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An increase in cellular VEGF expression is one of the main
consequences of hypoxia-induced inhibition of HIF-1 � degra-
dation. Therefore, we studied VEGF gene expression in
ECVÐPR39 cells as well as in ECV304 cells exposed to the syn-
thetic PR39 peptide. In both, there was a considerable increase
in VEGFmRNA as well as a substantial increase in expression of
the VEGF-dependent gene NOS3 (also known as NOS3) (Fig.
2c). To further study the effect of PR39 exposure on endothelial
cells, we determined VEGF expression in bovine aortic en-
dothelial cells after exposure to PR39. Northern blot analysis
demonstrated a dose-dependent increase in VEGF expression
that was maximal at 3 � M PR39 (Fig. 2d). There was also a simi-
larly dose-dependent increase in FGF receptor 1 ( FGFR1) gene
expression (Fig. 2 d).

Despite the PR39-mediated increase in HIF-1 � protein levels
and HIF-1 � -mediated biological activity, as shown by its nu-
clear localization and increase in VEGFmRNA levels, PR39 may
induce VEGF by some other, non-HIF-1 � -dependent mecha-
nism. To address this directly, we measured VEGF mRNA levels
after PR39 treatment of embryonic stem cells with homozy-
gous deletion of the HIF-1� gene (HIF-1� Ð/Ð) and compared this
with the effect of PR39 treatment on normal embryonic stem
cells. Although the peptide was able to increase VEGF mRNA
expression in wild-type embryonic stem cells, there were no
changes in VEGF levels in HIF-1� Ð/Ðcells (Fig. 2e)

The cellular levels of HIF-1 � are determined mainly by the
rate of ubiquitinÐproteasome-dependent degradation 15Ð17. To de-
termine whether PR39 increased cellular HIF-1 � levels by in-
hibiting this pathway, we assessed the accumulation of
ubiquitinated forms of HIF-1 � in the presence and absence of
PR39 treatment. For this, we generated a stable ECV cell line ex-
pressing a hemagglutinin (HA)-tagged ubiquitin cDNA con-
struct. We then assessed the accumulation of ubiquitinated
forms HIF-1 � by immunoprecipitation with an antibody against

HIF-1� , followed by western blot analysis with an antibody
against HA. Exposure of ECV304 cells to 10 � M PR39 for 45 min-
utes resulted in a substantial accumulation of ubiquitinated
HIF-1� forms, indicating inhibition of their degradation by the
peptide (Fig. 2 f). At the same time, PR39 treatment had no effect
on HIF-1� mRNA levels (data not shown).

PR39 induces coronary angiogenesis in mice
The PR39 expression construct used to generate the ECVÐPR39
cell line has a leader sequence that should result in secretion of
the prepropeptide form of prepro-PR39. To confirm this and to
demonstrate the generation of the mature PR39 peptide, we used
cell media conditioned either by wild-type ECV cells or
ECVÐPR39 clones for immunoprecipitation with the antibody
against PR39. We detected the mature form of PR39 peptide in
the media conditioned by ECVÐPR39 cells but not by wild-type
ECV cells (Fig. 3a).

To assess the effect of PR39 expression on tissue vasculariza-
tion, we generated transgenic mice lines with full-length porcine
PR39 cDNA under control of the � -myosin heavy chain (MHC)
promoter 18 (� MHCÐPR39). Northern blot analysis of four inde-
pendent mouse lines generated with the � MHCÐPR39 transgene
demonstrated the presence of transgenic PR39 message only in
the myocardium (not shown). Morphometric analysis showed a
significant increase in the number of CD-31-stained vascular
structures in � MHCÐPR39 mice compared with that in age-
matched controls (Fig. 3 b and c). Immunoblotting with an anti-
body against CD-31 confirmed the increase in the endothelial
cell mass (Fig. 3d). Western analysis of myocardial samples
demonstrated increased expression of not only HIF-1 � , VEGF
and FLT1 but also KDR, NOS3 (formerly known as flk-1), FGFR1
and NOS3 in � MHCÐPR39 mice (Fig. 3e). In contrast, there was
no change in the expression of FGF2, HSP70, HSPA1A, NFKBIA
(formerly known as I � B� ) or troponin T. PR39 expression did not

significantly affect heart weight (PR39, 0.2 � 0.05 g;
wild-type, 0.18 � 0.03 g; P = not significant) or the ratio
of heart weight to body weight (PR39, 0.007 � 0.003;
wild-type, 0.009 � 0.002; P = not significant). Light and
electron microscopy of myocardial tissues of
� MHCÐPR39 mice failed to show any morphological or
ultrastructural abnormalities (not shown).

To further explore the changes in vascularity sec-
ondary to PR39 gene expression, we crossed
� MHCÐPR39 mice with a transgenic line containing
the lacZ gene under control of the von Willebrand fac-
tor (vWF) 2 promoter 19 (vWF2ÐlacZ). We confirmed the
presence of double-positive (PR39 and lacZ) gene ex-
pression in two different � MHCÐPR39+/vWF2ÐlacZ
strains by northern blot analysis for PR39 expression
and � -galactosidase staining for lacZ expression. There
was much more � -galactosidase staining of myocardial
tissues of � MHCÐPR39+/vWF2ÐlacZ+ mice than of
� MHCÐPR39Ð/vWF2ÐlacZ+ control mice (Fig. 4 a and b).

To confirm that this increase in lacZ expression was
secondary to an increase in the number of cells express-
ing vWF2ÐlacZ and not due to a direct effect of PR39 on
the vWF promoter, we assayed vWF levels in wild-type
ECV cells as well as PR39-transfected clones. RTÐPCR
analysis failed to show any difference in endogenous
vWF levels (Fig. 4 c). We further confirmed the lack 
of direct PR39 interaction with the vWF2 promoter 
by in vitro transfection assays using vWF2Ð

Fig. 1 Matrigel assays. a, In vitro assay. ECV cells were seeded on growth factor-
depleted Matrigel in the absence of serum and in the presence of either 5 � g/ml PR39
or vehicle (control), and were photographed after 6 and 18 h. There is a much faster
onset of ring and cord formation in PR39-treated cells than in control cells. Original
magnification, � 260. b and c, In vivo assay. b, Sections from control and PR39- and
FGF2-impregnated Matrigel pellets. c, Quantitative analysis of the assay (mean � s.d.):
*, P < 0.05 compared with control; P = not significant, FGF-2 compared with PR39.
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luciferase constructs (Fig. 4 d). Thus, the increased expression of
lacZ activity in � MHCÐPR39+/vWF2ÐlacZ+ mice is secondary to
an increase in the number of cells expressing vWF2ÐlacZ.

To show that PR39-induced angiogenesis leads to a function-
ally important increase in coronary vasculature, we studied coro-
nary resistance in a Langendorff preparation of hearts from
� MHCÐPR39 and wild-type mice. Analysis of pressureÐflow rela-
tions (Fig. 5 a) showed substantially higher myocardial blood
flow for each level of perfusion pressure in � MHCÐPR39 mouse
hearts, indicating that these mice either had more vessels or the
same number of vessels with lower coronary resistance. We di-
rectly assessed the latter in microvascular preparations from
� MHCÐPR39 and wild-type mice; these showed no difference in
baseline diameter (control, 146.5 � 8.9 � m; � MHCÐPR39, 153.5 �
5.4 � m; P = not significant) or response to endothelium-depen-
dent or smooth muscle relaxants (Fig. 5 b). In addition, nitric
oxide (NO) release from hearts did not differ significantly be-
tween control mice (104.2 � 8.5 nM) and � MHCÐPR39 mice

(111.6 � 7.0 nM)( P = not significant).
We explored the utility of short-term treatment with PR39 pep-

tide in a mouse infarct model of angiogenesis. In these experi-
ments, after ligation of anterior descending coronary artery, mice
were randomly assigned to groups receiving intraperitoneal im-
plantation of an infusion pump delivering 1 � g/day PR39 or vehi-
cle control. Examination of the hearts 7 days later showed a
significant increase in vascularity along the infarct border zone in
PR39-treated mice compared with that of control mice (Fig. 6).

Discussion
The main finding of this study was the ability of PR39 to induce
functionally important angiogenesis in cell culture and in mice.
We propose that the mechanism of this effect is the PR39-depen-
dent inhibition of HIF-1 � degradation by the ubiquitinÐprotea-
some pathway. Several lines of evidence support this. Stable
expression of PR39 cDNA, treatment of endothelial cell culture
with the synthesized peptide or transgenic expression of PR39 

Fig. 2 PR39 induces HIF-1� and HIF-1� -dependent gene expression. 
a, HIF-1� protein levels in ECV cells cultured in normoxic (ECV) or hypoxic
conditions (ECV Hypoxia) or stably transfected with the PR39 expression
construct (ECVÐPR39). Proteins immunoprecipitated with an antibody
against HIF-1� were assessed by western blot analysis with an antibody
against HIF-1� . There is increased HIF-1� expression in hypoxic ECV and
PR39-transfected cells. b, Confocal immunofluorescent analysis of the cel-
lular HIF-1� distribution in HUVE cells. Exposure of HUVE cells cultured in
normoxic conditions (left) to hypoxia (middle) induces rapid translocation
of HIF-1� protein to the nucleus. A similar increase in HIF-1� immunofluo-
rescence and its nuclear localization occurs after HUVE cells cultured in
normoxic conditions are treated with PR39 (right). c, Western blot analysis
of VEGF (top) and NOS3 (eNOS; bottom) in ECV cells cultured for 24 h in
the absence (Ð) or presence (+) of 1 � M PR39, or in the ECVÐPR39 cell line.

d, Northern blot analysis of VEGF and FGFR1 levels in PR39-treated bovine
aortic endothelial cells, showing a dose-dependent response. e, PR39-me-
diated induction of VEGF expression is HIF-1� -mediated. Northern blot
analysis of VEGF levels with (PR39) and without (Control) PR39 exposure of
HIF-1� +/+ or HIF-1� Ð/Ð cells. There is increased VEGF expression only in HIF-
1� +/+ cells. f, PR39-induced accumulation of ubiquitinated HIF-1� forms.
ECV cells stably transfected with HAÐubiquitin construct were cultured in
the absence (Ð) or the presence (+) of 1 � M PR39; cell lysates immunopre-
cipitated with antibody against HIF-1 � were assessed by western blot
analysis with antibody against HA. There is an increased presence of
tagged HIF-1� forms in the PR39-treated cells. Far right lane, western blot
analysis with antibody against HA in the absence of antibody against HIF-
1� does not produce any detectable bands. Left margins (a, c and f), mol-
ecular size markers.

a b

d

e fc



Fig. 4 PR39 induction of angiogenesis in lacZ transgenic mice. a and 
b, X-gal staining of whole-mount hearts ( a)and heart cross-sections (b) from
� MHCÐPR39/vWF2ÐlacZ mice and age-matched vWF2ÐlacZ control 
mice. Although there are patches of unstained tissues in the vWF2ÐlacZ 
mouse, essentially all endothelial cells are lacZ-positive in the
� MHCÐPR39/vWF2ÐlacZ mouse. c, RTÐPCR of ECV and ECVÐPR39 ECV cells,
to assess the effect of PR39 expression on endogenous vWF mRNA expres-
sion, showing there is no difference in vWF message levels. d, A vWF2Ðlu-
ciferase construct was stably transfected into ECV cells; analysis of ÔpooledÕ
clones fails to show any effect of PR39 administration on vWF2 promoter ac-
tivity in low-serum (0%) or high-serum (10%) environments.
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in mice hearts all led to increased HIF-1 � protein levels.
Furthermore, PR39 seemed to increase cellular HIF-1 � protein lev-
els by inhibiting its degradation by the ubiquitinÐproteasome sys-
tem, as indicated by accumulation of ubiquitinated forms of
HIF-1� in cells after exposure to PR39.

The precise mechanism of this effect, however, remains un-
clear. Many proteasome inhibitors can increase HIF-1 � levels by
inhibiting proteasome-mediated degradation. However, these
compounds are generally toxic, and treatment with them leads
to broad alterations in cellular protein expression 20. In particu-
lar, treatment with the prototypical proteasome inhibitors
MG132 and lactacystin leads to a rapid induction of heat shock
protein genes, including the gene for HSP70, and cell death 21Ð23.
In contrast, prolonged PR39 exposure, stable expression in cell
culture or transgenic expression in mice produced neither appre-
ciable toxicity and nor induction of HSP70 expression.

A study using the proteasome inhibitor LLnL has indicated
that inhibition of HIF-1 � degradation may not be sufficient to

result in activation of HIF-1 � -dependent gene expression, as
ubiquitinated but undegraded HIF-1 � is not transported to the
nucleus 17. For PR39, immunofluorescence studies demonstrated
nuclear accumulation of HIF-1 � in treated cells. Furthermore, ex-
posure to the peptide led to increased expression of VEGF, a
main target of HIF-1 � transcriptional activity, both in cell cul-
ture and in mice. Finally, PR39 was not able to increase VEGFex-
pression in HIF-1� Ð/Ð cells, indicating not only that HIF-1 � is
active in PR39-treated cells but also that the HIF-1 � mechanism
is the main mechanism of PR39-induced VEGFexpression.

In addition to the expected increase in VEGFexpression, there
was also increased expression of several other genes involved in
angiogenic response, including VEGF receptors KDR and FLT1,
and FGFR1and NOS3. Like VEGF expression, FLT1 expression is
HIF-1� -dependent 14 whereas increased KDR and NOS3 expres-
sion is likely directly attributable to higher VEGF levels 24Ð26. Still,
the mechanism of increased FGFR1expression is not clear at pre-
sent. HIF-1 � has not been previously reported to regulate FGFR1
expression, and examination of FGR1promoter sequences failed
to demonstrate the presence of an HIF-1 � binding site.

Extensive neovascularization in the � MHCÐPR39 transgenic
mice seemed to contribute to overall coronary circulation, as in-
dicated by the lower coronary resistance for every level of perfu-
sion pressure tested. Although this lower resistance may have
been the consequence of increased myocardial NOS3 levels in
the mice, the lack of difference between the transgenic mice and
the aged-matched wild-type control mice in the release of NO
from the hearts as measured in the Langendorff preparation, and

Fig. 3 Angiogenesis in � MHCÐPR39 mice. a, Media
conditioned by ECV cells expressing full-length PR39
(ECVÐPR39) or wild-type ECV cells was filtered, concen-
trated, the gene for HSP70 and assessed by western
blot analysis with antibody against PR39. Far right lane,
synthetic PR39 (control). b, Myocardial sections from
control and � MHCÐPR39 mice, stained with antibody
against CD31. There are more vascular structures in the
� MHCÐPR39 section. c, Quantitative morphometric
analyses of microvessels in � MHCÐPR39 mice (right)
and control mice (left); *, P < 0.001, compared with
control. d, Western blot analysis of myocardial tissue
from � MHCÐPR39 (right) and control (left) mice, using
antibody against CD-31. Left margin, molecular size
markers. e, Western blot analysis of expression of
growth factors and growth factor receptors as well as
proteasome-dependent proteins HIF-1� and HSP70 in
� MHCÐPR39 and control mice. Troponin T demon-
strates equal loading of samples. GDB designations: flt-
1, FLT1; flk-1, KDR; I-� B, NFKBIA; eNOS, NOS3.

d

e

a

b

vWFZÐlacZ � MHCÐPR39/vWF2ÐlacZ

� ÐMHCÐPR39/vWF2ÐlacZ

c

d

a

b

vWFZÐlacZ

c



ARTICLES 

in the diameter of the resistance vessels removed for microvascu-
lar studies, as well as similar responses to endothelium-depen-
dent vasodilator sodium nitroprusside, limits the likelihood of
that possibility.

PR39-induced neovascularization was not limited to stable or
transgenic expression, and occured after a fairly short period of
exposure. This was demonstrated both by the rapid Ôvessel-likeÕ
structure formation in cell culture studies and by the augmenta-
tion of peri-infarct angiogenesis in mice subjected to intraperi-
toneal PR39 infusions.

So far, efforts to stimulate angiogenic response have been lim-
ited to the introduction of exogenous growth factors such as
FGFs or VEGFs by means of protein delivery or gene therapy 1.
Our report indicates the possibility of stimulating the same re-
sponse by controlling the degradation of HIF-1 � , an essential an-
giogenic Ômaster geneÕ switch. The therapeutic utility of
unmodified HIF-1 � itself, however, is limited, given its exquisite
sensitive to proteasome degradation, as even high HIF-1� mRNA
levels are not likely to result in a substantial increase in HIF-1 �
protein levels in the absence of ischemia or hypoxia 15,16. The ap-
plication of PR39 and related peptides, however, may overcome

this handicap.
In conclusion, transgenic expression of PR39 results in func-

tionally important angiogenesis in the myocardium. The peptide
and its analogs may prove to be effective agents for induction of
therapeutic angiogenesis.

Methods
Generation of transgenic mice lines . Full-length porcine PR39 cDNA was
linked to the 3 � end of mouse � -myosin heavy chain promoter (a gift from J.
Robbins, University of Cincinnati, Ohio) and the 5 � end of the human
growth hormone polyadenylation signal sequence in the pBluescript SK(+)
plasmid. The construct was then microinjected into fertilized mouse eggs.
PCR analysis of genomic DNA from mouse tail tissue used the forward
primer 5 �ÐCGGGATCCCGAGTGTCAGGAGACGTCCCCGACCÐ3� (corre-
sponding to the PR39 exon 4 sequence) and the reverse primer 5�ÐGC-
CAAGGTGGGTAGATCACCTGAGATTAGGÐ3� (corresponding to the 5 � end
sequence of human growth hormone). Six independent transgenic lines
were established and studied in subsequent experiments. Four independent
lines of � MHCÐPR39 transgenic mice were bred with homozygous vWF-
2ÐLacZ mice19. Mice with both PR39 and lacZ expression were used for sub-
sequent studies of myocardial vascularity. PR39Ð/vWF2ÐlacZ+ transgenic
mice were used as controls for these experiments.

Immunohistochemistry and western blot analysis . For studies of my-
ocardial neovascularization, the entire myocardial cross-section was Ôsnap-
frozenÕ in liquid nitrogen and fixed in cold acetone. The
immunocytochemistry was done as described8 using antibody against
CD31 (Santa Cruz Biotech, Santa Cruz, California). The extent of neovas-
cularization was determined by counting the number of capillaries (less
than 10 � m in diameter) and arterioles (20Ð100 � m in diameter) in 10 ran-
domly chosen, non-overlapping high-power fields. For western blot analy-
sis, total protein extracts from freshly frozen myocardial section were
separated by SDSÐPAGE, transferred to a nylon membrane and probed
with antibodies against HSP70, troponin T, VEGF, KDR, FLT1, eNOS
(NOS3) and FGFR1 (Santa Cruz Biotechnology, Santa Cruz, California) and
HIF-1� (NeoMarkers, Union City, California).

Cell culture and expression constructs . Immortalized ECV304 cells
(American Type Culture Collection, Rockville, Maryland), primary HUVE
cells (Clonetics, San Diego, California) and bovine aortic endothelial cells
were cultured at 37 oC in 5% CO2 in DulbeccoÕs modified EagleÕs
medium (DMEM; Life Technologies) supplemented with heat-inactivated
10% fetal bovine serum (FBS; Life Technologies), 2 mM glutamine, 100
u/ml penicillin and 100 � g/ml streptomycin. Full-length cDNA of porcine
PR39 or cDNA corresponding to the fourth exon of the porcine gene
were cloned into the pGRE-5 expression vector (Promega), and multiple
clonal ECV lines stably expressing PR39 were generated as described27.
PR39 expression was verified using northern and western blot analysis.

Fig. 5 Physiologic evaluation of PR39-induced angiogenesis a,
PressureÐflow relationship in Langendorff preparations of hearts from
� MHCÐPR39 mice (�) and age-matched control mice ( �). A shift to the
right indicates lower resistance in � MHCÐPR39 mice. b, Analysis of mi-

crovessels from � MHCÐPR39 mice (�) and control mice ( �), showing
similar vessel reactivity to the endothelium-dependent vasodilator
A23187 (left) and the smooth muscle relaxant sodium nitroprusside
(SNP; right).
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Fig. 6 Effect of PR39 administration in the setting of acute myocardial
ischemia. C57Bl/6 mice subjected to coronary artery ligation underwent
intraperitoneal infusion of vehicle (PBS) or 60 � g/kg PR39 per day for 7
days. a, CD-31 immunocytochemistry of sections from myocardial infarc-
tion border zone from control or PR39-perfused mice (boxed areas (left),
enlarged at right). There are more vessels in the PR39-perfused mouse
section. b, Quantitative analysis of infarct border vascularity. *, P < 0.05.
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The ECV cells used here have recently been demonstrated to be of mixed
origin. However, these cells express several endothelial cell markers, in-
cluding vWF and FLT1, form ÔvascularÕ structures in Matrigel assays28 and
respond to endostatin treatment with dose-dependent inhibition of mi-
gration 29.

HIF-1� Ð/Ð(ref. 12) and normal mouse embryonic stem cells were cultured
on gelatin-coated culture dishes in high-glucose, 10% FCS DMEM supple-
mented with 0.1 mM � -mercaptoethanol and 1,000 U/ml leukemia in-
hibitory factor (ESGRO; Life Technologies).

The effect of PR39 treatment on gene expression in bovine aortic en-
dothelial cells and embryonic stem cells was assessed by northern blot
analysis using random-primed mouse cDNA probes 24 h after peptide
treatment.

PR39 immunoprecipitation . To demonstrate the presence of secreted
PR39 peptide, 10 ml media conditioned by incubation with ECVÐPR39,
ECV-E4 or ECV cells for 24 h in the absence of serum was centrifuged 
for 2 h at 2,500 g in a Centriprep 10 column (Millipore, Bedford,
Massachusetts). The filtrate was then centrifuged for 2 h 4,500g in a
Centriprep 3 column. The material retained on the filter that contained
proteins with a molecular weight in the range of 3Ð10 kDa was collected
and concentrated for 2 h at 4,000 g using a Centricon column (Millipore,
Bedford, Massachusetts).

PR39 immunoprecipitation from the concentrate was accomplished
with a polyclonal antibody against PR39 generated by the immunization
of rabbits with a synthetic PR39 peptide. The resultant immune serum
was then affinity-purified with a PR39 column, and the antibody speci-
ficity was demonstrated using blots of porcine and mouse tissues. In all
cases, the antibody recognized a 4.7-kDa band that was fully blocked by
the addition of the PR39 peptide. Immunoprecipitation was done in a
standard manner using 40 � g antibody against PR39. The immunopre-
cipitated material was then separated by SDSÐPAGE (15% gel), trans-
ferred to an Immobilon-P SQ membrane and visualized by western blot
analysis.

Hypoxia and immunofluorescence analysis . HUVE cells were grown on
coverslips in either normoxic or hypoxic (1% O 2 and 5% CO2; 37¡C) envi-
ronments for 16 h; 5 � g/ml PR39 was then added to the medium. Then, 6
h later, the coverslips were fixed in 4% paraformaldehyde, washed, and
blocked with 3% filtered, nonfat milk. The slides were then incubated with
antibody against HIF-1� (1:100 dilution; NeoMarkers, Union City,
California); biotinylated goat antibody against mouse IgG (1:200 dilution;
Vector Laboratories, Burlingame, California) followed by streptavidin Texas
Red (1:200 dilution; Amersham) was used to visualize the cells. The slides
were then viewed and photographed using confocal microscope (BioRad,
Hercules, California).

Matrigel angiogenesis assays . For in vitro assays, ECV304 cells maintained
in 10% FBS in DMEM medium were treated with 5 � g/ml PR39. Then, 16 h
later, the medium was aspirated and the cells were washed twice with
phosphate-buffered saline (PBS), trypsinized and plated in wells coated
with growth factor-depleted Matrigel ª (Becton Dickinson, Bedford,
Massachusetts)(ref. 28) in 0.5% FBS in M199 supplemented with 5 � g/ml
PR39 or buffer. At 6 and 18 h later, the plates were photographed, and the
extent of tube formation was qualitatively assessed.

To assess the angiogenic efficacy of in vivo, C57/BL6 mice were anes-
thetized with 100 mg/kg ketamine (intraperitoneal injection). Matrigel
(Becton Dickinson, Bedford, Massachusetts) was mixed with 20 U/ml he-
parin (Elkins Sinn, Cherry Hill, New Jersey) and either 300 ng/ml bovine
rFGF2 (n = 14; Chiron, Sunnyvale, California), 5 � g/ml PR39 (n = 11) or
PBS (n = 13). Matrigel mixture (0.5 ml) was injected subcutaneously in the
abdominal midline using sterile conditions as described30. Then, 14 d later,
the pellets were collected with a piece of underlying abdominal wall, fixed
with paraformaldehyde for 2 h and processed for paraffin embedding.
Thin sections (5 � m in thickness) were cut and stained with hematoxylin
and eosin or immunostained with an antibody against CD31. Images of
sections at � 40 magnification acquired with a high-resolution digital color
camera were analyzed using automated image analysis software (Optimas
6.0). Ten random high-power fields were analyzed, and the results were
totaled for each animal. Data are shown as mean � s.e.m.

LacZ staining . To detect LacZ activity in � MHCÐPR39/vWFÐLacZ mice,
whole-heart mounts or thin sections (10 � m in thickness) were stained with
X-gal (5-bromo-4-chloro-3-indolyl � -D-galactopyranoside; Boehringer
Mannheim) according to a published method 19. For whole-heart staining,
mice were perfused by 2% paraformaldehyde, followed by staining
overnight at 30 ¡C with X-gal staining solution (5 mM potassium ferri-
cyanide, 5 mM potassium ferrocyanide 2 mM MgCl2, 0.002% Nonidet P-
40, 0.01% SDS and 1 mg/ml X-gal). For thin section staining, the hearts
were incubated in 30% sucrose after paraformaldehyde perfusion, and then
embedded and frozen in OCT compound. Sections 10 � m in thickness were
cut and stained for 4Ð24 h at 30 ¡C in X-gal staining solution as described
above, and then counterstained with eosin.

Analysis of vWF gene expression . ECV cells stably expressing vWF2Ðlu-
ciferase (vWF2ÐLuc) were generated by electroporation with 20 � g of the
vWF2ÐLuc construct linearized with SalI and the PGKÐneo vector linearized
with DraI, in a 1:10 molar ratio 31, followed by selection in G418-containing
medium. A ÔpoolÕ of approximately 40 clones was used for subsequent
studies.

To analyze the effect of PR39 administration on vWF gene expression,
ECVÐvWF2ÐLuc cells were treated with 5 � g/ml PR39 for 16 h. At that time,
the cells were collected for luciferase activity determination according to
the manufacturerÕs instructions (Promega), and light activity was measured
in triplicate with a luminometer (Lumat LB 9507; Wallac, Gaithersberg,
Maryland).

RTÐPCR analysis of VWF gene expression in ECV cells was accomplished
with primer sets specific for the human VWF gene (sense, 5�ÐTCCCATAT-
CACTCTGCTCCTGACTGCTÐ3Õ; antisense, 5�ÐGGGAAGTGTCTCAAAGTCC-
CGGATGAAÐ3Õ).

HIF-1� ubiquitination studies . ECV304 cells were stably transfected with
an HA-tagged ubiquitin plasmid MT123 (a gift from G. Walz, Beth Israel
Deaconess Medical Center, Boston, Massachusetts). The clone with the
most expression of HAÐubiquitin was treated for 45 min with 10 � M PR39.
Then, the cells were washed and lysed, and HIF-1� was immunoprecipi-
tated. The immunoprecipitated material was separated by SDSÐPAGE and
transferred to a membrane, and the HAÐubiquitinated HIF-1� was visual-
ized by western blot analysis with an antibody against HA (Santa Cruz
Biotechnology, Santa Cruz, California).

Mouse infarct model . Male adult mice (20Ð25 g in body weight) were
anesthetized with 0.5 ml 2.5% Avertin (intraperitoneal injection), incubated
and ventilated with a Harvard mouse respirator. In sterile conditions, a left
lateral thoracotomy was done and the left coronary artery was ligated with
a 8-0 Prolene suture as described8. Immediately after the infarction, an Alzet
pump 1002 (Alza, Palo Alto, California) to deliver either PBS (n = 8) or 60
� g/kg PR39 per day (n = 8) was inserted into the peritoneal cavity. Then, 7 d
later, the mice were killed and their hearts were rapidly extracted and sec-
tioned from apex to base along a horizontal plane. Sections containing peri-
infarct and normal areas were fixed with 4% paraformaldehyde for 2 h,
then frozen and cut into sections 4 � m in thickness. Sections were stained
with a goat polyclonal antibody against CD31 (Santa Cruz Biotechnology,
Santa Cruz, California) and a biotinylated rabbit secondary antibody against
goat (Vector Laboratories, Burlingame, California), followed by streptavidin
Texas red. The number of vessels in peri-infarct areas was determined by
two different investigators ÔblindedÕ to specimen identity, using automated
image analysis software (Optimas 6.0). Ten high-power fields per sample
were analyzed, and the results were totaled for each animal. Data are shown
as mean � s.e.m.

Isolated heart preparation . For studies of the myocardial pressureÐflow re-
lationship, freshly excised hearts from PR39 transgenic (n = 6) or age- and
strain-matched wild-type mice ( n = 6) were mounted on a Langendorff per-
fusion apparatus as described32. For studies of the coronary flowÐpressure re-
lationship, a constant-flow precision metering pump (Eldex Laboratories,
Napa, California) was used to control flow rate in a stepwise manner, from
2.5 ml/min to 5.0 ml/min. ÔDownstreamÕ from the pump, perfusate was
passed through a differential pressure flow meter (Cole-Parmer Instruments,
Chicago, Illinois) to precisely monitor coronary flow through a Statham P23b
transducer (Gould Instruments, Cleveland, Ohio) connected to sidearm im-
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mediately proximal to the cannula to which the heart was attached.
NO concentration in the coronary effluent was measured using an am-

perometric sensor (ISO-NO; World Precision Instrument, Sarasota, Florida)
as described33. After 20 min of perfusion to stabilize the preparation, the
electrode was positioned in the effluent to measure the amount of NO re-
leased from the coronary sinus. Electrodes were calibrated before each
experiment with NO generated from the reaction of � S-Nitroso-N-
acetylpenicillamine (Sigma) with cupric sulfate (Sigma) and acidic solution.

Microvascular studies . Microarterial vessels were dissected from the left
anterior descending coronary arteries of mouse hearts (� MHCÐPR39 mice,
n = 6;age/strain matched control mice, n = 6) with a 10Ð60X dissecting mi-
croscope. These were placed in an organ chamber, cannulated, pressur-
ized, and visualized using a video camera as described34. After equilibration,
microvessels were preconstricted by 20Ð40% of the baseline diameter with
the thromboxane A2 analog U46619. Sodium nitroprusside or A23187
were applied extraluminally, the vessel response was measured over time.
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