a may be indicative of the nonredundancy of
these two HIFs in cardiac muscle. Interestingly, a HIF-la-
expressing transgenic mouse has been reported, and it does not
have the same phenotype as our cmVHL ™/~ mice (29). There
are several potential explanations for this, including the re-
quirement for concomitant contributions of HIF-2a or the loss
of an additional VHL function. Most likely, however, is that
simple transgenic overexpression of wild-type HIF-1a, as was
done in that study, is not sufficient to overcome the normal
VHL-dependent posttranslational degradation that naturally
suppresses HIF levels during normoxia. Indeed, the aforemen-
tioned transgenic mice do not demonstrate increased HIF-1a
protein levels in normoxic myocardium, although HIF-la
mRNA is increased. These mice do demonstrate increases in
HIF-1a abundance above wild-type levels in response to in-
duced ischemia and infarction, consistent with stabilization of
HIF against posttranslational degradation during hypoxia.

Although our phenotype is definitively HIF-1a dependent, it
clearly is possible that the loss of VHL causes HIF-indepen-
dent events that are also essential to the development of the
phenotype. While the best-characterized function of VHL is as
the E3 ubiquitin ligase responsible for posttranslational reduc-
tion of HIF-1a, -2, and -3« levels during normoxia (25-27, 37,
47, 50, 62), VHL does have additional documented functions
and may have additional functions as yet unknown. VHL has
been purported to play HIF-independent roles in regulating
the fibronectin, cyclin D1, and RNA polymerase II genes and
a variety of other genes that could contribute to the pathobi-
ology of VHL-deficient clinical syndrome (3, 28). Irrespective
of whether or not the cmVHL ™/~ cardiac phenotype involves
HIF-independent as well as HIF-dependent VHL functions,
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the fact that a single gene deletion in the most mitotically
quiescent mammalian cell type could result in malignant trans-
formation is intriguing, and further study may provide unique
insights into the biology of malignant transformation. As the
biology of VHL becomes better understood, the identity of
additional VHL-associated pathways relevant to cardiovascu-
lar biology may be uncovered. At present, however, our find-
ings strongly support two conclusions: VHL is required for
maintenance of cardiac structure and function, and regulation
of HIF-1a is central to this role of VHL.
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