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Hypoxia-inducible factor-1� (HIF-1�) transactivates genes required for energy metabolism and tissue perfusion
and is necessary for embryonic development and tumor explant growth. HIF-1� is overexpressed during
carcinogenesis, myocardial infarction, and wound healing; however, the biological consequences of HIF-1�
overexpression are unknown. Here, transgenic mice expressing constitutively active HIF-1� in epidermis
displayed a 66% increase in dermal capillaries, a 13-fold elevation of total vascular endothelial growth factor
(VEGF) expression, and a six- to ninefold induction of each VEGF isoform. Despite marked induction of
hypervascularity, HIF-1� did not induce edema, inflammation, or vascular leakage, phenotypes developing in
transgenic mice overexpressing VEGF cDNA in skin. Remarkably, blood vessel leakage resistance induced by
HIF-1� overexpression was not caused by up-regulation of angiopoietin-1 or angiopoietin-2. Hypervascularity
induced by HIF-1� could improve therapy of tissue ischemia.
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Adaptation and survival in hypoxia hinge on the ability
of cells to sense low oxygen concentration (Wenger 2000)
and concomitantly increase expression of transcription
factors that up-regulate multiple target genes (Semenza
1999, 2000). Hypoxia-inducible factor-1 (HIF-1) transac-
tivates genes encoding several glucose transporters and
glycolytic enzymes, as well as genes increasing tissue
perfusion such as vascular endothelial growth factor
(VEGF), inducible nitric oxide synthase (iNOS), and
erythropoietin (Semenza 1999). HIF-1 is a heterodimeric
molecule composed of a labile � subunit (HIF-1�) and a
constitutive � subunit (HIF-1�/ARNT aryl hydrocarbon
nuclear transporter). In normoxia, HIF-1� protein is rap-
idly degraded via ubiquitination and proteasomal diges-
tion. HIF-1� degradation is mediated by a 200-amino-
acid oxygen-dependent degradation domain (ODD;
Huang et al. 1998). Cells transfected with cDNA encod-
ing HIF-1� in which the ODD is deleted (HIF-1��ODD)
show constitutively active HIF-1� protein regardless of
oxygen tension (Huang et al. 1998).
HIF-1� is required for both embryonic development

and growth of tumor explants (Iyer et al. 1998; Ryan et al.

1998), which underscores a central role of this molecule
in the hypoxic response in vivo. In adult animals HIF-1�
is overexpressed in epithelial cancers and high-grade pre-
malignant lesions (Zhong et al. 1998), ischemic cardiac
muscle (Lee et al. 2000b), and healing wounds (Elson et
al. 2000). As regulation of each of these conditions is
complex, it is difficult to determine the mechanism by
which HIF-1� overexpression contributes to their patho-
physiology. To dissect the function of HIF-1� overex-
pression as a single molecular perturbation in vivo, we
created transgenic mice overexpressing HIF-1� in basal
keratinocytes of skin and squamous epithelium (Arbeit
1996), using cDNAs encoding either wild-type HIF-1� or
the constitutively active mutant HIF-1��ODD (Huang
et al. 1998). We found that mice expressing HIF-
1��ODD developed a microvasculature with biology
distinct from that previously described for either VEGF
or angiopoietin-1 and -2.

Results

Copy number, transgene expression analysis, and
identification of visible skin phenotype in HIF-1�
transgenic mice

Wild-type human HIF-1� or HIF-1��ODD cDNA
(Huang et al. 1998) was cloned into the SmaI site of a
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keratin-14 expression vector (Fig. 1a) to guarantee that at
least one form of the transgene would escape ubiquiti-
nation and protein degradation and be available to test
gain of function. Microinjection into embryos of the
FVB/n in-bred strain produced eight K14–HIF-1� and five
K14-HIF-1��ODD transgenic founder mice confirmed
by PCR of tail DNA. Transgene copy number ranged
from 2 to 20 in heterozygous founder mice (data not
shown), and all subsequent work was performed in het-
erozygous transgenic mice and nontransgenic controls.
RT–PCR analysis of total RNA from ear skin showed
transgene expression in six HIF-1� and all five HIF-
1��ODD transgenic founders (data not shown). In situ

hybridization revealed that transgene mRNA was appro-
priately targeted to basal keratinocytes of the interfol-
licular epidermis as well as the hair follicle outer root
sheath, and confirmed that transgene expression was
similar in mice containing either wild-type or HIF-
1��ODD cDNA (Fig. 1d). Endogenous murine HIF-1�
was undetectable in nontransgenic skin (Elson et al.
2000). By 1–2 mo of age, all five K14-HIF-1��ODD trans-
genic founders developed a distinctive skin phenotype
consisting of prominent reddening and vasculature of
unfurred skin, including the ears (Fig. 1b, right panel),
paws, and tails. In addition, the coat of truncal skin was
roughened and uneven (Fig. 1b). Ears of each K14-HIF-1�

Figure 1. Generation and initial characterization of HIF-1� transgenic mice. (a) Constructs used to target wild-type human HIF-1�

or mutant HIF-1��ODD (deletion of the oxygen-dependent degradation domain; Huang et al. 1998) to basal keratinocytes (Munz et al.
1999). Amino acids spanning the ODD are indicated. (b) Redness and prominent vasculature of ear skin and roughness of coat are
evident in the K14-HIF-1��ODD transgenic mice. K14-HIF-1� transgenic mice are indistinguishable from nontransgenic controls. (c)
Histopathology of ears reveals an increase in blood vessels (see green arrowheads) in the dermis of K14-HIF-1��ODD transgenic mice.
No inflammation or edema is detectable. (d) In situ hybridization with a 35S-labeled riboprobe specific for human HIF-1�. Both HIF-1�

and HIF-1��ODD transgenes are expressed in basal keratinocytes of interfollicular epidermis and the hair follicle outer root sheath,
and appear to be expressed at the same level, as visually estimated from silver grain density. Bars in c and d are 20 µm.
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transgenic founder mouse had the usual pink-white
color of nontransgenic littermates (Fig. 1b, middle and
left panels, respectively).
Three lines expressing mutant human HIF-1��ODD

derived from founder #19, #62, and #71 that demon-
strated similarly affected skin, and two lines expressing
wild-type human HIF-1�, founder #23 and #49, were
established based on the initial RT–PCR expression
analysis. Subsequent quantitative RT–PCR using SYBR
green detection revealed that transgene expression dif-
ferences among the three lines varied according to
#19 > #71 > #62 (data not shown), which was similar to
the copy number differences between these lines (∼20, 4,
and 1–2, respectively). Subsequent work revealed a
subtle difference in intensity of skin redness between the
K14-HIF-1��ODD transgenic lines. However, blood ves-
sel biology defined by vascular density and blood vessel
leakage resistance was similar in the three K14-HIF-
1��ODD transgenic lines regardless of copy number and
transgene expression level. The data have therefore been
grouped according to genotype rather than individual
mouse line for the majority of this study. Where appro-
priate, reference is made to distinctions between the
HIF-1��ODD transgenic lines. Mice transgenic with
wild-type human HIF-1� cDNA were analyzed together,
as transgene expression was similar within these two
established lines, and neither line displayed a visible or
histological phenotype.

Skin histopathology in HIF-1� transgenic mice

To further investigate the skin phenotype induced by
HIF-1� overexpression, we performed histopathological

analysis of both furred and unfurred skin. Analysis of ear
(Fig. 1c) and back skin (data not shown) from K14-HIF-
1��ODD transgenic mice suggested an increased num-
ber of dermal blood vessels immediately below the epi-
dermis and surrounding the hair follicles (see arrowheads
in Fig. 1c). Neither edema nor inflammation was detect-
able in dermis or epidermis of K14-HIF-1��ODD trans-
genic mice, and the epidermis itself was indistinguish-
able from that of nontransgenic mice (Fig. 1c). Lack of
edema or inflammation in K14-HIF-1��ODD transgenic
mice was notable because VEGF, an HIF-1 target gene
induced in these transgenic mice (Fig. 2), produces both
pathologies when either the 164 or 120 isoform is over-
expressed in basal keratinocytes of K14-VEGF164 or bo-
vine K6-VEGF120 transgenic mice (Detmar et al. 1998;
Larcher et al. 1998; Thurston et al. 1999).
To determine whether the skin phenotype induced by

HIF-1� overexpression progressed to more serious pa-
thology than skin redness, groups of K14-HIF-1��ODD
and K14-HIF-1� transgenic mice and nontransgenic lit-
termates were observed and serially sacrificed up to 18
mo of age. Although skin redness in the K14-HIF-
1��ODD transgenic mice was greater by 2–3 mo of age,
ulceration, angioma formation, or spontaneous skin tu-
mor did not develop during more prolonged observation.
K14-HIF-1� transgenic mice remained phenotypically
indistinguishable from nontransgenic littermates during
the same duration of observation. In contrast, the skin
phenotype of K14-VEGF164 transgenic mice was pro-
gressive such that spontaneous hemorrhagic ulcers de-
veloped in older mice (Thurston et al. 1999). It is also
surprising that skin inflammation was not produced in
K14-HIF-1��DODD transgenic mice given the ability of

Figure 2. Expression of HIF-1 target genes. Glucose transporter-1 (GLUT-1) and vascular endothelial growth factor (VEGF) are
expressed in both interfollicular epidermis and in the hair follicle outer root sheath of K14-HIF-1��ODD transgenic mice. Low-level
signals for both GLUT-1 and VEGF are present in the hair follicle outer root sheath of K14-HIF-1� transgenic mice, whereas neither
target gene is detectable in ear skin of nontransgenic mice. Bar, 20 µm.
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VEGF164 (see below) to increase leukocyte adherence
and extravasation when overexpressed in skin (Detmar
et al. 1998).

In situ hybridization analysis of HIF-1 target gene
expression

Because the sequences of human and mouse HIF-1�
cDNAs are >90% conserved at the amino acid level (Se-
menza 1999), we expected overexpression of the human
protein to heterodimerize with endogenous HIF-1�/
ARNT to form a functional HIF-1 transcription factor.
To determine the transcriptional activity of HIF-1 pro-
duced in skin of K14-HIF-1��ODD and K14-HIF-1�
transgenic mice, we investigated expression of two of its
downstream targets, glucose transporter-1 (GLUT-1) and
VEGF, using mRNA in situ hybridization. Both GLUT-1
and VEGF mRNA were easily detectable in both the in-
terfollicular epidermis and hair follicles of K14-HIF-
1��ODD transgenic mice (Fig. 2). In contrast, no VEGF
or GLUT-1 expression was detectable in the interfollicu-
lar epidermis of transgenic mice overexpressing wild-
type human HIF-1� cDNA. Rather, low level signal for
both HIF-1 targets was present in the hair follicles (Fig.
2). Hair follicles may be a niche where HIF-1� protein is
functional at low levels, because they are the site of cy-
clical proliferation controlled by paracrine growth fac-
tors (Gat et al. 1998), and wild-type HIF-1� protein is
stabilized by growth factor signaling in addition to hyp-
oxia (Feldser et al. 1999). This low level induction of
VEGF mRNA is insufficient to produce a hypervascular
phenotype in the K14-HIF-1� transgenic mice (Figs. 1b,
3a). Lack of expression of HIF-1 targets in nontransgenic
skin is further evidence for the undetectable level of en-
dogenous murine HIF-1� activity in epidermis (Fig. 2).
Strong induction of HIF-1 target genes underscores the
use of the �ODD mutant compared with the wild-type
cDNA as a means to bypass protein degradation and en-
sure gain of HIF-1� function.

Immunohistochemical analysis of blood vessel
multiplicity

The combination of reddened skin, histopathological
evidence for angiogenesis, and induction of VEGF ex-
pression led us to further examine the extent of vascu-
larization and the size and shape of blood vessels that
developed in K14-HIF-1��ODD transgenic mice com-
pared with K14-HIF-1� transgenic mice and nontrans-
genic controls. Immunohistochemistry with an antibody
recognizing the endothelial marker CD31 highlighted
the increase of dermal blood vessels immediately below
the epidermis in the ears of K14-HIF-1��ODD trans-
genic mice (Fig. 3a). Chalkley analysis of vascular den-
sity in ear skin (Chalkley 1943) revealed a statistically
significant 30% increase in the number of blood vessels
in the K14-HIF-1��ODD transgenic mice compared
with either the K14-HIF-1� transgenic counterparts or
nontransgenic controls, which were similar to each

other (data not shown). To characterize blood vessel
morphology and delineate blood vessel number and dis-
tribution in three dimensions, and to determine whether
flow was present within individual vessels, we stained
the vasculature of transgenic and nontransgenic mice by
intravenous injection of biotinylated Lycopersicon escu-
lentum lectin prior to perfusion–fixation. Low power
views of ear skin whole mounts further showed the
marked increase in number of perfused blood vessels in
K14-HIF-1��ODD transgenic mice compared with ei-
ther K14-HIF-1� counterparts or nontransgenic controls,
which again were similar to each other (Fig. 3b). High
power views revealed that blood vessels with a diameter
and morphology consistent with capillaries were pre-
dominantly increased in the K14-HIF-1��ODD trans-
genic mice, whereas the number and distribution of large
caliber vessels appeared similar in all groups (Fig. 3b).
Quantification of vascularity using a length–density al-
gorithm (Thurston et al. 1999) revealed a 66% increase in
blood vessel length–density in all lines of K14-HIF-
1��ODD transgenic mice compared with nontransgenic
controls (Fig. 3c). Vessel length–density in K14-HIF-1�
transgenic mice was similar to nontransgenic controls.
To investigate blood vessel multiplicity and distribution
in back skin, K14-HIF-1��ODD and nontransgenic mice
were perfused with a fluorescein-labeled L. esculentum
lectin, and thick frozen sections were used for micro-
scopic analysis (Fig. 3d). Here, both interfollicular epi-
dermis and hair follicles were extensively decorated with
small caliber capillary-like blood vessels in the K14-HIF-
1��ODD transgenic mice (Fig. 3d, right panel). In con-
trast, there were only occasional small caliber capillary-
like blood vessels adjacent to hair follicles and only rare
interfollicular blood vessels evident in the nontransgenic
mice (Fig. 3d, left panel). Induction of an extensive mi-
crovasculature by HIF-1��ODD was consistent with
pronounced up-regulation of VEGF expression. However,
capillaries developing in K14-HIF-1��ODD transgenic
mice were morphologically similar to those of nontrans-
genic mice. These microvessels lacked the tortuosity of
microvasculature induced in vessels of mice overex-
pressing VEGF164 (Thurston et al. 1999) or the saccular
morphology of vessels produced in transgenic mice over-
expressing angiopoietin-1 (Suri et al. 1998).

Determination of blood vessel permeability

A hallmark of VEGF activity is its ability to increase
blood vessel permeability (Dvorak et al. 1999). The in-
herent leakiness of the microvasculature of transgenic
mice overexpressing either VEGF164 or VEGF120 is con-
sistent with this VEGF function (Larcher et al. 1998;
Thurston et al. 1999). As such, we expected blood vessel
permeability to be similarly increased in K14-HIF-
1��ODD transgenic mice, given the induction of VEGF
mRNA by transgene expression (Fig. 2). Surprisingly,
baseline vascular leakage in untreated K14-HIF-
1��ODD transgenic mice was similar to that of non-
transgenic controls following Evans blue dye injection
(Fig. 4). Moreover, in response to inflammatory stimula-
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tion with topical mustard oil, skin vessels in K14-HIF-
1��ODD transgenic mice displayed a modest but signifi-
cantly lower level of blood vessel leakage compared with
nontransgenic controls (Fig. 4b). In contrast, transgenic
mice overexpressing VEGF164 displayed elevated vascu-
lar leakage at baseline that further increased following

inflammatory stimuli (Thurston et al. 1999). The base-
line and inflammatory vessel leakage in K14-HIF-1�
transgenic mice was similar to that in nontransgenic
controls (data not shown). Therefore, despite induction
of VEGF and an increase in microvascular density, HIF-
1� overexpression produces a vasculature that is non-

Figure 3. Blood vessel location, distribution, and permeability. (a) Immunohistochemistry for CD31 expression shows an increase in
the number of dermal capillaries beneath the epidermis in the K14-HIF-1��ODD compared with either the K14-HIF-1� transgenic
mice or nontransgenic controls. (b) Blood vessel morphology and multiplicity revealed by perfusion with biotinylated Lycopersicon
esculentum lectin (Thurston et al. 1999). Low power views show the marked increase in blood vessel density in the K14-HIF-1��ODD
transgenic mice. High power views reveal that this increase is predominantly owing to an increase in capillaries with normal
morphology. Capillaries and small caliber vessels are concentrically arranged around hair follicles in the K14-HIF-1��ODD transgenic
mice. The hair follicle sebaceous glands are peroxidase positive because of endogenous biotin (black arrows each lower panel in b). (c)
Quantification of microvasculature vessel length–density (Thurston et al. 1999) from lectin-perfused ears confirm a 66% increase in
blood vessel number in the K14-HIF-1��ODD transgenic mice compared with either K14-HIF-1� or nontransgenic mice (*P < 0.05,
Mann-Whitney U test). Eight 10× fields from two to six mice of each genotype were counted. (d) Fluorescent lectin staining in thick
sections shows that hair follicles and interfollicular epidermis in back skin of K14-HIF-1��ODD transgenic mice (right panel) are
decorated with small blood vessels, whereas nontransgenic back skin (left panel) contains only sporadic microvessels in the same
locations. Bars, a and lower line of b, 20 µm; upper line of b, 150 µm.
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leaky at baseline, in the absence of an exogenous stimu-
lus, and somewhat leakage-resistant in response to acute
inflammation.

Ricin staining of endothelial leaky sites

Evans blue dye content is a measurement of vascular
permeability across an entire tissue sample but does not
examine leakage at individual blood vessels. To begin to
elucidate the mechanism of leakage resistance suggested
by the Evans blue dye analysis, mice were perfused with
biotinylated Ricinus communis I lectin (Fig. 4a). Ricin
weakly binds to intact vascular endothelium, but avidly
adheres to vascular basement membrane exposed at sites
of leakage, and also diffuses out into the perivascular
space, staining tissue in the vicinity of blood vessels
(Thurston et al. 1999). Ricin therefore allows determina-
tion of the number of leaky sites across the vasculature,
and also permits a qualitative assessment of the extent of
leakage in individual vessels. Ricin perfusion of un-
treated ears failed to demonstrate leaky sites in either
K14-HIF-1��ODD or nontransgenic mice (Fig. 4a). These
results are consistent with the lack of baseline leakage
evident in the untreated K14-HIF-1��ODD transgenic

mice in the Evans blue dye study (Fig. 4b). In response to
mustard oil, both K14-HIF-1��ODD and nontransgenic
mice displayed numerous leaky sites after treatment
(Fig. 4a). Leaky sites were predominantly located in post-
capillary venules (Fig. 4a, white arrowheads), compared
with capillaries (Fig. 4a, black arrowheads). The inten-
sity of leakage at postcapillary venules was less in the
K14-HIF-1��ODD transgenic mice compared with the
nontransgenic controls treated with mustard oil and
likely accounted for the statistically significant decrease
in Evans blue content. As such, the permeability re-
sponse of the microvasculature in the K14-HIF-1��ODD
transgenic mice is complex. Despite marked induction
of VEGF (Fig. 2), the extensive microvasculature induced
by HIF-1� overexpression is leakage-resistant at base-
line. However, the microvasculature retains its perme-
ability response during inflammation with a modest
decrease in postcapillary venular leakage. These re-
sults also support the notion that blood vessels in-
duced by HIF-1� retain the properties of nontrans-
genic vasculature in contrast to the microvasculature in-
duced when VEGF164 or VEGF120 is overexpressed in
basal keratinocytes (Larcher et al. 1998; Thurston et al.
1999).

Figure 4. Determination of leakage sites
and quantification of leak. (a) Mice were
perfused with biotinylated Ricinus com-
munis I lectin, which binds to endothelial
basement membrane exposed at sites of
vascular leakage (Thurston et al. 1996).
Neither K14-HIF-1��ODD nor nontrans-
genic mice evidence vascular leak at base-
line (left upper and lower panels) despite
blood vessel exposure to 6- to 10-fold el-
evations of VEGF and a marked increase
in dermal capillaries in the K14-HIF-
1��ODD transgenic mice. Following
mustard oil application, sites of intense
leakage are predominantly located at rela-
tively large caliber postcapillary venules
(white arrowheads) compared with capil-
lary-like vessels (black arrowheads) in
both the K14-HIF-1��ODD transgenic
mice and nontransgenic controls (right up-
per and lower panels). Leakage from post-
capillary venules appeared more intense
in the nontransgenic compared with the
K14-HIF-1��ODD transgenic mice (arrow
indicates a normal sebaceous gland). Bar,
20 µm. (b) Ear Evans blue dye content 30
min post intravenous injection of K14-
HIF-1��ODD transgenic mice and non-
transgenic controls. There is an absence of
baseline leakage in both transgenic and
nontransgenic mice, and a significantly
lower leakage in the mustard oil-treated
ear. Four to six mice analyzed per group
(*P < 0.05, Mann-Whitney U test). (c)
Real-time TaqMan RT–PCR analysis of

angiopoietin-1 (Ang-1) expression from total RNA isolated from ears of K14-Ang-1 and K14-HIF-1��ODD transgenic mice and
nontransgenic controls, using histone 3.3A as a reference. Three mice of each genotype were analyzed (*P < 0.05, Mann-Whitney U
test).

HIF-1� transgenic mice
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Analysis of angiopoietin-1 and angiopoietin-2
expression

The property of leakage-resistance resembles the base-
line microvascular phenotype of transgenic mice overex-
pressing angiopoietin-1 (Ang-1; Thurston et al. 1999). As
leakage-resistance induced by Ang-1 is dominant over
VEGF-mediated increase in permeability (Thurston et al.
1999), angiopoietins could be responsible for the lack of
baseline leakage of the microvasculature induced by
HIF-1� overexpression. To determine whether Ang-1 or
Ang-2 expression, also up-regulated by hypoxia (Oh et al.
1999), was coordinately increased by HIF-1� overexpres-
sion, we performed real-time RT–PCR using PCR prim-
ers and TaqMan probes specific for Ang-1 and Ang-2.
Ang-1 was expressed at the same low level in ears from
both K14-HIF-1��ODD transgenic mice and nontrans-
genic controls (Fig. 4c), compared with a 20-fold eleva-
tion of expression detected in ears of K14-Ang-1 trans-
genic mice (Fig. 4c). Similarly, Ang-2 was expressed at
low levels in K14-HIF-1��ODD transgenic mice and
nontransgenic controls (data not shown). In contrast,
Ang-2 was expressed at 45-fold greater level in total RNA
from positive control tissue, which was placenta of em-
bryonic day 14 (E14) nontransgenic mouse embryos (data
not shown).
Parallel mRNA in situ hybridization analysis of Ang-1

and Ang-2 expression was performed in ear skin obtained
from K14-HIF-1� and K14-HIF-1��ODD transgenic mice
and compared with Ang-1/Ang-2 expression in E11–E13
embryos (data not shown). There was no detectable hy-
bridization signal for either Ang-1 or Ang-2 in transgenic
or nontransgenic ear skin, compared with a strong signal
in embryonic atria, aorta, and somites. Therefore, induc-
tion of Ang-1 and Ang-2 expression in adult tissue does
not play a role in HIF-1�-mediated hypervascularity or
lack of baseline microvessel leakage.

Determination of total VEGF mRNA and protein
expression

One possible explanation for the absence of baseline vas-
cular leakage in K14-HIF-��ODD transgenic mice com-
pared with overt leakage in transgenic mice overexpress-
ing VEGF164 or 121 (Larcher et al. 1998; Thurston et al.
1999) was that constitutive HIF-� overexpression in-
duced lower levels of VEGF expression compared with
direct transgenic expression of VEGF cDNA from a kera-
tin-14 promoter. To test this possibility, we performed
real-time RT–PCR using PCR primers amplifying exons
3 and 4 of the mouse VEGF-A gene, which are common
to all VEGF-A isoforms (Tober et al. 1998), along with a
TaqMan probe specific for the exon 3/4 splice junction.
Quantitative RT–PCR was performed on total RNA iso-
lated from heterozygous K14-VEGF164, K14-HIF-
1��ODD, and K14-HIF-1� transgenic mice, along with
nontransgenic littermate controls. In contrast to in situ
hybridization, the increased sensitivity of real-time RT–
PCR detected a signal for VEGF mRNA in nontransgenic
ear. Total VEGF mRNA levels were elevated 80% in

K14-HIF-1� transgenic mice (Fig. 5a), and 8- to 13-fold in
the K14-HIF-1��ODD transgenic mouse lines compared
with nontransgenic controls (Fig. 5a). The levels of VEGF
mRNA in ear skin of K14-HIF-1��ODD transgenic mice
is similar to the 13- to 25-fold elevation of VEGF expres-
sion produced by hypoxia in cultured cells (Ikeda et al.
1995; Levy et al. 1995, 1996b; Stein et al. 1998). HIF-
1��ODD-mediated VEGF mRNA induction is within
range, although higher, than the 2.5- to 8-fold increase in
VEGF mRNA levels in hypoxic tissues (Banai et al. 1994;
Lee et al. 1999; Miraliakbari et al. 2000). These differ-
ences may be due to sensitivity of the real-time RT–
PCR used here, compared with the Northern analysis
used in prior work. Parallel analysis of total VEGF ex-
pression in skin squamous cancers in transgenic mice
expressing HPV16 oncogenes revealed a 20- to 30-fold
increase in VEGF mRNA (data not shown), indicating
that VEGF expression in the K14-HIF-1��ODD trans-
genic mice was not supraphysiologic. Surprisingly, total
VEGF mRNA levels were only elevated twofold in K14-
VEGF164 transgenic mice that were heterozygous for the
transgene (Fig. 5a). Increased microvascular leakage and
hypervascularity had been previously demonstrated in
homozygous K14-VEGF164 transgenic mice (Thurston
et al. 1999). However, a projected fourfold elevation of
VEGF mRNA expression extrapolated from our data
from the heterozygous K14-VEGF164 transgenic mice
would still fail to approximate the marked induction of
total VEGF mRNA in the K14-HIF-1��ODD transgenic
mice.
Another outstanding question was whether the

marked induction of VEGF mRNA owing to gain of HIF-
1� function was also present at the level of protein. Ear
protein extracts from HIF-1�, HIF-1��ODD, and
VEGF164 transgenic mice and nontransgenic controls
were analyzed by ELISA (FIG. 5d). K14-HIF-1��ODD
transgenic mice showed a threefold induction of VEGF
protein expression in the two of the three lines (#19 and
#71) compared with either K14-HIF-1� or nontransgenic
mice (Fig. 5d). Heterozygous K14-VEGF164 transgenic
mice displayed a twofold induction of VEGF protein
compared with controls (Fig. 5d). These protein levels are
likely to underestimate local VEGF concentrations adja-
cent to transgenic keratinocytes because the whole ear,
including dermis, muscle, and cartilage, was homog-
enized. This level of VEGF protein induction is similar
to that reported from ischemic hearts or brains (Banai et
al. 1994; Lee et al. 1999, 2000b; Miraliakbari et al. 2000).
As such, inadequate induction of VEGF mRNA or VEGF
protein cannot explain the lack of baseline leakage me-
diated by HIF-1��ODD overexpression.

Patterns of VEGF isoform expression

Five isoforms are expressed from the VEGF-A gene (To-
ber et al. 1998), and it is becoming increasingly apparent
that different VEGF isoforms mediate distinct facets of
vascular biology (Cheng et al. 1997; Carmeliet et al.
1999; Grunstein et al. 2000). As such, an alternative ex-
planation for disparity in vascular leakage was that the
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composition of VEGF isoform expression was different
in the K14-HIF-1��ODD and the K14-VEGF164 groups.
To answer this question, we determined the expression
profile of the four most abundant VEGF isoforms (Tober
et al. 1998) in ear skin from K14-HIF-1��ODD and het-
erozygous K14VEGF164 transgenic mice and nontrans-
genic controls. We used real-time RT–PCRwith isoform-
specific flanking primers and TaqMan probes comple-
mentary to the unique splice junctions of VEGF120,
VEGF144, VEGF164, and VEGF188 (Fig. 5b). In nontrans-

genic mice, VEGF164 was expressed at the highest level
(Fig. 5b). VEGF188 was expressed at 50%, VEGF120 at
19%, and VEGF144 at 1.0% of the level of VEGF164. The
expression level of each VEGF isoform was significantly
elevated in the K14-HIF-1��ODD transgenic mice com-
pared with nontransgenic controls (Fig. 5b). However,
the pattern of isoform expression in K14-HIF-1��ODD
transgenic mice was not statistically different from that
in nontransgenic controls (Fig. 5b). Calculation of the
fold-induction of VEGF expression relative to nontrans-

Figure 5. Expression of total VEGF and VEGF isoforms. (a) Real-time RT–PCR determination of total VEGF isoform expression in ear
skin of K14-HIF-1�, K14-HIF-1��ODD, and K14-VEGF164 transgenic mice and nontransgenic controls. Three mice from each geno-
type were analyzed, and VEGF mRNA levels are calculated relative to histone 3.3A in each sample. Total VEGF mRNA levels are
increased 80% in K14-HIF-1� transgenic mice compared with nontransgenic controls (*P = 0.02, Student’s t-test). Total VEGF mRNA
is elevated 13-fold in K14-HIF-1��ODD transgenic mice compared with nontransgenic controls (*P < 0.0001, Student’s t-test), and
fourfold compared with K14-VEGF164 transgenic mice (†P = 0.0003, Student’s t-test). Total VEGF is elevated twofold in ear skin from
K14-VEGF164 transgenic mice compared with nontransgenic controls (*P = 0.02, Student’s t-test). (b) Real-time RT–PCR determina-
tion of VEGF isoform expression in ear skin of nontransgenic controls and K14-HIF-1��ODD and K14-VEGF164 transgenic mice. PCR
primers flanking each indicated isoform and fluorescent TaqMan probes specific for each splice junction were used in the analysis
(Tober et al. 1998). VEGF isoforms in each sample were calculated with histone 3.3A as a reference. Triplicate determinations were
performed and the mean was used in calculations. Three to four mice were analyzed in each group (*P < 0.05, compared with level of
nontransgenic controls, Mann-Whitney U test; †P < 0.05 pattern of expression different from nontransgenic, ANOVA with maximum
likelihood test). (c) Calculation of the fold induction of each VEGF isoform in K14-HIF-1��ODD and K14-VEGF164 transgenic mice
compared with nontransgenic controls. There is an equivalent 6- to 10-fold induction of each VEGF isoform in the K14-HIF1��ODD
transgenic mice, whereas only the 164 isoform is increased in K14-VEGF164 transgenic mice. The pattern of VEGF isoform induction
is significantly different in the two groups of transgenic mice (*P < 0.05, ANOVA with maximum likelihood test). (d) VEGF protein
levels in transgenic and nontransgenic mice. ELISA analysis of protein extracts from ear skin shows a 0.5- to 3-fold increase of VEGF
protein in the three separate K14-HIF-1a�ODD transgenic mouse lines (#62, #19, and #71 in order of magnitude), and a twofold
increase in heterozygous K14-VEGF164 transgenic mice, compared with nontransgenic controls and K14-HIF-1� transgenic mice
(*P < 0.05, Student’s t-test).
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genic controls revealed an equivalent seven- to ninefold
elevation of each of the VEGF isoforms from ear skin of
K14-HIF-1��ODD transgenic mice (Fig. 5c). In contrast,
VEGF164 was the only isoform whose expression was
significantly increased compared with nontransgenic
controls in the K14-VEGF164 transgenic mice (Fig. 5b,c).
Moreover, the twofold elevation of the VEGF164 isoform
here, compared with a similar fold-induction in the pre-
vious analysis of total VEGF expression (Fig. 5a), both
internally validates our real-time RT–PCR techniques
and also underscores the sole elevation of the 164 iso-
form in this transgenic model. Although other possibili-
ties certainly exist, it is conceivable that a balanced in-
duction of each VEGF isoformmay be in part responsible
for development of a nonleaky microvasculature in re-
sponse to HIF-1� overexpression.

Discussion

Here we show that gain of HIF-1� function in epidermal
keratinocytes induces hypervascularity, leakage resis-
tance, and up-regulation of both VEGF mRNA and pro-
tein. The mechanism of this leakage resistance is not
associated with a coordinate increase of angiopoietin-1, a
known inhibitor of microvessel permeability alone (Suri
et al. 1998) or in combination with VEGF (Thurston et al.
1999). As such, gain of HIF-1� function appears to sepa-
rate the hypervascular from the permeability function of
VEGF. In contrast, prior studies in both transgenic mice
and engineered expression systems in intact animals are
consistent with a convergence of the vascularity, perme-
ability, and inflammatory functions of VEGF (Detmar et
al. 1998; Larcher et al. 1998; Springer et al. 1998; Lee et
al. 2000a).
The discrepancy between our study and prior work

could reside in the induction of the endogenous VEGF
gene with its collection of differentially spliced isoforms,
compared with the engineered expression of single can-
didate VEGF isoforms used in prior work. Previous stud-
ies have shown distinctive functions for different VEGF
isoforms. Knock-in of VEGF120 only partially rescued
lack of VEGF188 and VEGF164 function and extended
the life span of knock-in mice compared with conven-
tional targeting of the VEGF gene (Carmeliet et al. 1999).
Knock-in rescue experiments in xenotransplanted ras-
transformed embryonic stem cells showed distinctive
differences in microvascular morphology, density, and
perfusion produced by VEGF188, VEGF164, or VEGF120
(Grunstein et al. 2000). Earlier orthotopic implantation
studies of transfected cell lines also showed that differ-
ent VEGF isoforms appeared to mediate different effects
on vascular permeability and tumor vascular density
(Cheng et al. 1997). Differential heparin-binding affini-
ties and creation of concentration gradients and focal
accumulations of VEGF isoforms across the tissue could
underlie some aspects of isoform-specific vascular biol-
ogy (Ng et al. 2001). These concentration gradients could
distinctly engage proliferative, survival or maintenance,
and permeability functions by differential activation of

intracellular signaling pathways. Alternatively, or in ad-
dition, isoform specificity for different cell surface recep-
tors has been shown. In particular, VEGF164 and VEGF
120 have been shown to bind differentially to the neu-
ropilin-1 (NP-1) or NP-2 receptors (Soker et al. 1998;
Gluzman-Poltorak et al. 2000). Although the role of
these receptors in de novo VEGF signaling is obscure,
each has been shown to heterodimerize with VEGFR-1
and VEGFR-2. In this context, they may modulate intra-
cellular signaling from these classical VEGF receptors.
Finally, there is the possibility that gain of HIF-1� func-
tion may increase expression of novel targets that may
modulate vascular permeability, independent of VEGF
function.
As induction of HIF-1� expression and function ap-

pears to be an essential component of the hypoxic cellu-
lar response, a conclusion derived from our study could
be that tissue hypoxia, in particular epithelial hypoxia,
mediates induction of a leakage-resistant vasculature.
However, additional cell types, such as endothelial cells,
pericytes, and macrophages, coexist in epithelia. Induc-
tion of HIF-1� in these stromal cells could, and likely
does, affect vascular biology. Moreover, the HIF-1� tar-
get gene repertoire may be cell-type specific and distinc-
tive in endothelial versus epithelial cells. For instance,
both flt-1 and iNOS are known HIF-1� target genes in
endothelial cells, yet our preliminary data (not shown)
suggest that these genes are not up-regulated in the K14-
HIF-1��ODD transgenic mice. Moreover, hypoxia itself
may induce additional cytokine expression or recruit
other master regulatory transcription factors within spe-
cific cell types, such as Egr-1 up-regulation in hypoxic
endothelium (Jin et al. 2000), that may mediate blood
vessel permeability alone or combined with HIF-1�
stabilization. Additional modulators of permeabil-
ity may also exist in vessels in hypoxic wounds and
tumors, which are known to be leaky (for review, see
Carmeliet and Jain 2000). Fragility and leakiness of tu-
mor vasculature in particular (Hashizume et al. 2000)
may be caused by combinations of molecular and physi-
cal alterations including paracrine signaling from onco-
gene up-regulation within the malignant cells (Pelen-
garis et al. 1999), formation of mosaic vessels partially
lined by tumor cells intercalated between endothelial
cells (Chang et al. 2000), and up-regulation of placental
growth factor in combination with VEGF (Carmeliet et
al. 2001).
Our study also shows that gain of HIF-1� function

alone can affect both induction of VEGF mRNA expres-
sion and a downstream angiogenic phenotype in the ab-
sence of actual tissue hypoxia. Nuclear run-on studies
have suggested that transcriptional regulation accounts
for, at most, a two- to threefold induction of VEGF
mRNA levels (Levy et al. 1995). As VEGF mRNA levels
are increased by 12- to 25-fold in cultured cells exposed
to hypoxia, the majority of this VEGF mRNA induction
likely resides in increased mRNA stability (Levy et al.
1996b; Stein et al. 1998). Multiple regulatory elements
exist in the in 5� and 3� untranslated regions (UTRs) of
VEGF mRNA that are controlled by the ambient oxygen
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concentration (Levy et al. 1996b; Stein et al. 1998). Hyp-
oxia has been concomitantly shown to induce sequence-
specific 3�-UTR-binding proteins that may mediate
VEGF stability (Levy et al. 1996a, 1997). At the level of
protein, an internal ribosome entry site is present within
the 5� UTR that facilitates translation and VEGF pro-
tein expression in hypoxia (Stein et al. 1998). Therefore,
our data suggest several possibilities for the induction
of hypervascularity in the K14-HIF-1��ODD trans-
genic mice. One possibility is that these regulatory
elements in VEGF mRNA are inconsequential in the
context of VEGF expression in intact epithelial tissue,
and here the majority of increase in VEGF mRNA is
created by transcriptional activity. Alternatively, induc-
tion of HIF-1� function itself may regulate both tran-
scriptional and posttranscriptional elements of VEGF
expression. As such, there is the possibility that HIF-1
itself may increase expression of 3�-UTR-binding
proteins that increase VEGF mRNA stability in hypoxia.
This speculation is indirectly supported by the demon-
stration that the von Hippel–Lindau gene product, which
targets HIF-1� itself for ubiquitination (Cockman
et al. 2000; Ohh et al. 2000; Ivan et al. 2001; Jaakkola
et al. 2001), regulates VEGF mRNA expression by up-
regulating these 3�-UTR-binding proteins (Levy et al.
1996a).
Our work also suggests that HIF-1� overexpression

might be efficacious as gene therapy for tissue ischemia.
Induction of vascular malformations and vascular tu-
mors in response to chronic VEGF164 exposure follow-
ing gene transfer (Lee et al. 2000a), or acceleration of
atherosclerosis during chronic systemic VEGF adminis-
tration (Celletti et al. 2001), highlights alternative ap-
proaches to increase vascularization of ischemic tissues.
Gene and pharmacological therapy to induce gain of
wild-type HIF-1� function has been proposed for both
cardiac and peripheral vascular disease (Lee et al.
2000a,b; Li et al. 2000; Vincent et al. 2000). In response
to profound hypoxia, expression of endogenous HIF-1�
actually decreases; therefore the HIF-1��ODD mutant
might be more efficacious than wild-type HIF-1� in ex-
tremely ischemic cells (Jiang et al. 1996). Use of the HIF-
1��ODD mutant also preserves the original potent
transactivation domain, which may be advantageous in
terms of levels and spectrum of target gene expression
compared with a constitutively active mutant with a
heterologous transactivation domain (Vincent et al.
2000). Gain of HIF-1� function may be particularly ap-
plicable for diabetic peripheral vascular disease, which is
frequently complicated by chronic leg ulcers that can
precipitate amputation. Diabetes produces a marked de-
crease in VEGF expression from either ischemic muscle
(Rivard et al. 1999) or skin wounds (Frank et al. 1995).
The combination of HIF-1-induced up-regulation of
VEGF with attendant development of a stable, nonleaky
microvasculature and increased expression of glucose
transporters and glycolytic enzymes might hold the
promise of enhanced cellular metabolism and increased
perfusion within ischemic diabetic limbs with recalci-
trant wounds.

Materials and methods

Transgene construction

Plasmids p(HA)HIF-1� and p(HA)HIF-1�(401�603) (HIF-
1��ODD; Huang et al. 1998) were digested with XbaI and
Asp718I to release cDNA inserts, gel-purified over QIAquick
columns (QIAGEN), blunted with Klenow polymerase, and
blunt-end-cloned into an SmaI-linearized K14 expression cas-
sette (Munz et al. 1999). Plasmid DNA was prepared with QIA-
GEN Endofree Plasmid Maxi Kit. Entire transgene inserts were
liberated from vector by Asp718I digestion, purified, and elec-
troeluted from acrylamide gels (Arbeit et al. 1994).

Histopathology and RNA in situ hybridization

Sections of paraformaldehyde-fixed, paraffin-embedded ear tis-
sue 5 µm thick were cut and stained with hematoxylin and
eosin (Sigma) for histopathological analysis, and mRNA in situ
hybridization was performed using 35S-radiolabeled cRNA ribo-
probes as described previously (Arbeit et al. 1996). A riboprobe
complementary to human HIF-1� cDNAwas used for transgene
expression, whereas riboprobes complementary to mouse VEGF
and GLUT-1 were used for HIF-1 target gene expression (Arbeit
et al. 1996).

CD31 immunohistochemistry

Frozen tissue sections 10 µm thick were mounted on Superfrost
Plus slides (Fisher Scientific), air dried, fixed in acetone at 4°C
for 10 min., air dried again, and washed in 1× PBS. Sections were
blocked in a combined solution of 5% normal goat serum (Cap-
pel-Organon Teknika)/3% bovine serum albumin (Sigma)/2%
fish gelatin (Sigma) in PBS at 25°C for 30 min, preincubated
with Avidin solution for 15 min, followed by biotin for 15 min
(Avidin-Biotin Blocking Kit; Vector Laboratories). Sections were
then incubated with biotinylated rat anti-mouse CD31 mono-
clonal antibody (Pharmingen), diluted 1:2500 in blocking buffer
at 4°C overnight, followed by serial incubation with a biotinyl-
ated goat anti-rat IgG (Pierce), ABC Alkaline Phosphatase Stan-
dard solution (Vector), and BCIP/NBT Alkaline Phosphatase
Substrate Kit IV (Vector). Sections were counterstained with
nuclear fast red (Vector). Vessel density per unit area was quan-
tified from three random 40× fields using a Chalkley reticule.
Statistical significance was determined using the Mann-Whit-
ney U test (GraphPad Prism).

Whole mount vessel staining

Transgenic and nontransgenic mice 8–12 weeks of age were
anesthetized and injected intravenously via the femoral vein
with biotinylated Lycopersicon esculentum lectin (Vector), 100
µg/mouse, followed by perfusion through the aorta with 1%
paraformaldehyde plus 0.5% glutaraldehyde (pH 7.4). The ears
were removed, and the skin was separated from cartilage and
stained with ABC (peroxidase) and 3,3�-diaminobenzidine. Ves-
sel length–density was determined using a computerized algo-
rithm (Thurston et al. 1999). For fluorescent visualization, mice
were injected with fluoresceinated lectin (Vector), 120 µg/
mouse, followed by perfusion with 1% paraformaldehyde (pH
7.4). The ears were dissected and embedded in tissue-freezing
medium, cut in 40-µm sections, mounted, and visualized by
epifluorescence.

Vascular leakage

Transgenic and nontransgenic mice 8–12 wk of age were anes-
thetized (ketamine/xylazine) and injected intravenously with
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Evans blue dye, 30 mg/kg per mouse. The right ear was treated
twice over 30 min with mustard oil (5% in heavy mineral oil;
Sigma). Mice were perfused through the aorta with 1% para-
formaldehyde in citrate buffer at pH 3.5. The ears were dissected
and weighed. Extravasated dye was extracted with formamide
and quantified with a spectrophotometer (610 nm). Ricin stain-
ing was performed using a similar protocol on mice of similar
age. Under anesthesia, 5% mustard oil was applied topically to
one ear. The mice were perfused with fixative (1% paraformal-
dehyde plus 0.5% glutaraldehyde) 20 min later, and the vascu-
lature was stained by perfusion of biotinylated ricin lectin, 200
µg/mouse (Ricinus communis I, Vector). The ears were re-
moved, the skin was dissected from the cartilage as a whole
mount, and the lectin was visualized by reaction with avidin
peroxidase and diaminobenzidine substrate.

Quantitative RT–PCR

Ear tissue was dissected from mice, snap-frozen, and homog-
enized in TRIzol (Life Technologies). Total RNA was extracted
according to the manufacturer’s instructions and treated with 2
U/sample RQ1 DNase (Promega). cDNAs were made from 500-
ng RNA samples, in 100-µL reactions using M-MLV reverse
transcriptase and random hexamers incubated at 25°C for 10
min then 48°C for 30 min. Expression of total VEGF, angiopoi-
etin-1, and angiopoietin-2 was analyzed using the 5� nuclease
assay (real-time TaqMan RT–PCR; Livak et al. 1995) with the
ABI PRISM 7700 instrument (ABI). PCR was conducted in trip-
licate with 50-µL reaction volumes of 1× PCR buffer A (ABI), 5.5
mMMgCl2, 0.9 µM each primer, 200 µM dNTPs, 200 nM probe,
and 0.025 U/µL Taq Gold (ABI). Sequences of the PCR primers
and TaqMan probes were: mouse total VEGF forward (exon 3),
5�-CTGTGCAGGCTGCTGTAACG-3�; reverse (exon 4), 5�-
GCTCATTCTCTCTATGTGCTGGC-3�; TaqMan probe, 5�-
FAM(6-carboxy-fluorescein)-CACCATGCAGATCATGCGGAT
CAAAC-TAMRA(6-carboxy-tetramethyl-rhodamine)-3� (Inte-
grated DNA Technologies); mouse Ang-1 forward, 5�-
GCAAATGCGCTCTCATGCTA-3�; reverse, 5�-GGAGTAAC
TGGGCCCTTTGAA-3�; TaqMan probe, 5�-FAM-AGGTTG
GTGGTTCGATGCCTGTGG-TAMRA-3� (Integrated DNA
Technologies); and mouse Ang-2 forward, 5�-TGACAGCCAC
GGTCAA CAAC-3�; reverse, 5�-ACGGATAGCAACCGAGCT
CTT-3�; TaqMan probe, 5�-FAM-CAGCAGCATGACCTAATG
GAGACCGTC-TAMRA-3� (Integrated DNA Technologies).
PCR cycling conditions were the same for all three cDNAs,
consisting of 95°C for 15 min and 40 cycles of 95°C for 30 sec,
60°C for 1 min. Relative expression levels were calculated as
detailed previously (Ginzinger et al. 2000). Briefly, relative ex-
pression was calculated as 2−(Ct VEGF isoform − Ct histone 3.3A) using
histone 3.3A as an endogenous control gene.

VEGF isoform expression

PCR primers specific for splice variants and TaqMan probes
spanning each isoform’s unique splice junction were generated.
The sequences of mouse VEGF isoform-specific PCR primers
were: VEGF188 (F), 5�-CGAAAGCGCAAGAAATCCC-3�; (R),
5�-TGCTTTCTCCGCTCTGAACA-3�; VEGF164 (F), 5�-CATA
GAGAGAATGAGCTTCCTACAGC-3�; (R), 5�-TGCTTTCT
CCGCTCTGAACA-3�; VEGF144 (F), 5�-AGCCAGAAAAAAA
ATCAGTTCGAG-3�; (R), 5�-CCTGAGGGAGGCTCCTTCC-3�;
VEGF120 (F), 5�-AGCAGATGTGAATGCAGACCAA-3�; (R),
5�-CTCCTTCCTGCCAGCCTG-3�. Dual-label TaqMan probe
sequences were: VEGF 188, 5�-FAM-TAAATCCTGGAGCGTT
CACTGTGAGCC-BHQ-3� (Black hole quencher; Biosearch Tech-
nologies); VEGF164, 5�-FAM-AGAACAAAGCCAGAAAATCAC

TGTGAGCCTT-BHQ-3�; VEGF144, 5�-FAM-AAATCCTGGAG
CGTATGTGACAAGCCAAG-BHQ-3�; VEGF120, 5�-FAM-ACA
AAGCCAGAAAAATGTGACAAGCCAA-BHQ-3�. PCR condi-
tions were identical to those described for Ang-1 and Ang-2. His-
tone 3.3A was used as a reference.

VEGF ELISA

From each mouse ∼one-fourth of one ear was clipped and snap-
frozen, then homogenized on ice at high speed for 1 min in
200–300 µL of RIPA buffer (150 mM NaCl, 1% NP-40, 0.5%
DOC, 0.1% SDS, 50 mM Tris at pH 8.0) containing 1× Com-
plete Mini Protease Inhibitors (Roche) and 0.5 mM EDTA. Ex-
tracts were incubated on ice for at least 30 min with occasional
vortexing and centrifuged at 14,000 rpm for 10 min. Superna-
tants were reserved and protein concentrations were deter-
mined with the DC Protein Assay (Bio-Rad). The VEGF content
of 10 µg of total protein was determined using the Quantikine
M kit (R & D Systems) according to the manufacturer’s instruc-
tions. Plates were read and analyzed on a SPECTRAmax 340
running SOFTmax PRO 3.1.1 (Molecular Devices).
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