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Abstract

Hypoxia plays a critical role in coordinating cell survival, differentiation and death in normal embryogenesis; during limb
pattern formation, hypoxia affects two key processes, chondrogenesis and cell death. Hypoxia promotes chondrocyte
differentiation and cartilage matrix synthesis and suppresses terminal differentiation. Depending on the context, hypoxia
may induce cell cycle arrest, pro- or anti-apoptotic genes, or autophagy. The response to hypoxia is controlled by hypoxia
inducible transcription factors, specifically Hif1a, Hif2a and Hif3a. Under normoxia, the hypoxia-inducible factors respond to
a variety of stimuli that include several well established teratogens, such as retinoic acid, heavy metals and hyperglycemia.
We hypothesize that teratogenic exposures disrupt limb development by altering the hypoxia signalling pathway. To test
this hypothesis, we assessed the effects of a DNA damaging alkylating agent, 4-hydroperoxycyclophosphamide, on the
hypoxia inducible factor (HIF) transcription factors and on hypoxia in the murine limb bud culture system. 4-
Hydroperoxycyclophosphamide exposure increased HIF1 DNA binding activity and HIF1A and HIF2A, but not HIF3A, protein
concentrations. HIF1A and HIF2A immunoreactivities were detected in the apical ectodermal ridge and interdigital regions,
where cell death sculpts the limb; 4-hydroperoxycyclophosphamide treatment enhanced their immunoreactivities,
specifically in these regions. In contrast, hypoxia was localized to areas of chondrogenesis, the cartilaginous anlagen of the
developing long bone and phalanges, and was not enhanced by drug exposure. Thus, the exposure of limb buds in vitro to
a DNA damaging teratogen triggered a hypoxia signalling response that was associated with cell death. During limb
development the HIFs have oxygen-independent functions.
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Introduction

Early organogenesis stage mammalian embryos develop nor-
mally only in a relatively hypoxic environment. Indeed, exposure
to Oy tensions that are either too low or too high has an adverse
consequence. For example, early headfold stage rat embryos
develop optimally in culture with 5% Oy; exposure of gestation
day 9 embryos to even physiological Oy (20%) results in neural
tube malformations [1]. Hypoxia is important in the regulation of
energy metabolism, heart development, angiogenesis, chondro-
genesis, endochondral bone formation and cell death [2].
Hypoxia-inducible factors (HIFs) are transcription factors that
play an essential role in the response of cells to hypoxia. The HIFA
proteins form heterodimers with the HIFB subunit, previously
identified as the aryl hydrocarbon receptor nuclear translocator
(ARNT), and bind to the hypoxia response element in target genes
that include phosphoglycerate kinase 1 (PgkI), vascular endothelial
growth factor (Vegfa), erythropoietin (Epo), and transforming
growth factor B (7gfbl), as well as pro-apoptotic genes, such as
BCL2/adenovirus E1B interacting protein 3 (Bnip3) [3]. The Oq-
dependence of HIF transcription factor activity may be regulated
at the level of transcription, translation, or post-translational
modifications [3], but much of the literature has focused on
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protein stability. HIFA proteins are hydroxylated on specific
amino acid residues by Og-dependent prolyl and asparaginyl
hydroxylases; hydroxylated HIFa proteins are recognized and
targeted for polyubiquitination and proteasomal degradation by
von Hippel Lindau tumour suppressor protein (pVHL) [4]. Under
hypoxic conditions, hydroxylation is reduced, binding to pVHL
does not occur, and the HIFA proteins are stabilized, translocated
to the nucleus, and interact with HIF1B [5]. Under conditions of
normoxia, exogenous stimuli, such as retinoic acid, lipopolysac-
charides, glucose, or maternal undernutrition, may alter HIF
transcription factor activity but little is known about the un-
derlying mechanisms [6,7].

There are three Hifa genes, Hifla, Hif2a and Hif3a. Hifla and
Hif2a are co-expressed in many cell types and have partially
overlapping but non-redundant roles [8,9]. The Hif3a mRNA is
differentially spliced to produce multiple HIF3A isoforms that
promote or inhibit the activities of HIF1A and HIF2A [10]. Hifla
expression is elevated in the cranial neuroepithelium, branchial
arches, limb buds and tail of mid-gestation mouse embryos [11].
Mice that lack Hif7a have severe defects by gestation day 9.5,
including open neural tube and heart malformations [12,13].
Downregulation of Hifla, associated with the administration of
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a retinoic acid receptor antagonist, produces cardiac defects [14],
whereas overexpression is associated with an increased incidence
of preeclampsia and intra-uterine growth retardation [15]. Hif2a
(EpasI gene) 1s expressed predominantly in endothelial cells of the
embryo and adult mouse [16]; Hy2a deficiency results in
embryonic or perinatal mortality or survival with multiple organ
deficiencies [17]. Homozygous mutant mice in which the first exon
of Hif3a is replaced are viable but display enlargement of the right
ventricle and impaired lung remodeling [18]. Together, these
studies suggest that the HIFA proteins play critical, non-over-
lapping, roles in development.

Chondrogenesis and apoptosis are key processes in limb
development [19]. Mesenchymal cells form pre-chondrogenic
condensations and differentiate into the cartilage anlagen of the
limb, taking on their regional identities in a temporal proximal-
distal fashion. Programmed cell death is the basic mechanism by
which the limb is shaped. There is evidence that the HIF proteins
play an important role in the regulation of chondrogenesis and cell
death. HIFIA and HIF2A activate expression of Sox9, a key
regulator of chondrogenesis [20,21]. Deletion of Hifla early or late
during chondrogenesis leads to cell death in the proximal limb
bones and severe limb shortening [22,23].

In animal studies, temporary periods of hypoxia, due to
a constriction of the uterine arteries or exposure to drugs that
induce hypoxia by affecting the maternal cardiovascular system,
lead to birth defects such as transverse limb reduction defects or
heart defects [24]. The culture of gestation day 10.5 rat embryos in
10-15% Oy increased the incidence of malformations and the
extent of oxidative stress [25]. Our interest in the role of hypoxia
signalling in mediating the effects of teratogenic exposures on
embryo development was triggered by the observation that
exposure to a DNA damaging teratogen, 4-hydroperoxycyclopho-

E ?L?g/trrnollzl-OOHCPA *
§ B 3ug/ml 4-OOHCPA -|-
a ] Z
< % %@ ? /g
SN B
: ' Bn B
il NN

Hypoxia Inducible Factors in Limbs

Table 1. Effects of 4-O0OHCPA exposure on the expression of
genes regulated by HIF1A.

Treatment time Gene Symbol Fold change t-test

3h Igf2 1.55 0.29
Mmp2 1.85" 0.03
6h Bcl2 1.92 0.14
Hif2a 1.58 0.28
Pdk1 —-1.52 0.08

*indicates a significant difference from control.
doi:10.1371/journal.pone.0051937.t001

sphamide (4-OOHCPA), increased Hifla expression in cultured
murine limb buds [26]. The teratogenicity of cyclophosphamide,
an anticancer nitrogen mustard drug, has been well characterized
in several species in vivo [27]. 4-OOHCPA, a preactivated analog
of cyclophosphamide, causes growth reduction and digit defects in
the limb bud culture system [28]; since this is an & vitro model, the
effect is direct, i.e. not due to the induction of hypoxia in the dam.

We hypothesize that teratogenic exposures disrupt limb de-
velopment by altering the hypoxia signalling pathway. To test this
hypothesis, we determined the impact of exposure to 4-OOHCPA
on HIF DNA binding activity and the expression and activity of
the HIF transcription factors in limbs. Furthermore, to elucidate
the oxygen-dependence of this HIF response, we compared the
localization of HIFA proteins with that of hypoxia in limb.
Together, the results of this study reveal that the HIFs have
oxygen-independent functions during limb development, particu-
larly in regulating cell death.

30 min 1h

3h 6h

Figure 1. HIF1 heterodimer DNA binding activity in limbs exposed to 4-OOHCPA or vehicle. Limbs in culture were treated with saline
(control) or 4-O0HCPA (1 pg/ml or 3 ug/ml) and collected after 30 min, 1, 3 or 6 h. HIF1 DNA binding activity was measured using an ELISA assay as
described in the Methods. The data are expressed as mean = SEM (ug nuclear extract standard/[L.g sample protein); each bar represents 3-4 litters. *

indicates a significant difference from control at that time point (P<<0.05).

doi:10.1371/journal.pone.0051937.g001
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Figure 2. Immunolocalization of HIF1A in limbs. Immunoreactivity was detected in control limbs in the apical ectodermal ridge and interdigital
regions (L.R.). The mesenchymal condensations/developing cartilaginous anlagen (Digits) were not immunoreactive. 4-OOHCPA treatment resulted in
a concentration- and time-dependent increase in HIFTA immunoreactivity in this area in the 3 and 6 h exposure groups; staining was diminished by

24 h. Four separate replicates were done.
doi:10.1371/journal.pone.0051937.g002

Materials and Methods

Limb Bud Cultures and Drug Treatments

Ethics statement. 'This study was done in accordance with
the guidelines of the Canadian Council on Animal Care for the
ethical use and care of animals in science. The protocol (Protocol
Number 1825) was approved by the Animal Care Committee of
McGill University.
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Timed-pregnant CD1 mice (2025 g), mated between 8:00 and
10:00 (gestation day 0), were purchased from Charles River
Canada Inc. (St. Constant, QC) and housed at the Mclntyre
Animal Centre (McGill University, Montréal, QC). Between 8:00
and 10:00 on gestation day 12, females were killed by CO,
overdose and cervical dislocation, uteri were removed, and the
embryos were dissected out in sterile Hank’s Balanced Salt
Solution; the embryos at this time were 5-6 mm in length with
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Figure 3. 4-OOHCPA exposure induced HIF2A. A: Western blot analysis of HIF2A protein (118KD) and actin (43KD) in limbs at 10 min, 1, 3, 6,
and 24 h after treatment with 4-OOHCPA at 0.3 ug/ml (L) 1.0 ug/ml (M) or 3.0 ug/ml (H). P represents the positive control. B: Fold changes from the
scan densitometry quantification of the HIF2A band in drug treated groups compared to control groups. Hatched bar: 0.3 pug/ml (L), cross-hatched
bar: 1.0 ug/ml (M) and gray bar: 3.0 ug/ml (H). Each bar (mean * SEM) represents six to seven replicates; bars with an asterisk are significantly

different from control at the same time point (p =0.05).
doi:10.1371/journal.pone.0051937.g003

about 42 somite pairs. Forelimbs were excised just lateral to the
somites, pooled, and cultured in 6 ml of culture medium consisting
of 75% BGJb Medium (GIBCO BRL Products, Burlington, ON)
and 25% salt solution supplemented with ascorbic acid (160 ug/
ml) and gentamycin (1 ul/ml, GIBCO BRL Products), as
previously described [26,28]. 4-Hydroperoxycyclophosphamide
(4-OOHCPA; a gift from Dr. S. Ludeman) or distilled water was
added to the designated cultures. The cultures were terminated at
the specified times.

HIF1 DNA Binding Activity Determination with ELISA
Limbs were cultured for 0.5, 1, 3, or 6 h, in the presence or
absence of 4-OOHCPA (1 ug/ml or 3 pg/ml). In previous
studies, we showed that exposure to these concentrations of 4-
OOHCPA had marked effects on long bone outgrowth, digit
formation and cell death; HIF1A expression was induced by 3 h
[26,28]. Eight fresh limbs from each treatment group were used to
prepare nuclear extracts (Nuclear Extract Kit, Active Motif,
Carlsbad, CA) following the manufacturer’s recommendations.
Nuclear protein concentrations were assessed with the Bio-Rad
Laboratories protein spectrophotometric assay (Mississauga, ON,
Canada). The HIF1 heterodimer complex DNA binding activity
was detected using TransAM™ Chemi Kits (Active Motif) in
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which an oligonucleotide containing the hypoxia response element
from the Epo gene (5'- TACGTGCT-3') is immobilized on 96 well
plates. The primary antibody recognizes an epitope on HIFIA
that is accessible after DNA binding; conjugation of the secondary
antibody to horseradish peroxidase provides a colorimetric read-
out. Three or four separate replicates (each with limbs obtained
from different litters) were done for each treatment and time point;
values represent means = SEM. The data were analyzed by one-
way ANOVA using the SigmaPlot version 12 software program
(Systat Software Inc., Chicago, IL). The level of significance was
taken as P<<0.05.

Mouse HIF-Regulated cDNA Plate Arrays

Consequences on target gene expression were assessed in limbs
cultured in the presence or absence of 1 ng/ml of 4-OOHCPA for
3 or 6 h (since the HIFI DNA binding activity experiments,
described above, revealed that binding was increased significantly
in limbs exposed to this concentration for 3 h). Total RNA was
isolated using RNeasy® Micro Kits (Qiagen, Mississauga, ON),
following the manufacturer’s recommendations. The RNA
(2.5 ug/sample) was reverse transcribed into cDNA in the
presence of biotin-dUTP and then hybridized to Mouse HIF-
Regulated ¢cDNA Plate Arrays pre-coated with the specific
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Figure 4. Localization of HIF2A immunoreactivity in limbs. HIF-2A reactivity was detected in control limbs at 1 and 3 h in the apical
ectodermal ridge, interdigital area (I.R.) and developing cartilaginous anlagen (Digits). 4-OOHCPA exposure increased HIF2A immunoreactivity in the
apical ectodermal ridge and interdigital regions (I.R.) at 3 h. No differences were observed between control and drug-treated limbs after 6 h or 24 h

of culture. Four separate replicates were done.
doi:10.1371/journal.pone.0051937.9g004

oligonucleotides for 23 HIF-regulated genes (Signosis, Inc.,
Sunnyvale, CA). The cDNAs bound to these oligonucleotides
were detected with streptavidin-horseradish peroxidase using
a horseradish peroxidase chemiluminescent substrate and the
LUMIstar Galaxy plate reader (BMG Labtech/Fisher Scientific,
Nepean, ON, Canada). Procedures for the generation of the
biotin-labeled cDNAs by i vitro transcription, the hybridization to
the array, washing, and scanning were all conducted in
accordance with the manufacturer’s recommendations. Five
separate replicates were done for each treatment and time point.
intensities obtained from the
LUMIstar Galaxy plate reader were imported into GeneSpring
(version 11.5.1; Agilent Technologies, Palo Alto, CA) for analysis.
To minimize experimental variation, the ratio of the cDNA
intensity for the 18S rRNA of each replicate to the average 18S
intensity for all replicates, including both control and treated

The raw chemiluminescent
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groups, was used as an internal control. Thus, the intensity of each
gene was adjusted for the 18S ratio of the replicate. Changes in
gene expression were considered only when the difference in
expression level was at least 1.5-fold control; a 1.5-fold change is
equivalent to an increase by 50% or a decrease by 33%. The
expression of genes in the 4-OOHCPA treated limbs that passed
this =1.5-fold change filter was compared to that in control limbs
by the Student’s ttest with the Benjamini and Hochberg multiple
comparisons correction and a false detection rate of 5%.

Real-time gRT-PCR Analysis of Matrix Metallopeptidase 2
(Mmp2) Gene Expression

Limbs were cultured in the presence or absence of 4-OOHCPA
(1 pg/ml) for 3 or 6 h and then stored in RNAlater RNA
Stabilization Reagent (Qjagen) at —20°C. Total RNA for real-
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Figure 5. Western blot of HIF3A. HIF3A protein was detected in control limbs at all time points. A: Western blot analysis of HIF3A protein (118 KD)
and actin (43 KD) in limbs at 30 min, 1, 3, 6, and 24 h after treatment with 4-OOHCPA at 0.3 pug/ml (L) 1.0 ug/ml (M) or 3.0 ug/ml (H). B: Densitometric
quantification of HIF3A in drug treated groups compared to control groups. Hatched bar: 0.3 pg/ml (L), cross-hatched bar: 1.0 ug/ml (M) and gray
bar: 3.0 ug/ml (H). HIF3A protein concentrations were not affected by drug treatment or time. Each bar (mean * SEM) represents six to seven

replicates.
doi:10.1371/journal.pone.0051937.g005

time qRT-PCR analysis was isolated using the RNeasy® Micro Kit
(Qiagen), following the manufacturer’s recommendations. qRT-
PCR analysis of Mmp2 gene expression was done using One step
QuantiTect® SYBR® Green RT-PCR analysis (Qijagen). First-
strand cDNA was synthesized from 10 ng of total RNA using an
optimized blend of Omniscript and Sensiscript Reverse Tran-
scriptases (Qlagen). The primers were generated with Primer3
software (http://frodo.wimit.edu) and produced by Alpha DNA
(Montreal, QC, Canada). Reactions containing 10 pmol each of
the left (TTCAACGGTCGGGAATACA) and right (AGCCA-
TACTTGCCATCCTTC) primers and the SYBR Green PT-
PCR Mix were amplified in a final volume of 20 ul. Cycling
parameters were: 50°C for 20 min for the reverse transcription
reaction, 95°C for 15 min for primer activation, followed by 45
cycles of denaturation at 94°C for 15 s, annealing at 55°C for 30 s,
and primer extension at 72°C for 20 s. Amplification reactions
and fluorescent measurements were done using a real-time
LightCycler® (Roche Diagnostics, Laval, QC, Canada). A melting
curve analysis was done on all samples to confirm the
amplification specificity. The relative quantification data were
obtained by comparison of the sample fluorescence with a standard
curve that was amplified in parallel; this standard curve consisted
of first-strand cDNA generated from hindlimb total RNA. Parallel
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amplification of 18S rRNA (Rn/8s) was used as an internal control
to normalize the gene expression (left primer: AAACGGCTAC-
CACATCCAAG, right primer: CCTCCAATG-
GATCCTCGTTA). Amplifications were done in duplicate; the
results are from six independent cultures of each treatment group,
with a minimum of four limbs per replicate. Data were analyzed
using one-way ANOVA and the post-hoc Dunnett multiple
comparison test (SigmaPlot 12, Systat Software, Inc., San Jose,
CA). The level of significance was taken as p=0.05.

Western Blot Analysis

At the designated times, four to eight limbs per group were
placed in liquid Ny and stored at —80°C. Lysates were prepared
by sonicating limbs with high intensity ultrasonic liquid processors
(Sonics & Materials Inc, Danbury, CT) for 2-3 seconds in lysis
buffer (50 mM Tris, pH 7.5, 150 mM NaCl, 0.1% SDS, 0.5%
sodium deoxycholate, 0.2 M phenylmethylsulfonyl fluoride,
10 pug/ml leupeptin, 3 Hg/ml aprotinin, 40 pug/ml bestatin, and
1% Nonidet P-40). The lysates were cleared by centrifugation for
10 min at 10,000 rpm at 4°C and denatured at 85°C for 5 min.
Protein concentrations were assessed with the Bio-Rad Laborato-
ries protein spectrophotometric assay (Mississauga, ON, Canada).
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Figure 6. Detection of hypoxia in limbs using Hypoxyprobe. Hypoxyprobe™-1 reactivity was detected in the digit and core areas (Digit) of
limbs where chondrogenesis occurs; staining in these areas was strong at 3 h and 6 h and diminished at 24 h. Hypoxyprobe reactivity was not
observed in the interdigital regions (I.R.). No differences were observed between control and drug-treated limbs. Four separate replicates were done.

doi:10.1371/journal.pone.0051937.9g006

Samples (25 g protein) were fractionated by SDS-PAGE using 4
20% Novex® Tris-Glycine gels (Life Technologies Inc., Burling-
ton, ON, Canada). Novex® Sharp Standards (Life Technologies
Inc.) were used as molecular weight markers. Lysates of limbs
cultures treated with deferoxamine mesylate salt (I mM, 6 h,
Sigma-Aldrich, St-Louis, MO), an iron chelator that acts as an
hypoxia-mimetic agent, and hypoxia-induced COS-7 nuclear
extracts (Novus Biologicals, Inc., Oakville, ON, Canada) were
used as positive controls.

The fractionated proteins were transferred to a PVDF mem-
brane using iBlot® Western Detection Kits (Life Technologies
Inc.). The blots were blocked with 10% nonfat dried milk, in TBS-

PLOS ONE | www.plosone.org

T (137 mM NaCl, 20 mM Tris [pH 7.4], 0.1% Tween® 20) at
room temperature for 1 h and then incubated with the antibody to
HIF2A (Novus Biologicals, Inc., primary mouse monoclonal,
NB100-132, 1:1,000), or HIF3A (Abcam, primary rabbit poly-
clonal antibody to ab2165, 1:1,000) in 5% nonfat dried milk, in
TBS-T overnight at 4°C. The secondary antibodies, sheep anti-
mouse IgG (1:2,000, GE Healthcare Limited, Baie d’Urfé, QC,
Canada) or donkey anti-rabbit antibody (1:10,000, GE Healthcare
Limited) conjugated to horseradish peroxidase, were used to detect
specific antibody interactions.

Western blots were visualized with the Enhanced Chemilumi-
nescence Plus Kit (GE Healthcare Limited) and CL-XPosure film
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Figure 7. Immunolocalization of VEGF in control and 4-OOHCPA treated limbs. VEGF protein was detected in control limbs in the apical
ectodermal ridge and interdigital regions (l.R.) with stronger staining observed at 24 h. Staining was increased in these areas in limbs exposed to
either 1.0 or 3.0 ug/ml 4-HOOCPA for 24 h. Four separate replicates were done.

doi:10.1371/journal.pone.0051937.9g007

(Fisher Scientific). Quantification of western blot data was done
using a Chemilmager 4000 imaging system (Alpha Innotech, San
Leandro, CA) with AlphaFase 3.3b software. Actin (1:5,000)
protein expression was monitored as a loading control, using
a donkey anti-goat polyclonal antibody (1:10,000, [0.04 pg/ml]
Santa Cruz Biotechnology, Santa Cruz, CA). Six or seven separate
replicates were done for each experiment; values represent means
* SEM. The data were analyzed by two-way ANOVA using the
SigmaPlot version 12 software program (Systat Software Inc.,
Chicago, IL). The level of significance was taken as P=0.05.
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Immunohistochemical Localization of HIF1A, HIF2A, and
VEGF

Limbs were cultured for 3, 6 or 24 h, fixed with 4%
paraformaldehyde at 4°C for 4 h, dehydrated with ascending
ethanol concentrations, cleared with xylene, and embedded in
paraffin. Sections (5 pm) were cut, mounted on slides, depar-
affinized with xylene, and rehydrated with descending concentra-
tions of ethanol. To detect HIF1A an antigen unmasking step was
necessary; these sections were heated in a microwave oven for
a total of 15 min (2 min with high power and 13 min with 10%
power, cooled at room temperature for 15 min) in 0.1 M sodium
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citrate. Following this, the sections were washed with TBS
(137 mM NaCl, 20 mM Tris, pH 7.4), treated with 0.45%
H,0, in methanol for 25 min, washed with TBS, blocked with
1.5% normal horse serum in TBS for 30 min, and then incubated
with rabbit polyclonal antibodies to HIFIA (Novus Biologicals,
Inc., NB100-449, at 1:50 dilution, for 1 h at room temperature) or
VEGF (Santa Cruz, SC-507, at a dilution of 1:100, overnight at
4°C). After washing with TBS, sections were stained via the avidin
biotin-peroxidase complex method with a Vectastain Elite ABC kit
(Vector Laboratories Inc., Burlingame, CA). Each section was
reacted with 3,3’ diaminobenzidine (DAB) substrate to detect
peroxidase using an ImmPACT™ DAB substrate kit (Vector
Laboratories Inc), and then counterstained with methylene blue.
Four separate replicates were done for each experiment.

The preparation of sections for the analysis of HIF2A
immunohistochemistry was similar except for the following
modifications. Sections were cleared and deparaffinized with
Histo-Clear (National Diagnostics/Diamed Lab Supplies, Mis-
sissauga, ON, Canada). They were washed with PBS, treated with
0.3% HyOy in water for 5 min, washed with PBS, blocked with
M.O.M. reagent (mouse-on-mouse, Vector Laboratories Inc.) in
PBS for 1 h, and then incubated with the mouse monoclonal
antibody for HIF2A (Novus Biologicals, Inc., NB100-132, at 1:40
dilution for 30 min) at room temperature.

Detection of Hypoxia Using Hypoxyprobe

Timed pregnant CD1 gestation day 12 mice were injected with
pimonidazole, a marker of tissue hypoxia (60 mg/kg iv.; NPI-
Hypoxyprobe Inc., Burlington, MA) [29]. The mice were
euthanized 1 h later; forelimbs were excised and cultured in the
absence or presence of 4-OOHCPA (1.0 or 3.0 pg/ml) for 3, 6, or
24 h. Limbs were fixed with 4% paraformaldehyde at 4°C for 4 h,
dehydrated with ascending ethanol concentrations, cleared with
xylene, and embedded in paraffin. Sections (5 pum) were cut,
mounted on slides, deparaffinized with xylene, and rehydrated
with descending concentrations of ethanol. The sections were
washed with TBS, treated with 3.0% H,O, in water for 5 min,
washed with TBS, blocked with IHC Select blocking Reagent
(EMD Millipore, Billerica, MA) for 5 min, and then incubated
with a conjugate between the Hypoxyprobe™-1 monoclonal
antibody and fluorescein isothiocyanate (FITC) (NPI-Hypoxyp-
robe Inc.) at a 1:200 dilution for 30 min at room temperature.
After washing with TBS, sections were incubated with a secondary
conjugate for 30 min. Each section was reacted with DAB
substrate for peroxidase using an ImmPACT™ DAB substrate
kit (Vector Laboratories Inc), and counterstained with methylene
blue, as described above. Four separate replicates were done for
this experiment.

Results

Effects of 4-OOHCPA Treatment on HIF1 DNA Binding
Activity and on the Expression of HIF1-Responsive Genes
The relative DNA binding activity of HIF1 heterodimers was
transiently enhanced by exposure of limbs to 4-OOHCPA for 3 h
(Fig. 1). To determine the impact of this increase in DNA binding
activity on gene expression, we profiled the expression of 23 HIF1
dependent genes in control and 4-OOHCPA (1 pg/ml) exposed
limbs using cDNA plate arrays (Table 1, Supplementary data,
Table S1). Four genes, Crebp, Glutl, Vhl, and Ep300, were highly
expressed (=2 fold the average expression of the array, Supple-
mentary data, Table S1) in both the control and drug treated
groups. Treatment with 4-OOHCPA for 3 h upregulated the
expression of Igf2 and Mmp2 (=1.5 fold); exposure for 6 h
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upregulated the expression of Bel2 and Hif2a and downregulated
the expression of Pdkl (Table 1). gRT-PCR analysis of Mmp2
expression confirmed that this gene was upregulated in limbs
exposed to 4-OOHCPA at 3 h (1.26%0.08, mean = SEM, n = 6;
p=0.05); by 6 h, Mmp2 expression did not differ between the drug-
treated and control limbs (0.93£0.09, n=6).

Localization of HIFTA Immunoreactivity in Control and 4-
OOHCPA Treated Limbs

In a previous study, we reported that exposure to 4-OOHCPA
for 6 h resulted in a concentration-dependent increase in HIFIA
protein concentration (0.3 pg/ml: 1.78 fold; 1.0 pg/ml: 1.84 fold;
3.0 pg/ml: 2.36 fold) compared to vehicle treated controls [26];
this induction was not observed at 3 h and did not persist to 24 h.
In this study, we determined the localization of this HIFIA
immunoreactivity in control and 4-OOHCPA treated limbs
(Fig. 2). In control limbs, immunoreactivity was detected in
isolated cells in the apical ectodermal ridge and interdigital regions
(denoted as I.R.). A comparison of the limbs cultured for 3, 6 or
24 h revealed that time in culture did not have an appreciable
effect on HIF1A staining. However, treatment with 4-OOHCPA
produced a dramatic increase in HIF1A immunoreactivity in the 3
and 6 h exposure groups; by 24 h staining was diminished. This
increase in HIFIA immunoreactivity in the presence of 4-
OOHCPA was also largely localized to the apical ectodermal
ridge and the interdigital regions.

Effects of 4-O0OHCPA Exposure on HIF2A and HIF3A

Protein Expression

Since the three Hifla genes have complimentary functions, we
were interested in the effects of 4-OOHCPA exposure on the
expression of HIF2A and HIF3A in limbs. Although Hif2a mRNA
concentrations in limbs exposed to 4-OOHCPA for 6 h were
increased (1.58 fold, relative to control), this increase was not
statistically significant (Table 1). However, Western blot analysis
revealed that 4-OOHCPA exposure increased the protein
concentrations of HIF2A (Fig. 3). This induction was both
concentration- and time-dependent. Interestingly, increased
HIF2A was observed as early as 10 minutes after 4-OOHCPA
exposure and peaked at 1 h; limbs cultured for 3, 6 or 24 h did not
differ from controls.

HIF2A immunoreactivity was detected in control limbs cultured
for 1 or 3 h in the apical ectodermal ridge, interdigital regions and
the core mesenchymal condensations (Fig. 4). 4-OOHCPA
exposure for 3 h increased HIF2A immunoreactivity in the
interdigital regions and apical ectodermal ridge (I.R.) areas. No
marked differences in HIF2A immunoreactivity were observed
between the control and drug-treated limbs after 1, 6 or 24 h of
culture.

HIF3A protein was detected in control limbs at all time points
tested (Fig. 5). Since drug treatment did not alter HIF3A protein
concentrations in limbs we did not assess the localization of this
protein.

Localization of Hypoxia in Limbs

Pimonidazole immunoreactivity (Hypoxyprobe) was used as
a marker to determine the localization of hypoxia in cultured limb
buds (Fig. 6). Hypoxia was detected in control limbs in the regions
undergoing chondrogenesis, i.e. the forming cartilaginous anlagen
of the long bones and digits (denoted as “Digits”). Maximal
reactivity was detected in the control limbs cultured for 3 h; the
signal decreased by 6 h and was faint after culture for 24 h. Limbs
exposed to 4-OOHCPA did not differ noticeably from controls,
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with immunoreactivity remaining focused in the mesenchymal
condensations and no change in the intensity of staining.

Immunolocalization of VEGF in 4-OOHCPA-treated and

Control Limbs

Vegfa expression is regulated by both HIF1IA and HIF2A [8];
previously, we reported that the exposure of limbs to 4-OOHCPA
upregulated Vegfa expression [26]. In this study, there was an
apparent increase in Vegfa expression (1.45 fold increase in limbs
exposed to 1 pg/ml of 4-OOHCPA for 3 h) but this increase did
not reach our >1.5 fold cut-off value (Supplementary data, Table
S1). VEGFA immunoreactivity in limbs is shown in Figure 7.
VEGF immunoreactivity was detected in control limbs in the
apical ectodermal ridge, interdigital and mesenchymal condensa-
tions; staining was stronger at 24 h than at 3 or 6 h. Exposure to 4-
OOHCPA did not visibly enhance VEGF immunoreactivity in the
cartilaginous anlagen or digits; after 24 h an increase in staining in
the interdigital areas was observed.

Discussion

Here, we demonstrate that the exposure of developing limb
buds to 4-OOHCPA induces HIF1A and HIF2A, but not HIF3A.
HIF1A and HIF2A immunoreactivities are enhanced in the apical
ectodermal ridge and interdigital regions, where programmed cell
death occurs. In contrast, hypoxia is localized to the cartilaginous
anlagen formed by the condensation of mesenchymal cells and is
not enhanced by drug exposure. VEGF, an HIF target gene,
immunoreactivity was found in both the apical ectodermal ridge/
interdigital area and in the mesenchymal condensations but was
not visibly affected by 4-OOHCPA exposure. Thus, exposure to
this DNA damaging agent induces the hypoxia response signalling
pathway in limb buds in the absence of an effect on hypoxia.

Under normoxia, the stimuli that have been reported to induce
HIF1 transcription factor activity include growth factors, insulin,
and glucose [30]. Cyclophosphamide, a bifunctional nitrogen
mustard, alkylates DNA to form crosslinks, resulting in single and
double strand breaks. The mechanism by which such a DNA
damaging agent might induce HIF proteins in the absence of
hypoxia is not known. One possibility is that 4-OOHCPA-induced
DNA damage activates Sirtl, a class III histone deacetylase.
Previous studies have shown that Sirtl activation increases HIF2A
signalling and Fpo gene expression [31].

Exposure to 4-OOHCPA increased the steady state concentra-
tions of both the mRNA and protein concentrations of Hifla and
Hif2a in limbs, without influencing HIF3A protein concentrations.
Thus, the expression of HIFA family members in limbs is
differentially regulated and may occur at multiple levels. Based
on the time course of induction, we speculate that DNA damage
may regulate HIFIA transcription and translation. The rapidity of
the increase in HIF2A protein concentrations (10 min) suggests
that the primary effect may be on protein stability, probably
mediated via inhibition of proteasomal degradation; the induction
of Hif2a mRINA concentrations is a later response, not observed
until 6 h after drug exposure. In the context of these data, it is
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