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Breakdown or absence of vascular oxygen delivery is a hallmark of many common human diseases, including
cancer, myocardial infarction, and stroke. The chief mediator of hypoxic response in mammalian tissues is the
transcription factor hypoxia-inducible factor 1 (HIF-1), and its oxygen-sensitive component HIF-1�. A key
question surrounding HIF-1� and the hypoxic response is the role of this transcription factor in cells removed
from a functional vascular bed; in this regard there is evidence indicating that it can act as either a survival
factor or induce growth arrest and apoptosis. To study more closely how HIF-1� functions in hypoxia in vivo,
we used tissue-specific targeting to delete HIF-1� in an avascular tissue: the cartilaginous growth plate of
developing bone. We show here the first evidence that the developmental growth plate in mammals is
hypoxic, and that this hypoxia occurs in its interior rather than at its periphery. As a result of this
developmental hypoxia, cells that lack HIF-1� in the interior of the growth plate die. This is coupled to
decreased expression of the CDK inhibitor p57, and increased levels of BrdU incorporation in HIF-1� null
growth plates, indicating defects in HIF-1�-regulated growth arrest occurs in these animals. Furthermore, we
find that VEGF expression in the growth plate is regulated through both HIF-1�-dependent and -independent
mechanisms. In particular, we provide evidence that VEGF expression is up-regulated in a HIF-1�-independent
manner in chondrocytes surrounding areas of cell death, and this in turn induces ectopic angiogenesis.
Altogether, our findings have important implications for the role of hypoxic response and HIF-1� in
development, and in cell survival in tissues challenged by interruption of vascular flow; they also illustrate
the complexities of HIF-1� response in vivo, and they provide new insights into mechanisms of growth plate
development.
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E. Newton Harvey noted in 1928 that the partial pressure
of oxygen needed for survival of cells in the interior of a
sphere is a function of the square of the radius of the
tissue: FO2 = VO2r

2/6K (where FO2 equals the partial pres-
sure of oxygen at the surface, VO2 equals oxygen con-
sumption of the tissue, and K is the diffusion constant)
(Harvey 1928; Schmidt-Nielsen 1990). Physiologically,
this dictates that survival of any group of cells is rapidly
limited by their distance from a source of oxygen. An
important aspect of survival of cells during hypoxic chal-
lenge is the ability of the cells to transiently or chroni-
cally tolerate lowered oxygen levels via adaptive re-
sponses. Adaptations to hypoxia include shifting meta-
bolic catabolysis to an anaerobic/glycolytic mode, and
inducing neovascularization via expression of angiogenic
factors (Semenza 2000a; Seagroves et al. 2001). In par-

ticular, as tissues grow and exceed the capacity of the
local vasculature to deliver oxygen, these adaptations are
likely critical for successful tissue expansion. This re-
sponse is exploited by malignant tumors as well, as it
allows the expansion of the vascular bed of the tumor via
the hypoxia-induced release of angiogenic factors (Se-
menza 2000b).
The transcription factor hypoxia-inducible factor 1

(HIF-1) appears to be one of the major regulators of the
hypoxic response. HIF-1 controls hypoxic expression of
erythropoietin, as well as the expression of genes with
metabolic functions such as glucose transport and me-
tabolism, and angiogenic factors like vascular endothe-
lial growth factor (VEGF) (Semenza 1999). HIF-1 is a het-
erodimer of the PAS subfamily of basic-helix-loop-helix
(bHLH) transcription factors, and it consists of the sub-
unit HIF-1�, the hypoxically responsive component of
the complex, and the constitutively expressed HIF-1�

subunit or ARNT (Semenza 1999). Two other hypoxia-
responsive homologs of the HIF-1� gene have been
cloned recently, yet there appears to be little redundancy
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in hypoxic response (Semenza 1999). Mice that lackHIF-
1� as a result of homologous recombination (HIF-1�−/−

die around day 9 of gestation (Iyer et al. 1998; Ryan et al.
1998). Due to the early lethality of HIF-1�−/−mice, most
functional studies to this point have been conducted in
cell lines or ES-cell derived tumors transplanted into
nude mice (Carmeliet et al. 1998; Ryan et al. 1998, 2000).
The HIF-1 complex is ubiquitous (Weiner et al. 1996;

Jain et al. 1998), and presence of this complex in growth
plate chondrocytes has been documented recently (Raj-
purohit et al. 1996). Growth plate chondrocytes go
through well-ordered and controlled phases of cell pro-
liferation, differentiation, and apoptosis (Erlebacher et al.
1995; Harper and Klagsbrun 1999). Round proliferative
chondrocytes that synthesize collagen type II protein
form a columnar layer, and then differentiate into post-
mitotic hypertrophic cells that express predominantly
collagen type X and produce VEGF. Differentiation is
followed by death of hypertrophic chondrocytes, blood
vessel invasion, and replacement of the cartilage matrix
with a trabecular bone matrix. The growth plate is a
constitutively avascular tissue; therefore, it has been as-
sumed that the low oxygen partial pressure in the chon-
drocytic growth plate imposes energetic limitations on
the cells as they evolve from a proliferative to a termi-
nally differentiated state (Rajpurohit et al. 1996). How-

ever, no data are available that directly address this is-
sue.
We speculated that HIF-1� could play a role in chon-

drocyte adaptation to low oxygen tension and that the
growth plate could be a useful and informative model to
investigate the mechanism of action of HIF-1�. To char-
acterize the need for hypoxic response in tissues where
vascular function is interrupted and oxygen delivery be-
comes limited, we targeted deletion of the HIF-1� gene
to the cartilaginous growth plate.

Results

The chondrocytic growth plate is hypoxic

To ascertain the presence and degree of hypoxia in mam-
malian fetal cartilage, we injected a marker for bioreduc-
tive activity into pregnant female mice at embryonic day
15.5 (E15.5). This marker, the nitroimidazole EF5, al-
lowed us to study distribution of the molecule in the
fetal growth plate via a rhodamine-coupled anti-EF5 an-
tibody (Fig. 1a–d) (Lord et al. 1993; Lee et al. 1996a).
Immunohistochemical analysis showed that the fetal
chondrocytic growth plate bound EF5 exclusively; no
binding was detected in surrounding muscle and bone
(Fig. 1d). Furthermore, the most highly hypoxic chondro-

Figure 1. Detection of hypoxia and HIF-1� pro-
tein in wild-type growth plate. (a,b) Brightfield
and immunofluorescence detection of EF-5 in
proximal epiphysis of wild-type E15.5 tibia. (c)
Overlay of a and b. (d) Immunofluorescence de-
tection of EF-5 in E15.5 tibia and surrounding
muscular tissue. (e) HIF-1� protein detection in
the proximal epiphysis of wild-type E15.5 fetal
tibia by immunoperoxidase analysis; the arrows
indicate positively stained nuclei; for purposes of
orientation, the border of the growth plate is
drawn.
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cytes were located in the round proliferative layer near
the joint space, in the center of the columnar prolifera-
tive layer and in the upper portion of the hypertrophic
zone (Fig. 1a–c). A developmental analysis of EF5 binding
from E14.5 to E18.5 confirmed that the localization of
this marker in the growth plate was similar throughout
gestation (data not shown). These data documented for
the first time the presence of a gradient of oxygenation,
not only from the proliferative to the hypertrophic zone,
but also from the outer to the inner region of the fetal
growth plate. The hypoxic condition of the early hyper-
trophic chondrocytes, despite their proximity to the
blood vessels of the primary spongiosa, could be ex-
plained by the high diffusion coefficient in the mineral-
ized hypertrophic layer; this may result in a significant
barrier to the diffusion of oxygen and nutrients from the
metaphysis.
Consistent with the determination of hypoxia in this

tissue, we found that immunohistologically detectable
expression of HIF-1� also occurred in the interior of the
developing growth plate (Fig. 1e).

Generation of mice lacking HIF-1� in growth
plate chondrocytes

Because of the early lethality of mice nullizygous for
HIF-1� (at ∼ E9) (Iyer et al. 1998; Ryan et al. 1998), we
used conditional inactivation of the HIF-1� gene to in-

vestigate the role of this transcription factor in chondro-
cytes. For this purpose, two independent Cre transgenic
lines were generated in which P1 phage Cre integrase
was placed under the transcriptional control of the rat
collagen 2a1 gene promoter and enhancer sequences (Ya-
mada et al. 1990) (Fig. 2a). To examine sites of Cre ac-
tivity, both Cre transgenic lines were crossed with lacZ-
reporter animals in which �-galactosidase expression is
activated following Cre-mediated excision of a stop
codon (Soriano 1999). Whole mount �-galactosidase
staining analysis conducted on E15.5 double transgenic
fetuses showed a staining pattern consistent with Cre-
specific activity in growth plate chondrocytes in both
transgenic lines (Fig. 2b,c). Analysis of Cre expression by
in situ hybridization confirmed that expression of the
transgene was restricted to cartilage (Fig. 2d).
F1 Cre offspring (colIIcre) from both transgenic lines

were bred with animals heterozygous for both the floxed
and the null HIF-1� alleles (HIF-1�+f/−), respectively
(Ryan et al. 1998, 2000). Newborn HIF-1�+f/−;colIIcre
and HIF-1�+f/+f;colIIcre null mice, generated after appro-
priate mating, were smaller than control littermates
with a characteristic shortening of the forelimbs and the
hindlimbs (Fig. 2e), and always died within a few hours
of birth. No premature death occurred during fetal de-
velopment, as null embryos could be collected at differ-
ent dates of embryonic development with the expected
Mendelian frequency (Table 1).

Figure 2. Generation of mutant animals lacking
HIF-1� in growth plate chondrocytes. (a) Sche-
matic representation of the colIICre transgene.
(b,c) Whole-mount �-galactosidase staining of
E15.5 embryo. (d) in situ hybridization analysis
with antisense Cre riboprobe on histological sec-
tions of wild-type hindlimb from E15.5 embryo. (e)
Picture of newborn wild-type ( left) and null mouse
littermates (right). (f–h) Whole skeleton Alizarin
Red S staining; newborn wild-type (left) and mu-
tant (right) forelimbs (left) and hindlimbs (right)
are shown in f; newborn wild-type rib cage is
shown in g; newborn null rib cage is shown in h.
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The lack of HIF-1� in chondrocytes causes gross
skeletal malformation

Identical phenotypes were observed with both of the two
transgenic colIIcre lines in HIF-1�−f/−/colIIcre and HIF-
1�−f/−f/colIIcre backgrounds; HIF-1�+f/−/colIIcre, HIF-
1�+f/+f, and both strains of colIIcre transgenic animals,
respectively, were indistinguishable from wild-type
mice. The intact skeletons of the null mice, stained with
Alizarin Red S, did not show significant differences in
the degree and pattern of mineralization of the different
skeletal elements (Fig. 2f–h; data not shown). However,
mutant hindlimbs and forelimbs were shorter and de-

formed in comparison to those of control littermates
(Fig. 2f). Furthermore, the mutant rib cages were also
abnormally wider and misshapen (Fig. 2g,h). No gross
abnormalities could be detected in other organs and tis-
sues, including the heart (data not shown).

Tracheal abnormalities in mice lacking HIF-1�

contribute to perinatal death

To determine the cause of perinatal lethality in the con-
ditionally targeted mice, we determined whether carti-
laginous elements other than the ones involved in endo-
chondral bone development could be affected by the lack
of HIF-1�. For this purpose, we studied the trachea in
mutant and wild-type newborn animals. Histological
analysis revealed that in the mutant trachea chondrocyte
morphology and organization was altered, and that the
tracheal epithelium was partially collapsed, probably as
a result of an abnormal growth of the cartilaginous ring
and weakening during initial attempts to breathe post-
natally (Fig. 3e–i). It is likely that this partial collapse of
the tracheal structure contributes significantly to the

Table 1. Animals recovered

Total Null

Newborn 85 11
E18.5 30 6
E15.5 63 6
E14.5 29 3

Expected null 1:8.

Figure 3. Histological analysis of long bone
growth plates and trachea in wild-type and null
animals. (a,b) H&E staining of wild-type and mu-
tant newborn tibias; portions of the distal epiph-
ysis of the femur and of fibula and calcaneus are
also shown. (c,d) H&E staining of distal epiphysis
of newborn wild-type and null tibias (higher
power of a and b, respectively). (e–i) H&E staining
of wild-type and null tracheas. g and i are higher
power of f; h is higher power of e.
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early lethality of the mutant animals; further evidence
for this comes from the lack of fully expanded lungs in
mutants analyzed postnatally (data not shown).

Loss of HIF-1� results in cell death in the center
of cartilaginous elements

The long bones of newborn null animals were signifi-
cantly shorter than controls (Fig. 3a,c). The growth plates
were misshapen and wider, and the organization of
growth plate chondrocytes was noticeably disrupted. In
particular, the area in the center of both the proliferative
columnar layer and the upper hypertrophic zone was ei-
ther remarkably hypocellular or otherwise occupied by
abnormal cellular elements with pycnotic nuclei (Fig.
3b,d). Furthermore, the border between the chondrocytic
hypertrophic zone and the bony primary spongiosa was
irregular and disorganized (Fig. 3a,c). This striking histo-
logical phenotype was first detected at E14.5 and was
already quite severe at E15.5 (data not shown). It was
consistently most evident in the core of the mutant car-
tilaginous element, although within a few microns from

the proximal surface of the mutant specimens there were
few if any cellular abnormalities.
The highly specific spatial localization of the mutant

phenotype to the center of the cartilaginous elements
was also seen in the histological analysis of the null rib
cage (Fig. 4a–d). Serial sections of sternebrae of control
newborn animals consistently showed hypertrophic dif-
ferentiation of chondrocytes, blood vessel invasion, pri-
mary spongiosa, and bone marrow cavity formation (Fig.
4a). Conversely, no elements with a clear cellular mor-
phology could be identified in the center of the mutant
sternebrae (Fig. 4b). Similar findings could also be ob-
served at the chondrosternal junction of the mutant ribs
(Fig. 4c,d); these are skeletal segments in which chon-
drocytes normally do not undergo hypertrophic differen-
tiation and apoptosis and are not normally replaced by
bone cells. Interestingly, the lack of HIF-1� in chondro-
cytes had not affected either the development of the
large intercostal vessels (Fig. 4e,f) or the capillary density
of the perichondrium surrounding the ribs (Fig. 4g,h).
Taken together, these data strongly suggested that the
severe cellular abnormalities in the center of the mutant

Figure 4. Analysis of rib cage and intercostal
blood vessels in wild-type and null animals. (a,b)
H&E staining of wild-type and mutant newborn
sterna and ribs at their chondrosternal junction.
(c,d) H&E staining of newborn wild-type and mu-
tant ribs (higher power of a and b, respectively).
(e,f) Brightfield pictures of wild-type and mutant
rib cages adjacent to the chondrosternal junction;
the intercostal blood vessels that surround the
ribs are clearly evident in both wild-type and mu-
tant specimens. (g,h) Immunostaining for von
Willebrand factor in the perichondrium surround-
ing wild-type and mutant ribs in a region adjacent
to the chondrosternal junction; the arrows indi-
cate positively stained capillaries.
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sternum and ribs had occurred despite the presence of
normal vascular development in the periphery of these
cartilaginous elements.

Loss of HIF-1� causes cell death without concomitant
hypertrophic differentiation

We then performed in situ hybridization analysis and
TUNEL assays on histological sections of hindlimbs
from wild-type and null animals. The presence of cells
expressing the chondrocyte markers collagen type II and
collagen type X at the periphery of the mutant growth
plate (Fig. 5a,b), as detected by in situ hybridization, in-
dicated that the lack of HIF-1� had not severely altered
the process of chondrocyte differentiation per se. How-
ever, the absence of both collagen type II and type X
mRNA expression (Fig. 5a,b), and the presence of numer-
ous TUNEL positive cells (Fig. 5d) in the central portion
of both the proliferative and the upper hypertrophic
zones in the mutant growth plate provided clear evi-
dence that chondrocytes in the core of the cartilaginous
element of the newborn mutant limbs were undergoing

massive cell death and that, therefore, HIF-1� was re-
quired for survival of hypoxic chondrocytes. Identical re-
sults were provided by in situ hybridization analysis of
sections of hindlimbs from wild-type and null embryos
at different stages of embryonic development (data not
shown). Interestingly, no ectopic expression of collagen
type X mRNA was detected in the mutant growth plate
at any time point of fetal development and/or at birth
(Fig. 5b; data not shown). This shows that, unlike what is
seen during wild-type chondrocyte differentiation, in the
null growth plate, hypertrophic differentiation was not a
required step prior to cell death.

Mutant animals exhibit a retarded chondrocyte
hypertrophy in the sternum

Consistent with the data obtained by analysis of the
limbs and in contrast to the wild-type phenotype, no
collagen type II and/or type X mRNA expression was
observed in the center of the newborn mutant sternum
and ribs at their chondrosternal junction (Fig. 5a,b). En-
dochondral bone development occurring in the sternum

Figure 5. Evidence of massive cell death and de-
creased expression of p57 mRNA in mutant
growth plate chondrocytes. (a) in situ hybridiza-
tion analysis with collagen type II cRNA on his-
tological sections from newborn wild-type and
mutant tibias and rib cages, respectively; the
darkfields of the proximal epiphyses and of the rib
cages for both wild-type and mutant specimens
are shown. (b) In situ hybridization analysis with
collagen type X cRNA on histological sections
from E15.5 wild-type and null tibias and newborn
rib cages, respectively; the darkfields of the proxi-
mal epiphyses and of the rib cages for both wild-
type and mutant specimens are shown. (c) In situ
hybridization analysis with p57 cRNA on histo-
logical sections from E18.5 wild-type and mutant
tibias; the darkfields for both wild-type and mu-
tant specimens are shown. (d) Fluorescence detec-
tion (FITC) of TUNEL positive cells in the proxi-
mal epiphyses of wild-type and mutant newborn
tibias; in comparison to the wild-type specimen,
numerous TUNEL-positive cells are clearly evi-
dent in the mutant.
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follows a specific temporal-spatial axis; chondrocytes in
the sternebrae near the manubrium undergo hypertro-
phic differentiation earlier than chondrocytes in the ster-
nebrae near the xyphoid process. Interestingly, in the
newborn wild-type sternum hypertrophic differentiation
was present consistently in each sternebrae (Fig. 5b).
Conversely, in the null specimens chondrocytes in the
proximity of the xyphoid process express exclusively col-
lagen type II, and no collagen type X mRNA could be
detected by in situ hybridization analysis of these cells
(Fig. 5a,b). These data provide evidence that the lack of
HIF-1� results not only in a massive cell death in the
center of the cartilaginous elements, but also in a subtle
delay in the process of chondrocyte differentiation at its
periphery. Likely caused by the unique anatomical struc-
ture of the sternum, this subtle delay was more easily
detectable in the sternum than in the long bones.

Loss of HIF-1� is correlated with a loss of p57
expression and a decrease in chondrocyte
growth arrest

To better understand the role that loss of HIF-1� was
playing in cell death in the absence of hypertrophic dif-

ferentiation, we analyzed the expression of a key regula-
tor of chondrocyte cell growth arrest, p57kip2; this CDK
inhibitor is expressed in the cartilage (Yan et al. 1997;
Zhang et al. 1997; Nagahama et al. 2001). Loss of this
molecule causes an inability of the growth plate to ini-
tiate, first growth arrest, and then ultimately both dif-
ferentiation and apoptosis (Yan et al. 1997; Zhang et al.
1997; Nagahama et al. 2001). Strikingly, this molecule
was missing from the hypertrophic regions of HIF-1�

null chondrocytic growth plates (Fig. 5c); this indicates
that one possible source of altered cell viability is an
inability to increase expression of p57 and induce growth
arrest in a coordinated fashion.
To determine whether this defect in p57 expression

correlated with altered rates of growth arrest in the chon-
drocytes in vivo, we performed BrdU incorporation
analysis in E14.5 and E15.5 hindlimbs from both mutant
and wild-type embryos. BrdU incorporation was signifi-
cantly increased in comparison to wild type at the pe-
riphery of the mutant growth plate, in regions where no
dead cells could be observed by either histological or in
situ hybridization criteria (Fig. 6c–e). Consistent with
the previously described central cell death phenotype, no

Figure 6. Evidence for loss of PGK expression
and increased proliferation rate in mutant growth
plate chondrocytes. (a,b) In situ hybridization
analysis with PGK cRNA on histological sections
from E15.5 wild-type and mutant tibias and fibu-
las; the darkfields for both wild-type and mutant
specimens are shown. (c,d) Detection of BrdU
positive cells on histological sections from E15.5
wild-type and mutant tibias, respectively. Sec-
tions were counterstained with methyl green. (e)
Quantification of BrdU positive cells outside of
regions of necrosis, defined as cells more than one
cell layer from clearly necrotic regions; percent
positive is as a function of total cells counted in
the selected region. A significant increase in in-
corporation in nullizygous chondrocytes is seen.
Error bars represent one standard error; counts
were done on 10 growth plate regions from the
long bones of five independent embryos for each
genotype. (Open bar) Wild type (WT); (red bar)
Null.
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BrdU incorporation could be detected in the center of the
mutant growth plate (Fig. 6d).

Evidence for action of HIF-1� as a survival factor,
and for HIF-1�-dependent and HIF-1�-independent
regulation of VEGF expression

We next investigated molecular mechanisms that could
mediate action of HIF-1� as a survival factor in chondro-
cytes. Two important aspects of hypoxic response medi-
ated by HIF-1 are increased expression of the angiogenic
factor VEGF, and increased activity of the glycolytic or
anaerobic component of metabolism. This latter is me-
diated by increased expression of many of the glycolytic
enzymes, such as phosphoglycerate-kinase1 (PGK),
whose hypoxic up-regulation is completely HIF-1� de-
pendent (Firth et al. 1994; Semenza et al. 1994; Li et al.
1996; Ryan et al. 1998). We then asked whether cell-
autonomous mechanisms, such as regulation of cellular
metabolism, or non cell-autonomous activity, such as
regulation of angiogenesis in the surrounding bone tis-
sue, played a role in mediating the action of HIF-1� as a
survival factor in growth plate chondrocytes. For this
purpose, we studied PGK and VEGF mRNA expression
in the growth plates of null animals and control litter-
mates, respectively, by in situ hybridization analysis. Be-
cause of the severity of the phenotype at birth, in situ
hybridization analysis with PGK and VEGF cRNAs was
first performed on histological sections from E15.5 wild-
type and mutant hindlimbs, and chondrocyte viability
was confirmed on adjacent serial sections by chondro-
cyte markers such as collagen type II and collagen type
X cRNAs (data not shown). These results were also con-
firmed by analysis of histological sections from E18.5
and/or newborn hindlimbs from wild-type and mutant
mice (data not shown).
PGK mRNA was expressed throughout the growth

plate (Fig. 6a). Furthermore, its levels were significantly
higher in upper hypertrophic chondrocytes, which were
also the most hypoxic cells in the mouse fetal growth
plate, as shown by EF-5 distribution (Fig. 1a–c). Strik-
ingly, PGK mRNA expression was reduced to back-
ground levels throughout the HIF-1� null growth plate
(Fig. 6b). Recently we have shown the relationship be-
tween HIF-1�-induced expression of PGK and other gly-
colytic enzymes and metabolic response to hypoxia (Sea-
groves et al. 2001). Given this, it is likely that there is a
significant metabolic deficit in this tissue.
In the growth plate, VEGF is expressed mainly by the

late hypertrophic chondrocytes and is thought to play a
crucial role in regulating the number of blood vessels of
the primary spongiosa and, through this mechanism, the
replacement of cartilage by bone (Gerber et al. 1999;
Haigh et al. 2000). VEGF mRNA expression was signifi-
cantly decreased in mutant hypertrophic chondrocytes
in comparison to controls (Fig. 7a,b). Consistent with
this finding, the mutant primary spongiosa was mark-
edly irregular, as suggested by a patchy distribution of
MMP9, a metalloproteinase produced by osteoclast-like

cells located at the border between growth plate and pri-
mary spongiosa (data not shown).
Interestingly, prolonged exposure to photoemulsion

revealed still significant expression of VEGF mRNA in
the mutant hypertrophic chondrocytes (Fig. 7c,d). Fur-
thermore, augmented expression of VEGF mRNA
around the area of cell death was observed (Fig. 7c,d).
This up-regulation of VEGF was likely secondary to the
severe changes in the redox status of the chondrocytes
surrounding the area of cell death, as demonstrated by
their dramatic increase in EF-5 binding (Fig. 7e,f). In ad-
dition, it is plausible that it triggered a marked and
highly unusual ectopic angiogenesis, clearly noticeable
in numerous areas of necrosis in selected null growth
plates (Fig. 7g–j).
Taken together, our data suggest that VEGF expression

in the growth plate is likely to be regulated through both
HIF-1�-dependent and HIF-1�-independent mecha-
nisms, and that this in turn can act to effect ectopic
angiogenesis in necrotic cartilaginous regions.

Discussion

The putative role of HIF-1� as survival factor has re-
cently become the focus of controversy (Maxwell et al.
1997; Carmeliet et al. 1998; Ryan et al. 1998, 2000; Wood
et al. 1998; Kung et al. 2000; Semenza 2000b). Studies
conducted in cell lines or in ES cell-derived tumors show
that HIF-1� activity modulates tumor cell growth by
regulating both metabolic functions and expression of
angiogenic growth factors such as VEGF (Semenza 1999;
Kung et al. 2000; Ryan et al. 2000). Despite an initial
report indicating that HIF-1� would act as a negative
factor for the growth of ES cell-derived tumors, a consid-
erable amount of in vitro data now support the model
that the lack of HIF-1� retards tumor growth (Ryan et al.
1998, 2000; Wood et al. 1998; Elson et al. 2000; Kung et
al. 2000; Ratcliffe et al. 2000). Consistent with this no-
tion, it has been reported that activation of the PI3K/
AKT/FRAP survival pathway stabilizes expression of
HIF-1� protein and its transcriptional activity (Zhong et
al. 2000; Zundel et al. 2000).
Our data, which represent the first tissue-specific de-

letion of hypoxic response via HIF-1� clearly show for
the first time that hypoxic chondrocytes lacking HIF-1�

undergo massive death and that, therefore, HIF-1� is ab-
solutely critical for survival of hypoxic cells in a fully
differentiated tissue.
Interestingly, in the mutant cartilage, cell death took

place in the center of both the proliferative and the hy-
pertrophic layers, suggesting that in the absence of HIF-
1� hypertrophic differentiation was not a required step
for cell death. Consistent with this notion, ectopic hy-
pertrophy, identified on the basis of both morphological
and in situ hybridization criteria (i.e., expression of col-
lagen type X mRNA), was never detected in the null
growth plate at any time during fetal development, or at
birth. Interestingly, the lack of HIF-1� also caused mas-
sive cell death in cartilaginous elements in which chon-
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drocytes do not generally undergo hypertrophic differen-
tiation, such as the chondrosternal junction of the ribs.
HIF-1� is essential for the “Pasteur effect” in mamma-

lian cells, that is, the increased expression of glycolytic
enzymes and a concomitant increased reliance on them
for ATP production in hypoxic conditions (Seagroves et
al. 2001). Consistent with these findings, our study pro-

vides clear evidence in vivo that HIF-1� is essential for
expression of PGK in the growth plate. Furthermore, it
suggests that the impairment of PGK up-regulation, and
by implication glycolysis generally, has contributed to
the massive cell death observed in the growth plate in
HIF-1�+f/−;colIIcre or HIF-1�+f/+f;colIIcre null animals
through a cell-autonomous mechanism.

Figure 7. Evidence for HIF-1�-dependent and -independent regulation of VEGF expression, increase of EF-5 binding, and ectopic
angiogenesis in the mutant growth plate. (a,b) In situ hybridization analysis with VEGF cRNA on histological sections E15.5 from
wild-type and mutant tibias and fibulas; the darkfields for both wild-type and mutant specimens are shown (exposure to photoemul-
sion = 14 d). (c,d) In situ hybridization analysis with VEGF cRNA on histological sections from E15.5 mutant femur; brightfield and
darkfield are shown, respectively (exposure to photoemulsion = 24 d) . (e,f) Immunofluorescence detection of EF-5 in proximal epiph-
ysis of E18.5 wild-type and mutant tibia, respectively. (g–j) H&E staining of histological sections of proximal epiphyses of mutant
newborn tibias; square and circles are drawn around areas of ectopic angiogenesis; h is a higher magnification image of g.
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Our study also indicates that VEGFmRNA expression
in the growth plate is regulated by both HIF-1� depen-
dent and independent mechanisms. In contrast to what
is reported here, animals with impaired VEGF protein
expression or activity in the growth plate show no signs
of cell death in cartilaginous elements, despite a de-
creased number of blood vessels in the surrounding pri-
mary spongiosa (Gerber et al. 1999; Haigh et al. 2000).
Furthermore, data from MMP9 null mutant mice indi-
cate that angiogenic factor release is critical for the re-
modeling of the hypertrophic zones, but has no role in
survival of chondrocytes in the growth plate generally
(Vu et al. 1998). Together, these data suggest that de-
creased levels of VEGF are not the sole cause of the cen-
tralized and internal cell death observed in the growth
plate of HIF-1�+f/−;colIIcre or HIF-1�+f/+f;colIIcre null
animals. Consistent with this notion, we did not observe
changes in blood vessel morphology or density in the
vicinity of the chondrosternal junctions of the ribs, in
which no primary spongiosa ever forms, despite the oc-
currence in these areas of a dramatic and centralized cell
death.
It is still an open question whether HIF-1�, in addition

to modulating cellular metabolism and VEGF expres-
sion, also has an effect on cell proliferation and differen-
tiation. It has been reported that genes involved in con-
trolling cell cycle exit are up-regulated by hypoxia
through HIF-1� dependent mechanisms (Carmeliet et al.
1998). Conversely, stimuli such as insulin, insulin-like
growth factors 1 and 2, EGF, and PDGF have also been
shown to increase HIF-1� protein levels in a cell-specific
manner (Zelzer et al. 1998; Richard et al. 1999). In this
paper, we report the intriguing and novel finding that the
lack of HIF-1� not only causes chondrocyte death in the
central portion of the cartilaginous elements, but also
increases the DNA synthesis rate at the periphery of the
growth plate. It also decreases expression of p57, an ef-
fector of chondrocytic growth arrest, and creates a subtle
delay in the process of hypertrophic differentiation.
Whether these effects on DNA synthesis and differentia-
tion are cell-autonomous and caused directly by the lack
of HIF-1� transcriptional activity, or secondary to the
dramatic changes in the redox status of the cells sur-
rounding the areas of cell death or changes in the vascu-
larization of the growth plate, are questions that need to
be investigated.
It is likely that the dramatic shortening of the limbs

observed in the null mice is the end result of diverse and
numerous effects, such as severe cell death, subtle delays
of the hypertrophic differentiation process, and the dis-
organized transition from hypertrophic chondrocytes to
primary spongiosa. These various processes impinge on
all of the areas of cartilaginous growth we evaluated,
including a very critical one: We have shown that the
likely mode of death of these mice comes from defects in
the trachea, which shows signs of collapse when HIF-1�

is absent from the cartilaginous rings.
In summary, we have shown that there is a physiologi-

cal gradient of oxygenation in the cartilaginous growth
plate, and that this is correlated with HIF-1� expression

in chondrocytes. We have shown that HIF-1� activity is
essential for the survival of hypoxic cells in this avascu-
lar tissue. This has important implications for the sur-
vival of tissues that lack even transiently a functional
vasculature, and implies that HIF-1� may be a critical
target for modulating hypoxic cell survival. Further-
more, we have provided evidence that VEGF expression
in the growth plate is regulated through HIF-1�-depen-
dent and -independent mechanisms. Lastly, we report
that HIF-1� is not only crucial for survival of hypoxic
chondrocytes, but also modulates the process of chon-
drocyte proliferation, differentiation, and growth arrest.
This is the first in vivo model that demonstrates the

physiological role of HIF-1� in cellular adaptation to
hypoxia during fetal development; as such, it points out
the essential role microphysiological response plays in
mammalian ontogeny, and illustrates the complexity of
HIF-1� action in vivo.

Materials and methods

Generation of Cre transgenic lines and conditional

HIF-1� knockout

A 1.7-kb DNA fragment containing a nuclear localization signal
(NLS), the cDNA encoding the bacterial Cre recombinase, and a
polyadenylation signal, was excised from pOG44 vector (Strata-
gene) by SmaI/KpnI digestion. It was blunted, ligated to BglII
linkers, and then digested with BglII. The BglII fragment was
ligated to a BamHI site in the p1757 plasmid, kindly provided by
Dr. Y. Yamada (National Institute of Dental Research, National
Institutes of Health, Bethesda, MD) (Yamada et al. 1990). The
p1757 plasmid had been modified previously by substitution of
the AflIII site with an EcoRI site. As a result of this cloning
strategy, the cDNA encoding the Cre recombinase was located
down-stream of the rat collagen 2a1 promoter element (−977 to
+110), between a 640-bp fragment containing a rabbit �-globin

intronic sequence and an enhancer element specific for chon-
drocytes. Nucleotide sequence analysis confirmed the correct
orientation of the cDNA, the presence of an in frame stop codon
and of the native Kozak consensus sequence up-stream of the
translation initiation codon. The construct insert was released
from the vector by digestion with EcoRI, and was microinjected
into fertilized eggs from FVB/N females. The injected eggs were
then transferred to pseudopregnant female mice. Genomic
DNA extracted from tail biopsies by standard techniques, it was
digested with BamHI, and the subsequent Southern blot was
probed with a 32P-labeled 380-bp fragment from the cDNA en-
coding Cre recombinase. The BamHI digestion of mouse geno-
mic DNA containing the transgene yields one hybridizing DNA
species of ∼ 4 kb (data not shown).
F1 Cre offspring (colIIcre) from both transgenic lines were

bred with animals that were heterozygous for a HIF-1�+f allele
created by knock-in mutation and for the HIF-1�− null allele,
respectively (Ryan et al. 1998, 2000). After appropriate breeding,
both HIF-1�+f/−;colIIcre and HIF-1�+f/+f;colIIcre mutant mice
were generated. PCR was performed to identify the loxP site on
the 3�-end side of exon 2, by using the forward primer HF 26
(5�-TGATGTCCCTGCTGGTGTC-3�) and the reverse primer
HF 27 (5�-TTGTGTTGGGGCAGTACTG-3�) (wild-type allele
312 bp, mutant allele 350 bp). PCR was also performed to iden-
tify the presence of the neomycin gene in the HIF-1� null allele
by using the primers 5�-AAGGTGAGATGACAGGAGATC-3�,
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and 5�-GATCGGCCATTGAACAAGATG-3�, respectively (310-
bp PCR product).

Analysis of EF-5 distribution; whole-mount �-galactosidase

and Alizarin Red S stainings

To study EF-5 distribution, pregnant females were injected with
10 mM EF5 at 1% of body weight; staining was performed as
described previously (Ryan et al. 1998, 2000).
Whole-mount lacZ staining was performed as described pre-

viously (Ryan et al. 1998).

Histological analysis, in situ hybridization analysis, and

TUNEL assay

For light microscopy, tissues from E14.5, E15.5, E17.5, and
E18.5 (delivered by caesarean section), and newborn were fixed
in 10% formalin/PBS (pH 7.4), and stored in fixative at 4°C.
Paraffin blocks were prepared by standard histological proce-
dures. Sections (5–6 µm thickness) were cut from several levels
of the block, and stained with Hematoxylin (H) and Eosin (E).
Selected samples were quickly fresh frozen in OCT on dry ice,
and sections (10 µm) were subsequently cut. In situ hybridiza-
tions were performed using complementary 35S-labeled ribo-
probes as described previously (Lee et al. 1996b).
For TUNEL assay, paraffin sections from hindlimbs of new-

born mice were permeabilized with 0.1% Triton X-100 in 0.1%
sodium citrate. TUNEL assay was performed using a Roche In
situ cell death detection Kit (Roche, Germany), according to the
manufacturer’s conditions.

BrdU incorporation

E15.5 and E14.5 pregnant mice were injected intraperitoneally
with 100 µg of BrdU/12 µg of FdU per gram body weight 2 h
prior to sacrifice. After sacrifice, embryo hindlimbs were dis-
sected, fixed, and embedded in paraffin, and longitudinal sec-
tions across the tibia and femur were obtained. To identify ac-
tively proliferating cells, nuclei that had incorporated BrdU
were detected using a Zymed BrdU immunostaining kit (Zymed
Laboratories).

Immunohistochemistry

For HIF-1� detection, fresh frozen sections from E15.5 wild-type
embryos were fixed in acetone for 20 min at −20°C and then
permeabilized with 0.1%Triton X-100 in 0.1% sodium citrate.
After blocking, sections were incubated with the commercially
available antibody C-19 that specifically recognizes an epitope
in the C-terminal portion of the HIF 1� protein (Santa Cruz
Biotech), at a dilution of 1:100. Detection of the binding was
carried by the Streptdavidin-HRP system provided by TSA kit,
according to the manufacturer’s conditions.
Forvon Willebrand factor detection, paraffin sections of new-

born mice were heated at 80°C in 0.1 M citrate buffer (pH 6.0)
for 2 h. After blocking, sections were incubated with a commer-
cially available rabbit polyclonal antibody that recognizes the
mouse von Willebrand factor (Dako), at a dilution of 1:100 for 1
h at room temperature. Detection of the binding was carried out
as described above.
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