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Advanced cervical cancer remains a vexing clinical
challenge despite screening programs. Many of these
cancers are hypoxic, and expression of the « subunit
of the major regulator of the hypoxic cellular re-
sponse, the transcription factor hypoxia-inducible
factor-1 (HIF-1), is correlated with poor prognosis.
Here, we tested a functional role for HIF-1« in patho-
genesis of cervical cancer in estrogen-treated trans-
genic mice. Double-transgenic (DTG) mice developed
locally invasive cervical cancers 70 times larger than
K14-HPV16 mice. In vivo bromodeoxyuridine incor-
poration was elevated in DTG cancers without a sig-
nificant increase in apoptosis. HIF-1a gain of function
did not up-regulate canonical HIF-1 targets in prema-
lignant DTG cervices, in contrast to elevation of these
targets in K14-HIF-1« transgenic cervices. The DTG
transcriptional signature included up-regulation of
mRNAs encoding cytokines and chemokines, im-
mune signaling molecules, extracellular proteases,
and cell motility factors, as well as reduced expres-
sion of cell adhesion and epithelial differentiation
genes. Importantly, a set of gene markers derived
from the DTG transcriptome predicted cervical can-
cer progression in patients. This study suggests a
novel paradigm for HIF-1 function evident in multi-
stage carcinogenesis as opposed to established malig-
nancies, including interaction with viral oncogenes
to induce multiple genomic networks in premalig-
nancy that fosters the development of advanced cer-
vical cancer. (Am J Pathol 2007, 171:667-681; DOI:
10.2353/ajpath.2007.061138)

Cervical cancer is the second most common malignancy
in women worldwide. More than 99% of cervical carcino-
mas are associated with human papillomavirus (HPV)."
Viral persistence and hence carcinogenic disease pro-
gression are attributable to low-level HPV viral genome
expression in basal keratinocytes of the uterine transfor-
mation zone.? Despite the promise of the HPV16/18 vac-
cine, the large cohort of currently infected women will be
a continual source for cervical malignancies throughout
the next 4 decades.” Screening programs have been
successful in economically sufficient populations to re-
duce markedly cancer incidence; however, women with
inadequate health care access continue to present with
advanced local disease beyond the confines of the
Cervix.

A prominent feature of clinically advanced cervical
cancers is hypoxia,®* which is a therapeutic and prog-
nostic factor associated with radioresistance, inhibition of
apoptosis, alterations in proliferation, cell signaling, and
genomic stability.> A central coordinator of the hypoxic
cellular response is hypoxia-inducible factor-1 (HIF-1), a
master transcription factor regulating expression of a
growing list of downstream targets.?® HIF-1 is a het-
erodimeric transcription factor composed of an oxygen-
labile HIF-1a subunit and a constitutively expressed
HIF-18 (ARNT) subunit. HIF-1 contains multiple domains,
including an oxygen-dependent degradation (ODD) do-
main, responsible for protein stability and transcriptional
activity. During normoxia, HIF-1a rapidly undergoes
ubiquitin-mediated degradation, principally regulated by
proline hydroxylation and further facilitated by acetyla-
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tion, and negatively regulated by sumoylation of multiple
amino acids within the ODD.2'°"" Prolines (Pro)*°? and
Pro®®* within the ODD are principally responsible for
protein stability.'® Normoxic HIF-1a hydroxylation is cat-
alyzed by specific prolyl hydroxylases. Pro*°2/Pro®%* hy-
droxylation presents binding sites for the von Hippel-
Lindau (VHL) protein, the recognition component of an
E3-ubiquitin ligase.'® During hypoxia, HIF-1a prolyl and
asparaginyl hydroxylases are inhibited, VHL-HIF binding
is impaired, the majority of HIF-1a protein is stabilized,
and consequent HIF-1 dimerization produces the tran-
scriptionally active HIF-1.8 HIF-1 binding to hypoxia re-
sponse elements at enhancers of target genes increases
the expression of molecules regulating angiogenesis,
glucose transport, glycolysis, tissue invasion/metastasis,
and cell proliferation.® Cancer cells also possess parallel
mechanisms for normoxic HIF-1a protein stabilization
and transcriptional activity including elevated HIF-1a pro-
tein translation because of increased phosphoinositol 3’
kinase pathway signaling,’® RAS/MEK/ERK-1/2-medi-
ated phosphorylation of HIF-1a'* and coactivator CBP/
p300,"® as well as microenvironmental acidosis, which
sequesters VHL in the nucleolus.'®

Multiple clinical studies of cervical carcinogenesis
have suggested that HIF-1a is important in malignant
progression and outcome.®'"'® |ikewise, HIF-1a has
been proposed as a facilitator of clinical premalignant
progression because immunohistochemical expression
of HIF-1a and its targets were incrementally increased in
patients with advancing degrees of cervical dysplasia.’”
Modulation of HIF-1a expression has been restricted to
allograft studies of either ARNT-deficient mouse Hepa c4
hepatoma cells'® or SV40 Tag/Ha-ras-transformed MEFs
from HIF-1a knockout mice.®® The Hepa c4 allograft
model highlighted a decrease of tumor microvasculature
associated with diminished expression of the HIF-1 target
vascular endothelial growth factor (VEGF), whereas the
HIF-1a knockout MEF study suggested that HIF-1 medi-
ated tumor growth through VEGF-independent changes
in either cellular metabolism or the microenvironment.
Despite the elegance of these genetic studies, human
disease is characterized by HIF-1 gain of function, and
this pivotal experiment has not been genetically tested in
a mouse model of multistage carcinogenesis.

Here, we tested the hypothesis that HIF-1a gain of
function would alter cervical carcinogenesis in a mouse
model closely emulating human cervical carcinogenesis,
the estrogen-treated K14-HPV16 transgenic mouse.? 2
Double-transgenic (DTG) mice expressing both HPV on-
cogenes and constitutively active HIF-1a mutants in cer-
vical epithelium developed massive cervical cancers that
replaced the entire cervix and invaded peri-cervical soft
tissue, emulating locally advanced disease in humans. In
contrast, cancers in single K14-HPV16 transgenic mice
were always microscopic. DTG cervical cancers had an
elevated rate of proliferation without a differential com-
pensatory increase in apoptosis. Strikingly, DTG cancers
did not display an increase in vascularity in contrast to
our previous work in an epidermal transgenic model of
HIF-1a gain of function.2® Genome-wide gene expression
screening of premalignant cervical dysplasia midway in

Table 1. Number of Mice of Each Genotype
Cancer
Genotype Number incidence (%)
Nontransgenic 8 0
K14-HIF-1«¢AODD and HIF- 7 0
1aPro402A/564G

K14-HPV16 15 12 (80)
K14-HPV16:HIF-1aAODD 6 6 (100)
K14-HPV16:HIF-1aPro?02A/564G 8 6 (75)

Because no neoplastic pathology developed in nontransgenic or
K14-HIF-1a constitutive mutants, the analysis focused on comparisons
between the K14-HPV16 and K14-HPV16:HIF-1«¢AODD and
K14-HPV16:HIF-1aPro*0?4/564G douyble-transgenic mice.

the progression of disease in the model revealed a seg-
regation of nontransgenic, HPV single transgenic, and
DTG cervices into three distinct clusters. A subset of the
DTG signature transcriptome derived from the mouse
model was also able to discriminate advanced human
cervical cancers as well. Thus, a distinct molecular ex-
pression network is activated by the combination of
HPV16 oncogene expression with HIF-1a gain of function
setting the stage, in premalignancy, for the ultimate elab-
oration of advanced cervical cancer.

Materials and Methods

Transgenic Mice

K14-HPV16 transgenic mice (n = ~100 in FVB/n)?2 were
mated with transgenic mice with two different constitutively
active HIF-1 transgenes, either K14-HIF-1«AODD trans-
genic mice (FVB/n original background strain)®® or a new
line of mice transgenic animals (also FVB/n) with HIF-1«
containing proline to alanine and proline to glycine muta-
tions at positions 402 and 564, respectively (K14-HIF-
1Pro*02A/564G) (M. Scortegagna and J.M.A., in preparation),
producing K14-HPV16:HIF-1«AODD and K14-HPV16:HIF-
1aPro?0?4%64G DTG mice.?'2* Negative littermate FVB/n,
K14-HPV16, and K14-HIF-1aPro*92#/564S transgenic mice
served as controls (Table 1). The Animal Studies Committee
of the Washington University in St. Louis, MO, approved all
animal manipulations.

Histology

Mice were anesthetized with 2.5% tribromoethanol
(Aldrich, St. Louis, MO), the left ventricle-cannulated with
a 22-gauge gavage needle (no. 01-290-2A; Fisher Sci-
entific, St. Louis, MO), perfused first with 10% sucrose at
150 mmHg for 1 to 2 minutes, to clear blood and osmot-
ically equilibrate the tissue, followed by 10% formalin for
3 minutes, (Perfusion One Rodent System; McCormick
Scientific, St. Louis, MO). The entire reproductive tract
(vagina, cervix, and uterine horns) as well as lymph
nodes, chest skin, and ear control tissue were harvested
from 6-month estrogen-treated mice.?® Tissues under-
went rapid microwave fixation in 10% formalin for 1 hour
(Pelco Biowave DFR-10 tissue processor; Ted Pella Co.,
Redding, CA), allowing precise wattage and temperature



control (45 minutes, 169 W, 22°C; and 15 minutes, 647 W,
32°C) and rapid in situ formaldehyde generation. After a
phosphate-buffered saline (PBS) wash, processing
through graded alcohols and xylenes, and paraffin em-
bedding, 5-um tissue sections were obtained for histo-
pathology using staining with hematoxylin and eosin or
immunohistochemistry.?? Cancer size was determined by
measuring the greatest two perpendicular diameters and
multiplying them together to obtain an area value in mm?,
The results were expressed as mean = SEM and ana-
lyzed using both the Student’s t-test and the nonparamet-
ric Mann-Whitney U-test.

Immunohistochemistry

In vivo tissue proliferation kinetics was performed using
5-bromo-2’-deoxyuridine (BrdU) injection and immuno-
histochemical analysis as described previously.?? Tissue
sections were stained with a polyclonal antibody for ac-
tivated cleaved caspase-3 (no. 9661; Cell Signaling
Technology, Beverly, MA) and for CD31 (no. 550274; BD
Pharmingen, San Diego, CA) using antigen retrieval in 1X
Reveal solution, pH 6.0 (Biocare Medical, Concord, CA),
and pressure cooked for 4 minutes at 125°C and 10
seconds at 90°C (Biocare medical decloaking chamber).
After a water and serial PBS wash, endogenous peroxi-
dase was blocked with 3% hydrogen peroxide in metha-
nol for 10 minutes, protein blocked, and the primary
antibody incubated overnight at 4°C. PBST-washed
slides were incubated with goat anti-rabbit antibody,
1:200, (antibody diluent; DAKO, Carpinteria, CA), fol-
lowed by ABC reagent (Vector Elite, PK-6100; Vector
Laboratories, Burlingame, CA), 3,3’-diaminobenzidine
(no. K3468; DAKQO) and counterstaining with Meyer's
hematoxylin. Both BrdU and cleaved caspase-3 immu-
nohistochemistry were quantified using an Olympus
BX-61 microscope, an Olympus DP70 charge-coupled
device camera (Olympus, Melville, NY), and MicroSuite
Biological Suite software (Soft Imaging System, Lake-
wood, CO). Regions were counted based on tissue his-
topathology and initial visual estimation of positive nuclei
multiplicity for either BrdU or activated caspase-3. Im-
ages, X400 magnification, were captured and labeled,
and total number of cells was manually determined using
the touch-count software function. Where the size of the
cancer allowed, six fields were photographed and
counted. However, fewer fields were available in some
microscopic single K14-HPV cancers. Both unpaired Stu-
dent’s t-test and nonparametric Mann-Whitney U-tests
were used to determine statistical significance (Prism 4;
GraphPad Software, San Diego, CA).

Microarray Analysis

Uterine horns and lower vagina were removed from the
cervix and upper vagina of nontransgenic (n = 6), single-
transgenic (n = 6), and double-transgenic (n = 5) mice
treated with estrogen for 3 months. The cervix and upper
vagina were snap-frozen in liquid nitrogen and homoge-
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nized in TRIzol reagent (Invitrogen, Carlsbad, CA); total
RNA was isolated using the manufacturer's guidelines
and treated with RQ1 DNase (Promega, Madison, WI) for
30 minutes at 37°C. Microarray probes were synthesized
using RNA samples from individual mice and hybridized
with Affymetrix MU430Av2 GeneChips in the Siteman
Cancer Center Multiplexed Gene Analysis Core. The
dataset was first analyzed identifying probe sets scored
as absent (ie, not detected) for all samples, which were
excluded from analyses. Expressed probe sets were hi-
erarchically clustered using the Spotfire DecisionSite
software. Normalized z-scores of individual datasets were
analyzed with unsupervised Euclidean distance-based
clustering and with three-way principal component analysis.
Significance analysis of microarrays (SAM analysis) was
next used to identify differentially expressed transcripts.
Two-class unpaired permutation testing using a twofold-
change threshold determined significant expression differ-
ences. Analysis stringency (ie, the predicted median false
discovery rate) was adjusted using a statistical tuning pa-
rameter (A value) and was indicated in each experiment.
Unpaired t-tests were also performed to identify additional
differentially expressed transcripts. Biological pathway
analysis was delineated using a gene ontology-based pro-
gram (Spotfire DecisionSite).

Quantitative Real-Time Reverse Transcriptase-
Polymerase Chain Reaction (RT-PCR)

Quantitative real-time RT-PCR was performed as de-
scribed previously using a MX3000P thermocycler and
detection system (Stratagene, La Jolla, CA). Primer Ex-
press software (version 2.0; Applied Biosystems, Foster
City, CA) was used to design primer/probe sets (Supple-
mental Table S1, see http.//ajp.amjpathol.org), and target
cDNAs were normalized to histone 3.3A.2° Statistical sig-
nificance was determined as described above.

Results

Cervical Cancer Incidence

Production of adult DTG mice was technically challeng-
ing because of increased perinatal mortality as a result of
an additive skin phenotype from both transgenic models
consisting of HPV16-induced epidermal hyperplasia, an-
giogenesis, and inflammation combined with the angio-
genesis and inflammation induced by HIF-1a gain of
function. Fourteen surviving DTG mice along with 15
K14-HPV16 (HPV16) littermate controls were treated with
our protocol for estrogen-induced cervical carcinogene-
sis.?? Reproductive tract histopathological analysis iden-
tified invasive squamous cell carcinomas in 12 of 14 DTG
mice (85.7%) and high-grade cervical dysplasia in the
remainder (14.3%) (Table 1). Cervical malignancies were
documented in 12 of 15 HPV16 controls (80%), with three
evidencing cervical intraepithelial neoplasia Il (CINIII,
20%). Thus, gain of HIF-1« function did not alter cervical
cancer incidence or multiplicity when compared with
concurrent HPV16 controls.?"#2 There were no signifi-
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cant differences in tumor incidence, histopathology, or
the penetrance of advanced invasive carcinomas be-
tween the DTG mice carrying either of the two HIF-1a
mutant genes (Table 1, and data not shown). As neither
nontransgenic controls nor K14-HIF-1a« mutant trans-
genic mice displayed pathology other than estrogen-
induced squamous hyperplasia (Table 1 and Supple-

mental Figure 1, see http.//ajp.amjpathol.org), they were
not subject to further histopathological analysis. None of
the mice from any of the transgenic genotypes devel-
oped cervical cancer without estrogen, consistent with
our previous experience.?? Finally, the skin cancer inci-
dence was not different between single HPV16 com-
pared with DTG mice (data not shown).
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Figure 1. Cervical cancer histopathology. A: Gross morphology of reproductive tracts from a K14-HPV16 mouse (left) and a K14-HPV-HIF-1 DTG mouse (right).
B: Log10 scatter plot of tumor area of cancers from HPV16 and DTG mice demonstrates the size variability of the HPV16 cervical cancers and the striking bimodal
population of DTG cancers; bars represent mean tumor planar area. C and D: Overviews of the cervix and upper vagina from two HPV16 mice. Both have small,
invasive squamous carcinomas; one (C, arrowhead cluster) localized to the cervical transformation zone, typical of the original model, and the other displaying
more extensive stromal invasion on both sides of the cervix (D, arrowheads), also seen previously in the model. E and F: Overviews of the reproductive tracts
of two DTG mice demonstrate the huge size and local invasion of the cervical cancers. G and H: DTG cancers are markedly heterogeneous with well-differentiated
(G) and poorly differentiated (H) regions within the same large cancer. I and J: DTG malignant parametrial invasion encroaches on nerves (I, arrow) and the
ureter (J, arrowhead). Scale bars: 0.9 mm (C and D); 2 mm (E and F); 150 um (G and H); 25 um (D; 200 wm (J). Original magnifications, X1.25 (C and D).



Cervical Cancer Histopathology

Twelve cervical squamous cancers from DTG mice were
compared with 45 cancers from concurrent and archival
HPV16 mice.?? A subset of DTG cancers displayed visi-
ble cervical enlargement, a characteristic never before
observed in this mouse model (Figure 1A). Quantitative
analysis of cervical cancer area demonstrated a 70-fold
size increase in DTG malignancies (16.4 + 5.7 mm?)
compared with K14-HPV16 counterparts (0.24 + 0.10
mm?), with a bimodal size distribution of the DTG cancers
(Figure 1B, P = 0.0001). We focused further histopatho-
logical analysis on the massive (>5.0 mm?) DTG cancers
versus the larger HPV16 cervical malignancies. All
HPV16 single-transgenic squamous cancers were micro-
scopic, well differentiated, and variable in size (Figure 1,
C and D), consistent with our previous experience.?? In
contrast, DTG cervical cancers were locally expansile,
obliterated the entire cervix, and invaded the upper half
of the vagina (Figure 1, E and F). DTG cancers were also
heterogeneous, particularly at the invasive periphery,
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containing both well-differentiated regions containing in-
vasive squamous cancer cells arrayed in keratin pearls
(Figure 1G), and poorly differentiated areas consisting of
clustered malignant squamous cells invading a desmo-
plastic stroma (Figure 1H). DTG cancers often pene-
trated the cervical serosa into the adjacent parametrial
tissue and encroached on the pelvic nerves and ureter
(Figure 1, I and J, arrows and arrowheads, respectively).
Importantly, DTG mice did not evidence regional metasta-
ses to the pelvic or para-aortic lymph nodes, or systemic
spread to other organs even in mice with massive cervical
malignancies. Collectively, these data suggested that
HIF-1a gain of function promoted local growth and parame-
trial invasion of cervical cancer phenocopying clinically ad-
vanced disease and also that additional independent mo-
lecular events coordinate metastasis.

It is worth noting that there was no histological evi-
dence for an increase in vascularity in either massive or
smaller DTG cervical cancers compared with HPV16
counterparts (Figure 1, G-J; and data not shown). Immu-
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Figure 2. Immunohistochemical analysis of expression of the vascular marker CD31 in cervical carcinomas. A and B: Two separate high-power views of one
HPV16 cervical cancer. C and D: Two separate high-power views of one DTG cervical cancer. Both HPV16 and DTG cancers exhibited heterogeneity in CD31"
vascular density from different regions of the same cancers (compare A with B and C with D). Arrows, CD31" vasculature. Scale bars = 200 wm.
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Figure 3. DNA synthesis and apoptosis in HPV16 and DTG cervical cancers.
A: Mean BrdU index in the HPV16 mice was 15.4% compared with 24.0% in
DTG mice (P < 0.02). B: Mean activated caspase-3 index in the HPV16 mice
was 2.79 versus 4.44% in the DTG animals (P = 0.093). C-F: Marked
variability was evident in percentage of BrdU incorporation in double- (C
and D) versus single-transgenic mice (E and F). Clustered BrdU-positive cells
were often seen in poorly differentiated regions, and scattered BrdU-positive
nuclei in well-differentiated regions. Scale bar = 100 wm.

nohistochemical analysis also revealed a similar level of
CD31-positive vasculature between massive DTG (Figure
2, C and D) and HPV16 cancers (Figure 2, A and B).
Consistent with these observations, there was also a lack
of differential VEGF up-regulation in DTG high-grade cer-
vical dysplasia versus HPV16 counterparts (Figure 6C).
Together, these data suggested that increased DTG cer-
vical cancer size was not facilitated by HIF-1-mediated
angiogenesis.*®

Proliferation and Apoptosis in DTG and HPV16
Cervical Carcinomas

One mechanism for increased DTG cervical cancer size
could be enhanced proliferation. Although the BrdU in-
corporation was relatively uniform in the HPV16 cancers
(Figure 3, E and F), the index exhibited marked hetero-
geneity both within and between different DTG cancers
(Figure 3, C and D). As such, regions with the greatest
number of BrdU-labeled cells were chosen for counting
by an observer blinded to the genotype. As shown in
Figure 3A, the mean BrdU incorporation index of the DTG
mice was 24.0 = 3.2% compared with 15.4 = 1.2% in
HPV16 mice (P < 0.02). Collectively, the 9% differential

proliferation rate, given persistence throughout time,
could in part underlie the enhanced growth of the DTG
cancers.

Immunohistochemical analysis of caspase-3 activation
in cancers from single and double-transgenic mice was
also challenging because the keratin pearls or less well-
differentiated malignant squamous aggregates had cen-
tral regions filled with cells and cellular debris that were
positive for activated caspase-3 (data not shown). These
regions were not included in the analysis. Instead, we
focused on basaloid and suprabasal malignant cells at
the epithelial-stromal interface for apoptotic index quan-
tification. As shown in Figure 3B, there was a trend to-
ward increased apoptosis in the DTG cancers (4.44 +
0.52%) when compared with the HPV16 cancers (2.79 =
1.06%) (P = 0.093). Expression of the proapoptotic BH3-
only domain protein BNIP3 was also differentially (but not
significantly) elevated, in double- versus single-trans-
genic mice (Figure 6D). Borderline low-level induction of
apoptosis in DTG mice was obviously insufficient to com-
pensate for the increased proliferation in DTG cancers.
Thus, the differential between proliferation and apoptosis
could explain, in part, the massive size of the cervical
cancers in the DTG mice.

Genome-Wide Transcriptional Expression
Analyses of Cervices and Upper VVagina Derived
from 3-Month Estrogen-Treated Nontransgenic,
HPV16, HIF-1 Mutant, and DTG Mice

Although our biological data were compelling, we
strove to determine the molecular underpinnings of the
HPV16 and HIF-1 combinatorial induction of advanced
local cervical cancer. To facilitate identification of a
disease progression signature transcriptome, we fo-
cused on global gene expression profiles in high-
grade dysplasia of 3-month estrogen-treated trans-
genic mice (a stage consisting predominantly of CINIII,
rarely carcinoma in situ but no invasive malignancy).??
We used total RNA derived from the entire cervix in an
attempt to determine both cell autonomous changes in
epithelial genes as well as non-cell autonomous
changes in stromal cell-specific genes. First, we fo-
cused on validation of the HPV16 transgenic model by
identifying HPV 16 signature probe sets. We performed
SAM analysis on the array dataset using a stringency
parameter with a twofold-change cutoff and a 0.01%
mean false discovery rate. SAM analysis revealed sta-
tistically significant alterations in a total of 107 probe
sets (Figure 4). The microarrays also demonstrated a
striking up-regulation of nearly the complete gene rep-
ertoire controlled by the E2F transcription factor,2%:26
which is itself negatively regulated by the retinoblastoma
protein (pRB). As pRB is sequestered and destabilized by
HPV16 E7 oncoprotein, E2F is activated.?”?® The differen-
tially expressed E2F targets in the estrogen-treated K14-
HPV16 transgenic dysplastic cervices included genes
regulating nucleotide synthesis, thymidine kinase, dihydro-
folate reductase, ribonuclease reductase M2, cell cycle
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Figure 4. Expression of HPV16-regulated genes in cervices and upper vagina from 3-month estrogen treated nontransgenic and HPV16 transgenic mice. Heat
maps of the normalized z-scores of hybridization signals of selected probe sets by nontransgenic and HPV16 genotypes. All listed probe sets exhibited significant
differences in gene chip signal intensities between nontransgenic and HPV16 samples according to statistical analysis of microarray (SAM) analysis.

progression, cyclin E1 and E2, and DNA synthesis, DNA nontransgenic cervices (Figure 5C). Unsupervised hier-
polymerase, DNA helicases and primases, minichromo- archical clustering analysis of the 32,740 expressed
some maintenance genes, and proliferating cell nuclear probe sets (see Materials and Methods) resulted in a
antigen.?>2° striking partitioning of each genotype (Figure 5C). HPV16

After determination of the transcriptome in the dysplas- and nontransgenic gene expression patterns were tightly
tic K14-HPV16 cervix, we next determined whether the segregated into two distinct groups, whereas the DTG
HPV16 and HIF-1a combination produced a unique cancers exhibited a markedly heterogeneous partitioning
global clustering of dysregulated genes. This analysis pattern but still segregated away from both the nontrans-
compared total RNA samples from DTG, HPV16, and genic and HPV16 cluster groups (Figure 5C). This heter-
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Figure 5. Microarray analyses of global gene expression in cervices and
upper vagina derived from 3-month estrogen-treated nontransgenic, HPV16,
and DTG mice. A and B: Quantitative real-time RT-PCR analysis of transgene
expression. Expression of either HPV16 (A) or constitutive HIF-1 mutants (B)
was lower in the double- compared with single-transgenic mice (**P < 0.01,
Student’s ftest). C: Unsupervised hierarchical clustering analysis of the
32,740 expressed Affymetrix microarray probe sets resulted in the striking
segregation of two distinct groups according to nontransgenic (shown in
blue color) versus HPV16 transgenic (red) genotype. Five DTG cancers
(green) displayed marked heterogeneity in their partitioning patterns, with
three samples forming a separate cluster group and the remainder segregated
away from all three cluster groups.

ogeneity of global gene expression in the DTG mice is
intriguing in light of the differential cancer progression
seen in these mice treated with the longer, 6-month es-
trogen regimen. Remarkably, only 21 of 107 HPV16
probe sets exhibited significant alterations in DTG sam-
ples, when compared with the single HPV16 transgenic
samples (P < 0.04 by t-tests) (Figure 6, A and B), sug-
gesting that HIF-1 (and/or its noncanonical targets) can
functionally regulate HPV16 oncogene activities in dys-
plastic cervices. A HPV16 oncogene and HIF-1 target
gene global genetic interaction was also validated by
subsequent real-time RT-PCR analysis. First, the HPV16
or the HIF-1a transgenes were lower in the DTG mice
compared with their respective single-transgenic coun-
terparts (Figure 5, A and B). Second, many HIF-1 targets,
including VEGF, BNIP3, IGF-BP3, transforming growth
factor (TGF)-a, carbonic anhydrase IX (CAIX), CXCR4,
COX2, and uPAR, although overexpressed in single K14-
HIF-1a transgenic cervices were not differentially up-
regulated in DTG versus HPV16 dysplasia cervices (Fig-

ure 6, C-J; Table 2 for a full list), with the notable
exception of carbonic anhydrase IX (Figure 6G). These
data supported the hypothesis that HPV16 viral genome
interferes at some level with the HIF-1 target gene
expression in dysplastic cervices. Consistent with this
hypothesis, K14-HPV16 single transgenic cervices also
evidenced down-regulation of several HIF-1 targets in-
cluding CAIX, CXCR4, and uPAR (Figure 6, G, |, and J;
compare HPV16 with NTG). Taken together, these results
provided clear evidence that HPV16 oncogenes and
HIF-1 gain of function reciprocally regulate the expres-
sion of a subset of each other’s canonical target genes in
DTG dysplasia cervices, suggesting that the two factors
functionally interact at a level yet to be determined.

Genome-Wide Transcriptional Expression
Analyses of DTG versus HPV16 High-Grade
Premalignant Cervices

Determination of the HPV16 and DTG transcriptome and
genetic interaction set the stage for an analysis of the
global genetic networks potentially responsible for pro-
moting differential DTG cervical cancer growth. SAM
analysis comparing HPV16 and DTG samples (Figure 7A)
using a stringency parameter with a twofold-change cut-
off and a 6.3% mean false discovery rate revealed sta-
tistically significant alterations in 101 probe sets (Figure
7B). As shown in Figure 7C, 69 mRNAs consistently
showed an increase in expression levels, and 32 mRNAs
showed a reduction by greater than twofold. We further
identified an additional 1104 statistically significant probe
sets, 618 genes up-regulated and 486 down-regulated,
between double- versus single-transgenic samples
based on a 1.5-fold but less than twofold change (Sup-
plemental Table 2, see http://ajp.amjpathol.org). We next
performed gene ontology (GO) analysis to map the spe-
cific biological processes (and molecular functions) in
which the significant genes play a role. Several major
biological pathways were either up- or down-regulated in
DTG compared with single transgenic cervices (Figure 7,
D-G). Genes expressed at higher levels in DTG cervices
included growth factors and signal transducers (Figure
7D, P = 0.0045), several genes within the cytoskeleton,
cell morphology, and adhesion categories (Figure 7E,
P = 0.031), peptidases/proteases (Figure 7F, P = 0.039),
other C-N bond hydrolases (data not shown), and inflam-
matory and wound response mediators (Figure 7G, P <
0.0001). Genes differentially expressed at lower levels in
DTG cervices included several epithelial-specific cytoskel-
eton, cell morphology, and adhesion genes (Figure 7E, P =
0.031), and several protease inhibitors (Figure 7F).

Next, RT-PCR analysis was undertaken to validate se-
lected genes from the microarray study as well as can-
didate genes of which up- or down-regulation is associ-
ated with human cervical cancer progression (Figure 8
and Table 2). Analysis of candidate genes from the mi-
croarray experiments confirmed the up-regulation of
Ceacam1, rhophilin, CXCL7, and Adam8 (Figure 8, A-D),
along with reductions in loricrin, desmocollin 1, and des-
moglein 1a (Figure 8, G-I). Of clinical relevance was the
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Figure 6. Expression of HPV16-regulated and HIF-1 target genes in cervices and upper vagina from 3-month estrogen-treated nontransgenic, HPV16, HIF-1
mutant, and DTG mice. A and B: Heat maps of normalized z-scores of hybridization signals of selected probe sets by nontransgenic, HPV16, and DTG
genotypes. All listed probe sets exhibited significant differences in gene chip signal intensities between nontransgenic and HPV16 samples according to
statistical analysis of microarray (SAM) analysis. B: Twenty-one probe sets exhibited significant alterations in DTG samples when compared with the HPV16
samples (P < 0.04 by rtests). The gene symbol for each probe set is listed on the right side. C-J: Real-time RT-PCR analysis of HIF-1 target gene expression
including VEGF, BNIP3, IGF-BP3, TGF-a, CAIX, CXCR4, COX2, and uPAR (*P < 0.05, **P < 0.01, **P < 0.001; Student’s #test).
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Table 2. RT-PCR Candidate Gene Analysis

Gene

Relative expression
difference* (P value)

Desmocollin 1
Desmoglein 1a

Decreased (<0.0001)
Decreased (<0.001)

Ceacami Increased (<0.0001)
Rhophilin Increased (<0.001)
Adam8 Increased (<0.05)
Loricrin Decreased (<0.001)
Carbonic anhydrase IX Increased (<0.05)
Mucin1 NS

Ghrelin NS

BNIP3 NS

Adrenomedullin NS

IGFBP3 NS

COX2 NS

c-Met NS

CXCR4 NS

Cyclin D1 NS

Cyclin E Decreased (<0.001)
Erythropoietin NS

Erythropoietin receptor NS

Glut-1 NS

Hes1 NS

Hes5 NS

Hey1 Decreased (<0.001)
IGF2 NS

IL-1a Increased (<0.05)
MIP2 NS

Notch1 Decreased (<0.05)
P65 NS

SDF-1 NS

TGF-a NS

TNF-a Increased (<0.05)
uPAR NS

VEGF NS

Mmp2 NS

Mmp9 NS

NS, not significant.
*Relative expression difference between double transgenics and
K14-HPV16.

confirmed differential up-regulation of chemokines and
cytokines known to be overexpressed in human cervical
cancers, including interleukin (IL)-1 (P < 0.05) (Figure
8E) and tumor necrosis factor (TNF)-a (P < 0.05) (Figure
8F) in the DTG mice. Collectively, both the microarray
and the RT-PCR data provided evidence that HIF-1 and
HPV16 oncogenes recruit a unique genetic network in
mouse premalignant cervices. In addition, both analyses
also suggested that many HIF-1 canonical targets were
not induced at the premalignant stage in the context of
HIF-1a-HPV16 coexpression.

Cross-Examination of DTG Signature
Transcriptome and HIF-1 Target Gene
Expression in Human Normal and Malignant
Cervices

To determine whether our DTG gene expression signa-
ture contained markers predictive for human cervical
cancer progression, the DTG microarray dataset was
interrogated for matching probe sets to a publicly avail-
able cDNA microarray dataset derived from staged hu-
man cervical cancers and normal cervices (Gene Ex-

pression Omnibus GDS470 dataset on a GPL355 human
10K array).?® Specifically, this dataset contains expres-
sion profiles of eight normal cervical samples and 24
cervical cancers at stages IB, IIA, 1IB, and llIB of the
FIGO system.®° Our DTG transgenic mouse dataset con-
tained 60 human orthologue genes. One-way analysis of
variance revealed 15 of these human genes with altered
expression among the normal, stage IB, and stage Il (II1A
and 1IB) of cervical cancer (P < 0.05). Eight of the 15
genes displayed differential expression patterns consis-
tent with progression between stage IB and stage Il
(Figure 9A). These include RNASE1, MMP7, IGFBP1,
MUCH1, PIK3CD, LIF, STAT2, and CLCA2. Thus, a subset
of differentially expressed genes in mouse DTG prema-
lignant cervices also predicts progression of human cer-
vical cancer. Collectively, these data provided evidence
that the combination of HPV16 oncogene expression with
HIF-1 downstream signaling components coordinated a
unique downstream molecular network setting the stage
for the ultimate elaboration of aggressive, advanced cer-
ViX cancer across species.

In light of our observations that expression of many
HIF-1 canonical targets was suppressed in premalignant
cervices of the DTG mice, we were motivated to perform
a cross-species comparison of HIF-1 targets in the hu-
man cervical cancer microarray data. We identified
HIF-1« itself and 27 HIF-1 target genes as being present
on both the mouse and human array platforms. Multiple
t-test analyses revealed that VEGF, HK1, EPO, c-MET,
and IGFBP2 genes were up-regulated, and COL5A1 (col-
lagen type 5 a1) was down-regulated in malignant versus
normal cervices (P < 0.05) (Figure 9B). In addition, TGF-
B1, TGF-B3, and IGFBP3 mRNAs exhibited an increased
abundance, and c-MET a reduced level, in stages IIA,
IIB, and IlIB versus stage IB of cancer (P < 0.05). The
expression of adrenomedullin, a gene regulating angio-
genesis seemed to be mildly reduced during stage IB
and up-regulated with progression to stage Il (P < 0.03).
Principal component analysis with the 10 significant
HIF-1 target genes revealed a high-level partitioning of
normal cervices, stage IB cancers, and stages Il and I
cancers (Figure 9C). Although these data seem to con-
tradict the HIF-1 target gene down-regulation presented
in Figure 6, the entry point of the two studies are different;
our analysis is of high-grade dysplasia, and the human
data are derived from sampling cancers. In fact, novel
mechanistic inferences can be postulated from this
cross-species analysis as detailed below.

Discussion

In the present work, we used a DTG cervical cancer
model developed by our group?'23 to test the role of
HIF-1a gain of function in pathogenesis of the disease.
Expression of either of two constitutively active HIF-1«
mutants produced a massive increase in cancer growth
and invasiveness that was independent of VEGF expres-
sion and of alterations in tumor microvascularity. The
effect of HIF-1a gain of function was specific for local
growth because neither cancer incidence nor metastasis
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was affected. Transcriptional profiling and real-time RT-
PCR analysis of DTG high-grade dysplastic cervices
demonstrated that the combination of HPV oncoproteins
and constitutively active HIF-1a regulated both direct
(canonical) HIF-1 targets and multiple indirect gene net-
works, ultimately creating a distinct molecular milieu in
premalignant cervical epithelium and stroma that fos-
tered advanced cervix cancer.

Our data highlighted differentially increased proliferation
compared with apoptosis as being responsible, in part, for
the markedly increased tumor size in DTG cervical cancers.
The proposed function of HIF-1a in proliferation in the
literature is conflicting, presumably because of cell-type

I
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Figure 7. Microarray analyses of global gene
expression in high-grade dysplastic cervices of
double- versus single-transgenic mice. A: Log10
scatter plot of the average gene chip hybridiza-
tion signal intensity for each probe set of the
HPV16 samples (1 = 6) on the x axis versus the
average DTG signal (n = 5) on the y axis. B:
Results from SAM analysis of the expressed data-
set. Spots in green and red represent a total of
101 probe sets that are significantly altered in
DTG samples compared with HPV16 single
transgenic levels. C: Heat map of normalized

ﬁ‘g z-scores of the hybridization signals of the 101

83 significant probe sets. The gene symbol and fold

£ a of change between double- and single-trans-

genic samples for each probe set are listed on

the right side. Red triangles mark the probe

sets where altered transcriptional expression of

the corresponding genes has been confirmed

with quantitative RT-PCR analysis (shown in

D-G). D-G: Gene Ontology (GO) mapping of

differentially displayed genes into molecular

function and biological process categories. Sig-

nificant probe sets by SAM analysis and those by

simple unpaired #tests (1.5-fold change cutoff

. and P < 0.05) were combined (1104 probe sets),

b and subjected to the GO analysis using the

a8 Spotfire DecisionSite program. Heat-maps of z-

g:;' score-normalized hybridization signals of the

25 significant probe sets were present by the GO

Fotop! ;; categories: growth factors and signal transduc-

22 ers (D); cell cytoskeleton, morphology, adhe-

Tatrstb ;; sion, and differentiation (E); proteases and reg-

Pikcd ;; 9 ulators  of proteolysis (F); genes encoding

20 §5 factors mediating immune (inflammatory/

nles wound) responses (G). The gene symbol and

by 2 ‘\Z fold change between double- and single-trans-

::: E genic samples for each probe set are listed on

I the right side.
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and/or experimental condition differences. Hypoxia-in-
duced HIF-1a was reported to mediate cell-cycle arrest in
mouse embryonic stem cells.®' Release of glucose depri-
vation depressed HIF-1a levels in these ES cells, stimulated
mitosis, and promoted proliferation.®>33 In contrast, consti-
tutive expression of HIF-1a enhanced cellular proliferation in
other cell contexts.®? In this regard, many canonical HIF-1
targets (listed in Table 2) are widely believed to be the
mediators of cell proliferation and tumor progression.3* Sur-
prisingly, we discovered that a number of these HIF-1 tar-
gets were not induced in DTG premalignant cervices. In
contrast, indirect genetic networks were up-regulated in
DTG cervices that could have contributed to the emergence
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Figure 8. Real-time RT-PCR analysis of gene expression in high-grade dys-
plastic cervices of DTG versus HPV16 mice. A-F: Statistically significant
differential elevations of the rhophilin, Ceacam1, Adam8, CXCL7, IL-1, and
TNF-a were evident in the double- compared with single-transgenic mice.
G-I: Significant decreases were detected in the transcripts encoding differ-
entiation and adhesion molecules loricrin, desmocollin, and desmoglein
(*P < 0.05, *P < 0.01, **P < 0.001; Student’s rtest).

of massive malignancies (see below). There are also con-
flicting reports on HIF-1’s role in apoptosis. Although HIF-1a
was required for apoptosis in tumor allografts of HIF-1a
knockout ES cells, HIF-1a was dispensable for hypoxia-
induced apoptosis of mouse ES cells and human malignant
cell lines in cell culture.®>3¢ At the molecular level, HIF-1
has been shown to induce transcription of the proapoptotic
BH3 domain protein BNIP3. However, the role of BNIP3 in
hypoxia/anoxia-mediated apoptosis is cell-type- and exper-
iment-context-dependent as well.° HIF-1 has also been
shown to facilitate apoptosis by stabilization of p53.3%:3¢
However, p53 expression is undetectable in this transgenic
cervical cancer model®? because of HPV16 E6 oncopro-
tein-mediated polyubiquitylation and proteasomal degrada-
tion.®” Thus, lack of p53 function, in conjunction with insuf-
ficient BNIP3 up-regulation (Figure 6F), may explain, in part,
the lack of compensatory apoptosis in face of enhanced
DTG proliferation.

Although increased proliferation led to massive cervi-
cal cancers in DTG mice, this effect was not uniformly
detected. Among several possible explanations for the
apparent bimodal distribution of tumor sizes in the DTG
mice, we favor the notion that additional rate-limiting mo-
lecular events may dictate the latency of progression. As
such, longer experimental time intervals will be required
to determine the ultimate penetrance of massive cervical
malignancies in DTG mice. Our microarray analysis also
mirrored the DTG cancer size heterogeneity by segregat-
ing in a bimodal partitioning pattern (Figure 5A). As such,
three of five of DTG samples were clustered into a distinct
group whereas the remaining samples were disparate,
one was a unique cluster distinct from either the other

DTG or HPV groups, whereas the other DTG sample was
closely related to the nontransgenic cluster. This hetero-
geneity of global gene expression in the DTG mice may
represent the molecular underpinnings for the differential
cancer progression seen in these mice. In addition, indi-
vidual variability of estrogen-responsiveness in the DTG
mice or the cervical target tissue may have contributed to
cancer size heterogeneity. Despite the DTG size and
global gene expression heterogeneity, it is striking that
only a few gene markers derived from these mice pre-
dicted cervical cancer progression in humans, where
small sample size and genetic heterogeneity was para-
mount (Figure 9A). These molecular data also bolstered
the clinical relevance of the DTG mouse as a model of
advanced cervical cancer.

Our work represents the first functional genomics
study of the mouse model of cervical cancer in compar-
ison to human disease. Microarray analysis of HPV16
single transgenic cervices identified a myriad of HPV16
signature target genes (Figure 4), including downstream
E2F targets®®2® that were the result of pRB destabiliza-
tion by HPV16 E7.28 Up-regulation of several minichro-
mosome maintenance genes, including minichromosome
maintenance genes 2 to 7, is particularly interesting be-
cause these proteins, regulators of formation and pro-
gression of the DNA replication complex, are also mark-
ers of progression of high-grade human cervical
dysplasias to cancer.®®%° These results were dual vali-
dation of both the estrogen-treated K14-HPV16 trans-
genic mice as models of human cervical carcinogenesis,
and our approach of using total RNA isolated from the
entire cervix to detect both epithelial and stromal gene
expression alterations.

Our extensive expression analysis also provided
mechanistic insights into the role of HIF-1 in cell growth
and invasion of cancers. Our results suggested a mech-
anism whereby growth, proliferation, and invasion could
be enhanced in DTG cervices by expression changes in
mRNAs encoding molecules that mediate cross talk be-
tween the epithelium and stroma. First, the differential
increase in chemokines and cytokines including TNF-q,
IL-1, CXCL1, CXCL5, CXCL7, and interferon-induced
protein B gene expression could provide both a cell
autonomous and paracrine stimulus for differential
growth. A number of studies demonstrated that both
TNF-a and IL-1 increased in clinical high-grade dysplasia
and cervical cancer.*' TNF-a-mediated apoptosis and
growth arrest of genital keratinocytes was obviated by
transfection of HPV E6 and E7 oncoproteins.*?43 TNF-«
stimulated proliferation of HPV16 E6 and E7 expressing
genital keratinocytes secondary to expression of both
viral oncogene mRNA stabilization and induction of EGFR
signaling via amphiregulin up-regulation.** Other path-
ways for which HPV and HIF-1 combinatorial transcrip-
tome modulation could affect cancer behavior were al-
terations in expression of genes controlling adhesion, cell
migration, and differentiation. In particular, coordinate
up-regulation of rhophilin concomitant with desmoglein
and desmocollin down-regulation suggested a mecha-
nism whereby Rho sequestration could produce a more
invasive phenotype by actin depolymerization and pseu-
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Figure 9. Cross-examination of transcriptional expression of DTG signature and HIF-1 target genes in different stages of human malignant cervices. A:
Unsupervised hierarchical clustering analysis of eight DTG signature genes resulted in striking partitioning of stage II (IIA and 1IB) cervical cancers (shown in red
color) from stage IB cancers (blue) (P < 0.05). B: Heat map of normalized z-scores of hybridization signals of 10 selected HIF-1 target genes grouped according
to disease stage (normal, stage IB, stage IIA, stage IIB and stage I1IB). C: Principal component analysis of 32 cervical samples based on 10 selected HIF-1 target

genes resulted in a partitioning of normal, stage 1B, and stages II and III samples.

dopodia protrusion,***® along with decreased cell-cell

adhesion (Mmp7, Adam8, Adam28, and Tmprss4). Re-
duction in loricrin levels was also consistent with de-
creased terminal differentiation and a more immature
squamous cell phenotype, and correlated with regions of
dedifferentiation detected in the double- compared with
single-transgenic cervical cancers.

However, the relative paucity of direct HIF-1 transcrip-
tional targets in our DTG signature transcriptome seemed at
face value to be at odds with our supervised clustering of
advanced human cervical cancers based on these directly

regulated HIF-1 genes. Sampling from different stages of
premalignant or malignant disease is one explanation. The
other mechanistic explanation is that the HPV-HIF-1 tran-
scriptome could provide the molecular milieu that propels
those dysplasias with gain of HIF-1 function to advanced
cervical cancer. Once these large malignancies are estab-
lished, microenvironmental heterogeneity characterized by
acidotic and hypoxic regions could be the stimuli for further
HIF-1 up-regulation that then up-regulates the direct and
canonical targets of the transcription factor. Microenviron-
mental heterogeneity in advanced cancers could also be
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responsible for genomic instability® that in turn may coordi-
nate phenotypes not seen in the transgenic model, such as
metastasis. Consistent with the latter notion, a HIF-1 function
in metastasis has recently been identified in a human breast
cancer xenograft model.*”

In summary, we determined that combinatorial HPV16
oncogene expression and HIF-1a gain of function pro-
duced locally advanced cervical cancers closely emulat-
ing the histopathological features of advanced local clin-
ical disease. A distinct repertoire of predominantly
indirect downstream genetic networks was activated in
HPV16-HIF-1a mutant DTG mice that facilitated emer-
gence of advanced cervical cancer. Regulation of multi-
ple genetic networks by the combination of HPV16 viral
oncogenes and HIF-1 suggests a novel noncanonical
mechanism for functional interaction(s) of this master
regulatory transcription factor with environmental or en-
dogenous initiators of carcinogenesis.
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