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To study the multistep process of cervical cancer development, we
analyzed 128 frozen cervical samples spanning normalcy, increasingly
severe cervical intraepithelial neoplasia (CIN1– CIN3), and cervical can-
cer (CxCa) from multiple perspectives, revealing a cascade of progres-
sive changes. Compared with normal tissue, expression of many DNA
replication/repair and cell proliferation genes was increased in CIN1/
CIN2 lesions and further sustained in CIN3, consistent with high-risk
human papillomavirus (HPV)-induced tumor suppressor inactivation.
The CIN3-to-CxCa transition showed metabolic shifts, including de-
creased expression of mitochondrial electron transport complex com-
ponents and ribosomal protein genes. Significantly, despite clinical,
epidemiological, and animal model results linking estrogen and es-
trogen receptor alpha (ERα) to CxCa, ERα expression declined >15-
fold from normalcy to cancer, showing the strongest inverse correla-
tion of any gene with the increasing expression of p16, a marker for
HPV-linked cancers. This drop in ERα in CIN and tumor cells was
confirmed at the protein level. However, ERα expression in stromal
cells continued throughout CxCa development. Our further studies
localized stromal ERα to FSP1+, CD34+, SMA− precursor fibrocytes
adjacent to normal and precancerous CIN epithelium, and FSP1−,
CD34−, SMA+ activated fibroblasts in CxCas. Moreover, rank corre-
lations with ERα mRNA identified IL-8, CXCL12, CXCL14, their recept-
ors, and other angiogenesis and immune cell infiltration and
inflammatory factors as candidates for ERα-induced stroma–tumor
signaling pathways. The results indicate that estrogen signaling in
cervical cancer has dramatic differences from ERα+ breast cancers,
and imply that estrogen signaling increasingly proceeds indirectly
through ERα in tumor-associated stromal fibroblasts.
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Globally, cervical cancer (CxCa) is the second most common
cancer in women, with >500,000 new cases each year, half of

which are ultimately fatal (1). In the developed world, routine CxCa
screening for abnormal cervical cytology, human papillomavirus
(HPV), or both (2) has strongly reduced CxCa incidence, dem-
onstrating the value of recognizing and removing early neoplasms
(3). Such screening programs present a rare opportunity to study
the sequential molecular changes in the development of a human
cancer (4).
CxCa development is related to infection with high-risk onco-

genic HPVs, most prominently HPV16 and HPV18 (5–7). HPV
oncoproteins E6 and E7 are best known for blocking tumor sup-
pressor functions of p53 and Rb, respectively, but have numerous
additional interaction partners (8–13). Most cervical HPV infections
are cleared (14), but in a fraction of cases persistent infections lead
to increasingly severe grades of dysplasia (cervical intraepithelial
neoplasia grades 1, 2, and 3; CIN1, CIN2, CIN3) and ultimately to

invasive cancer. Although the key steps of the carcinogenic process,
HPV infection, progression to precancer, and invasion to cancer (3),
are widely accepted, the factors behind these transitions are not
well-understood. Many established cervical cancer risk factors, such
as young age at onset of sexual activity and a high number of sexual
partners, are related to exposure to HPV. Risk factors that are
associated with progression from HPV infection to precancer in-
clude smoking and oral contraceptive use (15, 16). The exact role of
hormonal factors in progression to precancer and cancer is unclear.
Mouse models strongly support the continuing importance of es-
trogen and estrogen receptor alpha (ERα) at all carcinogenic steps
(17–19) but human data are limited, particularly regarding ERα.
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Cervical cancer (CxCa) is the second most frequent cancer in
women and the third leading cause of cancer death in women
worldwide. Our global analysis of gene expression in normal,
precancerous, and cancerous cervical tissue shows increased
DNA replication/repair and cell proliferation followed by sub-
stantial metabolic shifts. We observed a dramatic, progressive
decrease in estrogen receptor alpha (ERα) in tumor progression,
and ranking specimens by estrogen-responsive gene expression
correlated remarkably with histopathology. Whereas ERα ex-
pression shuts off in tumor epithelium, stromal fibroblasts in
the microenvironment retain ERα, and the data indicate estro-
gen-related alteration of several candidate stroma–tumor sig-
naling pathways. Our findings strongly support a role of
stromal estrogen signaling in CxCa development with implica-
tions for CxCa management and control.
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Defining the molecular changes associated with CxCa pro-
gression should reveal underlying mechanisms and improve
CxCa risk assessment, diagnosis, prognosis, and treatment. Ac-
cordingly, we analyzed genome-wide gene expression changes in
128 cryosectioned and laser capture microdissected (LCM) cer-
vical tissue specimens, representing all clinically recognized
stages of CxCa progression. The results revealed sequential
changes in DNA replication and repair and metabolic, signaling,
and other pathways, whose nature and timing imply important
mechanistic principles underlying CxCa development.
We show that dramatically decreasing levels of ERα (also

called ESR1) mRNA and its effects on expression of estrogen-
responsive genes is closely associated with progression to CxCa.
Our immunohistochemistry and immunofluorescence results con-
firmed ERα’s decline in epithelial lesions and tumors at the protein
level, whereas revealing sustained or elevated ERα levels in stro-
mal cells. These and other results indicate that in high-grade cer-
vical lesions and CxCa, estrogen signaling must largely proceed
indirectly through activated fibroblasts in the stromal microenvi-
ronment. These findings reveal major differences in the possible
tumor-promoting effects of estrogen in CxCa and breast cancer,
with corresponding clinical implications (16, 20, 21).

Results
Gene Expression Measurement and Validation. The 128 cervical speci-
mens were separated by histopathology into five disease stages:

normal (24), CIN1 (14), CIN2 (22), CIN3 (40), and cancers (28)
(Dataset S1). Except for cervical cancer specimens with more
than 80% tumor content, LCM was used to enrich samples for
epithelial content before gene expression analysis with full hu-
man genome Affymetrix U133 Plus 2.0 microarrays. To enhance

Table 1. Rank correlations between microarray- and real-time
quantitative PCR–based gene expression

Gene Correlation* P value

AR 0.73 1.03E-12
CDKN2A 0.76 9.08E-14
CHEK1 0.57 4.96E-07
CXCL14 0.79 1.78E-15
CXCR2 0.79 2.00E-15
ESR1 (ERα) 0.79 1.11E-15
FN1 0.56 7.22E-07
GREB1 0.81 2.22E-16
IL-8 0.66 8.34E-10
MTHFD1L 0.32 7.51E-03
MUC4 0.76 8.30E-14
PGR 0.76 3.13E-14
SOD2 0.51 9.79E-06
VEGFA 0.55 9.12E-07

*According to calculation model 4, as further explained in Dataset S3.
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Fig. 1. Differential gene expression and biological processes affected during cervical cancer progression. (A) Heatmap presentations of gene expression
levels measured by 2,084 Affymetrix probe sets measuring genes whose expression predominantly increases or decreases at only one disease-stage transition.
(B) Blue/red plots hierarchically clustered Gene Ontology classes that are enriched for these genes and reveal prominent GO clusters (circled) annotated
(Right). Full details on gene expression measurements and GO enrichment analyses are provided in Datasets S2 and S5, respectively.
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statistical power in subsequent calculations of gene expression
changes at the late transitions, the CIN1 and CIN2 lesions were
analyzed as a single CIN1/CIN2 group of 36 specimens. Of 54,675
total probe sets, 6,669 (12%) measured statistically significant
differential expression between disease stages (adjusted P values
<0.05; gene set 1). When filtered by surrogate variable analysis to
further minimize inclusion of false positives that originate from
unmodeled influences such as age or random factors, 4,452 probe
sets (∼8% of total) detected changes in average mRNA levels
between two or more of the four disease stages (set 2; Dataset
S2). Gene expression-based specimen rank correlation calcula-
tions showed with strong statistical significance that, for 14 tested
genes, reverse-transcription quantitative PCR (RTQ-PCR)–
based measurements of mRNA levels in 68 independently
extracted cryosections spanning all four disease stages closely
agreed with and thus confirmed the microarray-based data (Table
1 and Datasets S3 and S4).

A Cascade of Gene Expression Changes in Distinct Molecular Processes
Culminates at Late Stages of Cervical Cancer Progression. Of the
4,452 probe sets in set 2, 2,084 followed one of five progressive
trajectories of changes in gene expression across disease-stage
categories (set 3; Dataset S2). Fig. 1A shows that 67, 59, 213, 57,
and 1,688 probe sets were associated with early, early-to-mid,
mid, mid-to-late, and late changes, respectively, showing a cas-
cade of molecular changes dramatically culminating in numerous
gene expression changes at the final transition to invasive cancer.
Gene Ontology (GO) enrichment and Ingenuity System Pathways
Analysis (IPA) of these 2,084 probe sets revealed many notable
biological pathways (Dataset S5). Top GO terms were hierar-
chically clustered in the binary plots shown in Fig. 1B, revealing
groups of related GO classes enriched for multiple differentially
expressed genes, further described below.

Cell-Cycle and Proliferation-Related Genes Are Up-Regulated in Early
Normal-to-CIN1/2 Transitions and Sustained in CIN3. Previously, we
reported that increased expression of particular subsets of cell
cycle-related genes and increased cell proliferation so distinguish
HPV-positive from HPV-negative head and neck cancers that, by
gene expression, HPV-positive head and neck cancers resemble
CxCas more than HPV-negative head and neck cancers (22). Here
we found that these changes were already manifest in the earliest
CIN1/2 lesions (Fig. 1, GO clusters I and II), consistent with early
transformation by HPV. Examples of genes with increased ex-
pression in CIN1/2 lesions compared with normal tissue included
CDKN2A (>20-fold), SYCP2 (>5-fold), and CHEK1 (>4-fold)
(Dataset S2). Expression of the CDKN2A gene product p16INK4a is
a widely established marker of HPV oncogene activity (23–26).
Specimen rank correlations were calculated to determine which
other gene expression levels ranked specimens similar to CDKN2A
level-based ranking. The highest rank positive correlations with
CDKN2A included genes with roles in DNA replication and DNA
repair, such as MCM genes, RAD51, PRIM1, and APOBEC3B
(Table 2 and Dataset S6). These changes in CIN1/2s were retained
or enhanced through progression to CIN3 and cancer.

Genes Encoding Ribosomal Proteins and Mitochondrial Electron
Transport Components Are Down-Regulated in Cervical Cancers. By
far the highest number of gene expression changes occurred be-
tween CIN3 and CxCa (Fig. 1). These mid-to-late transitions
deregulated energy metabolism, ribosomal function and protein
synthesis, inflammatory response, endocrine system development,
and cell morphology regulation (Dataset S5). Although early
changes mostly represented gene expression increases, CIN1/2-
to-CIN3-to-cancer transitions progressively included decreases in
gene expression (Fig. 1 and Dataset S5).
The mRNA levels for large and small ribosomal subunit pro-

teins decreased by 30–50% in cancers compared with CIN3 (GO

clusters VI and VII in Fig. 1, Fig. 2A, and Dataset S7). This
included 24 small ribosomal subunit protein genes and 35 large
ribosomal subunit protein genes, or >70% of all ribosomal
proteins. These results imply that compared with normal epi-
thelium and precancerous CIN lesions, protein synthesis in cer-
vical cancers does not increase and may in fact be reduced. GO
clusters VIII and XII in Fig. 1 indicated important changes in
mitochondrial functions during the transition from CIN3 to
cancer, affecting 261 (12.6%) of 2,074 mitochondrial protein
gene probe sets [MitoCarta (27); Dataset S8]. Most apparent was

Table 2. Average gene expression rank correlations with
P16/CDKN2A expression as measured by probe sets 207039_at
and 209644_x_at

Probe set Gene Correlation

Positive rank correlations
207039_at CDKN2A 0.896
209644_x_at CDKN2A 0.896
225655_at UHRF1 0.735
222036_s_at MCM4 0.727
216237_s_at MCM5 0.724
203022_at RNASEH2A 0.717
218039_at NUSAP1 0.712
222680_s_at DTL 0.710
205339_at STIL 0.709
226456_at C16orf75 0.705
227211_at PHF19 0.701
205024_s_at RAD51 0.701
201930_at MCM6 0.700
206632_s_at APOBEC3B 0.700
203209_at RFC5 0.696
202107_s_at MCM2 0.695
209408_at KIF2C 0.695
223274_at TCF19 0.691
202338_at TK1 0.690
202954_at UBE2C 0.689
205053_at PRIM1 0.686
212141_at MCM4 0.686
205909_at POLE2 0.682
209773_s_at RRM2 0.680

Negative rank correlations
205225_at ESR1 (ERa) −0.590
225817_at CGNL1 −0.587
212681_at EPB41L3 −0.582
207943_x_at PLAGL1 −0.565
215304_at — −0.539
236562_at ZNF439 −0.533
207002_s_at PLAGL1 −0.533
208399_s_at EDN3 −0.531
232136_s_at CTTNBP2 −0.525
206142_at ZNF135 −0.521
208712_at CCND1 −0.518
58367_s_at ZNF419 −0.515
206710_s_at EPB41L3 −0.514
213456_at SOSTDC1 −0.513
228346_at ZNF844 −0.509
212441_at KIAA0232 −0.506
219932_at SLC27A6 −0.504
204041_at MAOB −0.502
1554547_at FAM13C −0.491
205862_at GREB1 −0.487
232855_at — −0.486
232366_at KIAA0232 −0.486
205325_at PHYHIP −0.483
202967_at GSTA4 −0.481
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regulation of mitochondrial electron transport chain (ETC)
complexes I, III, IV, and V. Of 183 probe sets measuring the ETC
genes, 50 were in the set 2 list of significantly differentially
expressed genes. Fig. 2B shows that 37 of 94 mRNAs encoding
proteins in the five ETC complexes increased slightly during the
early disease stages but then significantly decreased in cancers. This
strongly suggested reduced dependence on energy production by
oxidative phosphorylation during the late stages of cancer pro-
gression, commonly known as the Warburg effect (28, 29). That
not all mitochondrial functions were reduced was evident from
increased expression levels for a group of genes with roles in fo-
late-based one-carbon metabolism (MTHFD2, MTHFD1L, GLDC,
SHMT2, SLC25A32) important for DNA synthesis, repair, and
methylation (30). Likewise, increased levels of mitochondrial su-
peroxide dismutase 2 (SOD2) in some cancers indicated enhanced
mitochondrial detoxification mechanisms (31).

Epithelial Estrogen Receptor α Expression Decreases Throughout Disease
Progression. Prior clinical, epidemiological, and animal model re-
sults suggest that estrogen and ERα are critical to CxCa devel-
opment and maintenance (16, 20, 21). Consistent with this, 217
of 1,115 genes previously characterized as estrogen-responsive
in breast tissue [Dataset S9 (32)] showed strong differential ex-

pression across the cervical samples analyzed here. Hierarchical
clustering of the 128 cervical specimens based on the expression
of these 217 estrogen-responsive genes largely recapitulated sam-
ple ordering by disease stage (Fig. 3A), confirming the strong link
between estrogen effects and CxCa progression.
However, despite this further evidence of estrogen importance

in CxCa, ERα mRNA levels plunged 15-fold during progression
from normal to CxCa (Fig. 3B). This decline was so progressive
and precipitous that ERα/ESR1 expression showed the highest
negative rank correlation across the entire genome with the in-
creasing expression of p16/CDKN2A (Table 2 and Dataset S6).
Reduced ERα mRNA levels were not simply due to negative
feedback on ESR1 transcription from a large population of activated
ERα protein, because expression of known direct targets of ERα,
estrogen-responsive genes encoding GREB1, and steroid hormone
nuclear receptors for androgen (AR) and progesterone (PGR) also
progressively decreased with cancer development (Fig. 3B). More-
over, below we confirm ERα’s parallel decline at the protein level.

Estrogen Receptor α Becomes Progressively Exclusive to the Stromal
Microenvironment. To further investigate the continuous decrease
in ERα expression, we used immunohistochemistry (IHC) to vi-
sualize the ERα and p16 proteins in representative formaldehyde-
fixed, paraffin-embedded sections case-matched to 45 of the 128
frozen samples studied above and that collectively spanned the
complete disease range. Fig. 4A illustrates as an example ERα and
p16 IHC stains in a specimen that displays all stages and transi-
tions of complete disease progression. Magnified views of areas of
transition from normal to neoplastic epithelium in Fig. 4B show
that ERα expression is lost as the epithelium becomes increasingly
neoplastic and positive for p16, culminating in cancerous tissue
where ERα is exclusively expressed in the interspersed, p16-neg-
ative stroma. Seventy-seven observations of epithelium and adja-
cent stroma in the 45 specimens (Fig. 4C) further illustrated at a
cell level the loss of epithelial ERα during disease progression,
whereas stromal ERα expression remained essentially unchanged.
Fig. S1 provides more detailed information on how ERα expres-
sion in epithelium versus stroma was scored as double-positive,
single-positive, or double-negative phenotypes, how that related
to epithelial p16 expression, and which of multiple observations
were derived from single specimens.
In some early CIN lesions, ERα expression was lost apparently

before full expression of p16 whereas in other cases ERα was still
expressed in cells already positive for p16 expression (Fig. S1),
but in more severe lesions and cancers, ERα and p16 expression
were largely mutually exclusive. In conclusion, IHC confirmed
that the extreme inverse correlation of p16 and ERα gene ex-
pression levels was reflected at the protein level and provided
strong evidence that loss of ERα expression, like increased p16
expression, is a signature of cervical cancer progression, with
most normal epithelia but few cancer epithelia expressing ERα.

Stromal Estrogen Receptor α Resides in Fibroblasts. To further in-
vestigate a potential role for stromal ERα, we sought to identify
the relevant ERα-positive cell type(s). We used immunofluo-
rescence assays (IFA) on cervical tissue microarrays containing
normal, CINs, and cancers to survey for colocalization of known
cell type-specific markers with ERα-positive cells. Markers tested
included a panel of keratins for epithelial cells, fibroblast-specific
protein FSP1, CD34 for hematopoietic progenitor cells and
fibrocytes (33), CD68 for monocytes/macrophages (34), CD45 as
a general lymphocyte marker (35), α-smooth muscle actin (αSMA)
for activated fibroblasts (36), and vimentin (VIM) for mesenchy-
mal cells (37). Immunofluorescence staining for p16 was used to
delineate CIN3 and cancer epithelium (Fig. 5A). In Fig. 5B, dual
immunofluorescence labeling for ERα plus the above markers
shows that in normal tissue and CIN lesions, stromal ERα local-
ized to the nuclei of a subset of highly abundant FSP1 and CD34-
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positive cells with a fibroblastic appearance. With progression to
cancer, ERα positivity was largely restricted to cells that were
FSP1- and CD34-negative and increasingly αSMA-positive and
only occasionally VIM-positive. Many stromal cells were αSMA-
positive in cancerous stroma, indicating an increase in fibroblast
activation, although not all of these activated fibroblasts uniformly
expressed ERα. ERα was not expressed in CD45-positive hema-
topoietic-lineage cells or CD68-positive macrophages. Keratin
stains were absent from stroma, suggesting that the ERα-positive
cells in the stroma were not of epithelial origin.

Discussion
Our analysis of cervical tissue gene expression data showed a cas-
cade of molecular changes in the progression fromHPV infection to
CxCa. We highlighted specific biological processes in disease pro-
gression as a basis toward a better understanding of the molecular
mechanisms that drive cervical cancer development. In particular,
we emphasized and further documented the loss of ERα expression
during cancer progression. Gene expression studies like ours pro-
vide “snapshots” of the state of the tissues and are thus influenced
by many factors including timing and methods of procurement and
analysis, but our observations were generally in good agreement
with previous reports (e.g., 38–41). Recently, squamocolumnar (SC)
cervical junction cells have been predicted to be a primary candidate
for the source of carcinogenic HPV-induced cervical carcinogenesis
(42). Although we did not specifically target SC cells, interestingly,
four of five signature SC junction markers (KRT7, AGR2, MMP7,
and GDA) were consistently elevated in CIN1/2 and further en-
hanced in CIN3 whereas expressed at lower levels in cancers.

Early Events in Cervical Cancer Development. Early cervical lesions
predominantly showed increased expression of genes with func-
tions in DNA replication and cell division. This is consistent with
the histological transition of the cervical epithelial lining from
typically stratified epithelium toward a gradually more convoluted
configuration in which many more cells are actively dividing. The
changes between CIN1/2 and CIN3 were largely a continuation
and expansion of those observed between normal healthy epi-
thelium and CIN1/2s. Molecularly, the position of CIN2 with
respect to CIN1 and CIN3 is poorly defined. Some CIN2s showed

a gene expression profile more similar to CIN3 whereas others
were closer to CIN1, and grouping CIN2 with CIN3 instead of
CIN1 did not significantly alter the main conclusions.
Early increase in DNA replication and cell division is likely

closely linked to HPV infection. The current study predominantly
used HPV16-positive specimens (Dataset S1) and, accordingly,
correlative analysis of the data did not support stratification of
differences in gene expression as a function of differences in HPV
status or genotype. However, in our previous analyses of head and
neck cancer where only a subset of specimens was HPV-positive,
we showed that HPV drives a mechanism to increase a proliferative
index that is largely similar to the situation in cervical cancers,
whereas gene expression signatures in the ∼75% HPV-negative
head and neck cancers showed different cell proliferation-pro-
moting mechanisms (22). Further links between HPV infection,
DNA repair, and chromosomal instability have been documented
(43, 44). For example, DNA repair functions in the FANC family of
proteins have been shown to be triggered by HPV oncoproteins E6
and E7 and may explain FANC gene-based genetically increased
susceptibility to HPV-associated squamous cell carcinomas (44–48).

Late Changes During Cancer Progression. The CIN3-to-cancer transi-
tion showed dramatically reduced expression of proteins in the
mitochondrial electron transport chain, implying reduced de-
pendence on oxidative phosphorylation as a source for ATP and
redirection from oxidative phosphorylation toward anaerobic
glycolysis, that is, the “Warburg effect” (28, 29), at the later stages
of cancer progression. HPVs stabilize hypoxia inducible factor 1
alpha (HIF1α) (49, 50), and other oncogenic and nononcogenic
DNA viruses likewise have reported action on HIF1α and mito-
chondrial metabolism (51), which may promote the Warburg
effect. Other mitochondrial changes included up-regulation of
folate metabolism, consistent with increased one-carbon metab-
olism needed to generate purines, AdoMet, and other metabo-
lites (52, 53) to support DNA synthesis, repair, and epigenetic
regulation through DNA methylation during rapid cell pro-
liferation. Up-regulated DNA methyltransferase 1 transcription
in CINs and cancers was consistent with such demand. Increased
mRNA levels of mitochondrial SOD2 in some CxCas suggested
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active mechanisms to counteract elevated levels of reactive oxy-
gen deleterious for cellular health and survival (54).
The decreased expression of ribosomal protein genes implies

reduced capacity for protein synthesis in cervical cancer, which
seems inconsistent with the need for accelerated cancer cell
growth and division. Oncogenic and tumor-suppressing functions
have been assigned to individual ribosomal proteins (55), and
although our results do not exclude regulation of such functions
in cervical cancer, the apparent concerted down-regulation of
>70% of the ribosomal proteins strongly suggests that the effect
predominantly targets ribosomal biogenesis. An alternative ex-
planation is that general gene transcription in cervical cancer is
up-regulated whereas ribosomal protein gene transcription re-
mains constant, which would result in an observed down-regu-
lation of the latter. A candidate mediator of both general
transcription enhancement and specific ribosome biogenesis reg-
ulation is c-Myc (56, 57).

ERα Expression and Function: Stromal vs. Tumor Roles. The contin-
uous, dramatic decrease in ERα expression throughout CxCa
progression (Figs. 3–5) is particularly interesting in light of
growing demonstrations of estrogen and ERα dependence in
CxCa development and maintenance. These data include in-
creased CxCa risk with long-term oral contraceptive use and
multiple pregnancies (16, 58) and overexpression of aromatase,
the key enzyme in estrogen biosynthesis, in approximately one-
third of CxCas (21). In mouse models transgenic for HPV16 E6
and E7, our reports and others demonstrate that estrogen and
ERα are critical for CxCa development (17, 19, 20). Consistent
with the results presented here, decreased ERα levels in human
cervical cancer cell lines and tumors and its correlation with
invasiveness have been reported recently, although this was ar-
gued to reflect a lack of ERα action in late stages of CxCa (59,
60). The more extensive analysis presented here shows that the
progressive depletion of ERα expression occurs in the context of
extensive, coordinated alterations in expression of estrogen-
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responsive genes (Fig. 3) and with the preservation or increased
abundance of stromal ERα-positive fibroblasts in CxCas (Fig. 5).
Paralleling and complementing our findings in humans, our
mouse studies show that ERα is critical both to develop CxCa
and to maintain established CxCas (19, 20), and that ERα action
in CxCa at least requires and might act completely through
stromal expression (61).
These growing findings on ERα expression and function in

CxCa, together with critical roles of signaling by cancer-associ-
ated fibroblasts in other cancers (62), imply that in human as well
as mouse CxCa, ERα acts largely through paracrine stroma-to-
tumor signaling. This is notably distinct from estrogen signaling
in breast cancer, where estrogen responsiveness is associated
with ERα expression in tumor cells. In cervical tumors, the
strong inverse correlation between expression of ERα and p16,
an established marker for HPV infection, suggests that the loss
of ERα change might be driven fairly directly by HPV, pre-
sumably by oncogenes E6 and/or E7, for example through
modulation of the polycomb repressor complex to drive general
epigenetic reprogramming (63).

IHC and IFA showed ERα expression in a subset of stromal
fibroblasts that with CxCa progression were decreasingly positive
for precursor markers FSP1 and CD34 and increasingly positive for
fibroblast activation marker SMA. The absence of stromal keratin
and a generally VIM-negative fibroblast population disfavored the
possibility that the ERα-positive stromal cells arise by epithelial-to-
mesenchymal transition. The results suggest that the ERα-positive
activated fibroblasts in cancer stroma originate from ERα- and
CD34-positive resting fibroblast progenitors observed in healthy or
CIN-associated stroma. Alternatively, these cells might have been
newly recruited to the tumor site, resembling wound healing, con-
sistent with the denser cellularity of cancer-associated stroma.
Overall changes in estrogen-responsive gene expression provided

a strong signature for disease progression (Fig. 3). Many genes
identified as estrogen-responsive in breast cancer studies followed
the decrease in ERα expression but others showed increased ex-
pression levels, suggesting that estrogen may act through multiple
direct and indirect pathways as well as major differences in estro-
gen effects on breast and reproductive tissues (64).

ERα  FSP1ERα  SMA ERα  CD34 ERα  VIMERα  CD68ERα  CD45

normal CIN cancer

DNA ERα P16 DNA ERα P16DNA ERα P16

A

B normal

CIN

cancer
ERα  FSP1ERα  SMA ERα  CD34 ERα  VIMERα  CD68ERα  CD45

ERα  FSP1ERα  SMA ERα  CD34 ERα  VIMERα  CD68ERα  CD45

Fig. 5. ERα costains stromal fibroblasts. (A) Low-magnification immunofluorescent ERα, p16, and DAPI in three cervical specimens representing disease
progression. With increased expression of p16 in CIN epithelium and epithelial cancer compartments, ERα expression is lost and becomes restricted to stroma.
(B) Higher magnifications of tissues stained with various cell-type markers show that in normal and precancerous lesions, ERα resides in the nuclei of stromal
cells that stain positive for FSP1 and CD34. Only a subset of ERα-positive cancer-associated stromal cells expresses CD34 and is increasingly positive for αSMA
and occasionally also for vimentin. ERα is not expressed in CD45-positive hematopoietic cells and CD68-positive macrophages.
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Specimen rank correlations for expression of all genes with ERα
(Dataset S6) revealed close linkage with ERα for several growth
factors, chemokines, pro- and antiinflammatory cytokines, and
their receptors (Table 3). Leading examples are cytokine ligands
CXCL12 (65) whose increased expression recently was associated
with HPV infection (66), CXCL14, and increased expression of
interleukin 8 (IL-8) and decreased expression of its receptor
CXCR2. Continuous elevation of IL-8 mRNA levels throughout
cervical cancer development indicates inflammatory response,
angiogenesis, and possibly epithelial-to-mesenchymal transition
(EMT) (67–69). IL-8, CXCL12, and CXCL14 all function in
recruiting monocytes to tumors (70, 71). IL-8 has also been
reported involved in EMT during carcinogenesis (69). We did
measure increased levels of VEGFA and VIM in at least some of
the analyzed CxCas and our immunofluorescence shows occa-
sional expression of VIM in stroma of lesions and cancers (Fig.
5), but EMT does not appear a major factor in CxCa progression.
Estrogen receptor beta (ESR2 or ERβ) was not detectably

expressed (data are available through the Gene Expression
Omnibus), confirming our earlier histochemistry observations
(18). This further distinguishes cervical cancer from breast can-
cer, where ERβ is expressed and negatively modulates ERα’s
activity through heterodimerization (72). This could be at the
basis of why many breast tumors respond favorably to estrogen
receptor blockers such as tamoxifen, whereas adverse effects are
observed in cervical and endometrial cancers (64). A proposed
role for stromal expression of the endothelial protein TIE2 in

estrogen-driven angiogenesis in breast cancers (73) is potentially
consistent with our own immunofluorescence-based observation
of TIE2 expression in cervical stroma, although we found that
TIE2 expression is not restricted to ERα-positive stromal cells
and is also moderately expressed in the epithelium.
The molecular mechanisms underlying higher cell proliferation

and accompanying shifts in metabolism, hormonal regulation, and
other tumor-promoting processes are likely highly interconnected.
For example, increased IL-8 levels are linked to estrogen re-
ceptor-negative breast cancer (74), reminiscent of the inverse
correlation between progressively decreasing ERα and increasing
IL-8 as demonstrated here for CxCa progression. In head and
neck squamous cell carcinoma, frequently associated with HPV
infection, IL-8 up-regulation often coincides with down-regulation
of stromal ligand CXCL14 (75), as also measured here for CxCa.
Our current observations provide guidance and new leads toward
understanding these multifactorial aspects of cancer progression.

Materials and Methods
SUCCEED Study. With informed consent and approval of the Human Subject
Research Institutional Review Boards at the University ofWisconsin–Madison, the
National Cancer Institute, and the University of Oklahoma Health Sciences
Center, women were recruited into the Study to Understand Cervical Cancer
Early Endpoints and Determinants (SUCCEED). Of 2,847 women age 18 or older,
∼67% were white, ∼15% were Black or African American, ∼5% were American
Indian/Alaskan Native, ∼1% were Asian, and ∼15% were Hispanic. Dataset S1
provides the clinical assessment of the set of 128 specimens used for the current
study. Further details on the SUCCEED study have been provided previously (15).

Cryosectioning, Histology, and Laser Capture Microdissection. Fresh-frozen
cervical samples acquired under SUCCEED were cryosectioned to provide a
series of 10- to 12-μm sections. Hematoxylin and eosin stains were used for
histopathology and tissue integrity review and to assign lesion grade. Sec-
tions adjacent to the evaluated section were hematoxylin-stained for a few
seconds and dehydrated through increasing ethanol concentrations. A Pix-
Cell II Laser Capture Microdissection System (Applied Biosystems/Arcturus)
was then used to capture the epithelial lining of the cervix from normal
healthy control specimens or precancerous and invasive cancerous cell
masses from cervical lesions. Cancer specimens with more than 80% tumor
content were processed as whole sections.

RNA Extraction, Amplification, Labeling, and Microarray-Based Gene Expression
Analysis. Specimens were processed for comprehensive human mRNA-level
measurements essentially as described previously (22). Briefly, RNA was
extracted using TRIzol according to the manufacturer’s instructions (Invi-
trogen) and used to generate T7 RNA polymerase promoter-linked, oligo
(dT)-primed double-stranded cDNA, which was then used as a template to
produce T7 transcripts complementary to all human and viral mRNAs (cRNA).
These T7 transcripts were then subjected to a second round of cDNA syn-
thesis and T7 RNA polymerase-based amplification. From 227 specimens
processed, 128 epithelial RNA extracts yielded cRNA of sufficiently high
quality for Affymetrix U133 Plus 2.0 microarray analysis.

Gene Expression Data Analysis. Microarray data were acquired in four batches
and analyzed using R statistical programming and Bioconductor (76). A four-
step data analysis included the following: (i) data preprocessing via within-
batch GC-RMA (77) to accommodate background noise and array-to-array
variation and summarize probe-level data to log2-scale probe set values, and
(ii) identifying the strongest expression changes associated with histopatho-
logical tissue class. One filter accommodated batch effects and the multiplicity
of samples per patient, and a second filter accommodated potential effects of
unmeasured/unmodeled factors. For each probe set, a linear mixed-effects
model was fitted over the n = 128 samples using the R function lmer in the
package lme4 (78). Log2 expression values were decomposed as a sum of fixed
and random effects: fixed effects characterized technical differences between
sample batches and biological differences among the four histopathological
tissue classes; random patient effects accommodated possible correlation be-
tween multiple tissues from the same patient. To identify significant tissue-
class effects, we used the likelihood ratio test statistic calibrated by 105 random
permutations of the tissue-class assignment vector. Permutation P values were
corrected for multiplicity using the Benjamini–Hochberg method (79). Set 1
holds N1 = 6,669 probe sets with an adjusted P value less than 5%. To protect
against false-positive probe sets caused by unmeasured or unmodeled factors,

Table 3. Cell signaling gene expression rank correlations with
ERα expression as measured by probe set 205225_at

Probe set Gene Correlation

Positive rank correlations
219304_s_at PDGFD 0.659
207008_at CXCR2 0.542
203638_s_at FGFR2 0.441
205403_at IL1R2 0.425
208228_s_at FGFR2 0.425
218589_at LPAR6 0.418
236449_at CSTB 0.409
237038_at CXCL14 0.406
230252_at LPAR5 0.395
205015_s_at TGFA 0.388
222484_s_at CXCL14 0.381
201201_at CSTB 0.372
211372_s_at IL1R2 0.371
218002_s_at CXCL14 0.346
224560_at TIMP2 0.336
205863_at S100A12 0.325
219115_s_at IL-20RA 0.273
203666_at CXCL12 0.256

Negative rank correlations
212171_x_at VEGFA −0.514
206569_at IL-24 −0.488
211375_s_at ILF3 −0.424
206026_s_at TNFAIP6 −0.396
202859_x_at IL-8 −0.379
221058_s_at CKLF −0.369
209875_s_at SPP1 −0.353
219161_s_at CKLF −0.350
227345_at TNFRSF10D −0.321
202638_s_at ICAM1 −0.319
206025_s_at TNFAIP6 −0.298
200052_s_at ILF2 −0.284
218368_s_at TNFRSF12A −0.283
208931_s_at ILF3 −0.258
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surrogate-variable analysis (SVA) was applied to the entire expression dataset
(80). We required that the multiplicity-adjusted P value for tissue-class effect in
the SVA fixed-effects model was less than 20% and that the probe set was al-
ready in set 1. The resulting final set of N2 = 4,452 probe sets was the core focus
for analysis of differential gene expression (set 2; Dataset S2). (iii) A mixture
model-based clustering was applied to probe sets in set 2, using the LNNMV
model in EBarrays (81), to identify groups of genes associated with disease
progression. EBarrays grouped probe sets into distinct clusters according to tra-
jectories of mean expression over the four disease stages. Set 3 (Dataset S2)
records N3 = 2,084 probe sets mapping strongly to one of five dominant tra-
jectory clusters identified through the mixture modeling. (iv) Identified gene
clusters were integrated with functional data using gene set enrichment analysis
applied to Gene Ontology terms (82) and computed using random-set scoring
(83). The full GO analysis results are provided in Dataset S5. Heatmaps in Fig. 1B
were constructed using asymmetric binary distance on the gene-content vectors
to visualize the enriched GO terms. Independently, the larger set 2 probe set list
of all altered gene expression regardless of transitional pattern was analyzed
using Ingenuity Systems Pathway Analysis software (www.ingenuity.com). IPA
uses a database of genetic and molecular functional interactions to identify and
visualize networks and pathways of functionally related genes, proteins, and
small molecules based on enriched presence on an interrogated list such as our
gene lists. A comprehensive set of lists of IPA networks is provided in Dataset S5.

Gene Expression Measurements by Real-Time Quantitative PCR. An additional
cryosection fromeach of 16 normal specimens, 13 CIN1/CIN2 specimens, 23 CIN3
specimens, and 16 cancer specimens was used to independently validate the
Affymetrix microarray-based mRNA profiling data by RTQ-PCR. Using the cri-
teria and procedures described above, RNA was extracted from whole sections
or laser-captured epithelial cells and used for cDNA synthesis, T7 RNA poly-
merase-based linear amplification, and subsequent second-round cDNA syn-
thesis as previously done in preparation for microarray-based assays. Using
TaqMan technology-based RTQ-PCR with a Bio-Rad CFX96 RTQ-PCR thermo-
cycler and SsoFast Probes Supermix reagents according to the manufacturer’s
instructions, 1-μL aliquots of 20-μL final cDNA preparations were used to de-
termine the cDNA levels of 14 mRNAs: AR, CDKN2A, CHEK1, CXCL14, CXCR2,
ERα, FN1, GREB1, IL-8, MTHFD1L, MUC4, PGR, SOD2, and VEGFA. Levels of
ACTB and GAPDH mRNAs were measured for normalization. Reference mea-
surements to generate standard curves were obtained using serial dilutions of
plasmid-cloned, gene-specific fragments containing primer/probe set target
sequences for each of the 16 mRNAs. Dataset S3 provides gene-specific primer/
probe set sequence information, and Dataset S4 lists the measured values.

Rank Correlation of RTQ-PCR Data and Affymetrix Microarray Data. The RTQ-PCR
measurements for ACTB and GAPDH for each specimen highly correlated, and
we used the GAPDH RTQ-PCR measurements to normalize the data to correct
for differences in numbers of cells analyzed and differences in RNA recovery.
Using rank correlationmethods in the R statistical programming language (84),
the normalized RTQ-PCR–based measurements were compared with the
Affymetrix microarray-based data for the expression of each of the genes in
the same subset of 68 tissue specimens. Dataset S3 lists the calculated rank
correlation values according to four different models using different ap-
proaches to accommodate the fact that most genes were represented by
multiple Affymetrix probe sets and that some transcripts were not detected by
RTQ-PCR in a small number of specimens. In models 1 and 3, specimen rankings
derived from all multiple Affymetrix probe sets were averaged. In models 2
and 4, to reduce the contribution of background noise in the Affymetrix

microarray-based data, for each individual gene, only specimen rankings de-
rived from probe sets that robustly measured gene expression levels in any of
the defined disease stages were used to calculate ranking averages. In models
1 and 2, missing RTQ-PCR values were ignored for RTQ-PCR–based specimen
ranking. Models 3 and 4 assumed that missing RTQ-PCR values reflected levels
of mRNA below threshold detection sensitivity, substituted missing values by
the lowest measurement for each particular gene, and ranked specimens ac-
cordingly. Calculations used the following definitions and equations: Gene G in
RTQ-PCR data has expression profile x; gene G is measured by k Affymetrix
probe sets with expression profiles y1, . . ., yk; gene G’s rank correlation equals
(rank(x),

Pk
i=1rankðyiÞ=k). Calculation of P values tested the H0 hypothesis that

the rank correlation is 0. In each of the four calculationmodels, the microarray-
based and RTQ-PCR–based specimen rank correlations had a high probability
with generally very low P values. Table 1 shows the correlations between RTQ-
PCR–based specimen ranking and their corresponding microarray-based spec-
imen ranking and the associated probabilities derived in model 4.

Gene Expression Rank Correlations. Specimens were ranked according to
gene expression levels of CDKN2A (Affymetrix probe sets 207039_at and
209644_x_at) or ESR1/ERα (Affymetrix probe set 205225_at), and Spearman
Rho statistics were used to calculate the rank correlations with all other probe
sets. Asymptotic t distribution was used to calculate the corresponding P values
using the null hypothesis of zero rank correlation. Calculated rank correlations
with values >0.25 or <−0.25 for genes in set 2 are provided in Dataset S6.

Immunohistochemistry and Immunofluorescence. For peroxidase-based immu-
nohistochemistry, sections of formaldehyde-fixed, paraffin-embedded (FFPE)
cervical tissue specimenswere derived from the same subset of cases thatwere
used for RTQ-PCR measurements. Tissue microarrays of FFPE cervical biopsy
cores (US Biomax; CR602) were used for immunofluorescence assays. Samples
were deparaffinized through xylene and rehydrated in graded ethanols;
endogenous peroxidase activity was quenched with 3% (vol/vol) H2O2 for 10
min. For antigen retrieval, slides were heated in 10 mM citrate (pH 6.0) with
0.5% Tween-20 for 40 min at 95 °C in a rice steamer (IHC-Tek; IW-1102). After
a 20-min cool down at room temperature, sections were washed in PBS and
incubated overnight at 4 °C with anti-ERα (DAKO, clone SP1, 1:500 or DAKO,
clone 1D5, 1:500) and anti-p16INK4A (Ventana, “Ready to Use” clone E6H4, or
CINtec PLUS, 9537 for simultaneous detection of p16/ki67), anti-αSMA (Sigma;
clone1A4, 1:400), anti-FSP1 (Sigma; HPA007973, 1:500), anti-CD34 (DAKO;
clone QBEnd1-10, 1:250), anti-CD45 (DAKO; clones 2B11 and PD7/26, 1:100),
anti-CD68 (DAKO; clone PG-M1, 1:500), anti-VIM (DAKO; clone V9, 1:500), or
anti–pan-keratin (Santa Cruz; clone C11, 1:250). Slides were washed in PBS
and incubated for 1 h at room temperature with AlexaFluor 350 and Alex-
aFluor 588-linked secondary antibodies at 1:200 dilution. Following immu-
nostaining, 300 ng/mL DAPI was used to visualize nuclei. Images were
captured using Nuance Multispectral Microscopy and inForm advanced im-
age analysis software (Caliper Life Sciences/PerkinElmer).
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