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Abstract

If left untreated, a subset of high-grade squamous intra-
epithelial lesions (HSIL) of the cervix will progress to invasive
squamous cell carcinomas (SCC). To identify genes whose
differential expression is linked to cervical cancer progres-
sion, we compared gene expression in microdissected squa-
mous epithelial samples from 10 normal cervices, 7 HSILs,
and 21 SCCs using high-density oligonucleotide microarrays.
We identified 171 distinct genes at least 1.5-fold up-regulated
(and P < 0.001) in the SCCs relative to HSILs and normal cervix
samples. Differential expression of a subset of these genes was
confirmed by quantitative reverse transcription-PCR and
immunohistochemical staining of cervical tissue samples.
One of the genes up-regulated during progression, HOXC10 ,
was selected for functional studies aimed at assessing its role
in mediating invasive behavior of neoplastic squamous epi-
thelial cells. Elevated HOXC10 expression was associated with
increased invasiveness of human papillomavirus–immortalized
keratinocytes and cervical cancer–derived cell lines in both
in vitro and in vivo assays. Cervical cancer cells with high
endogenous levels of HOXC10 were less invasive after short
hairpin RNA–mediated knockdown of HOXC10 expression. Our
findings support a key role for the HOXC10 homeobox protein
in cervical cancer progression. Other genes with differential
expression in invasive SCC versus HSIL may contribute to
tumor progression or may be useful as markers for cancer
diagnosis or progression risk. [Cancer Res 2007;67(21):10163–72]

Introduction

Cervical cancer is the third leading cause of cancer deaths in
women worldwide, with increased mortality in less developed
regions compared with the industrialized world. For example,
cervical cancer–associated mortality in East Africa is nearly 14-fold
higher than in North America (1). Cervical cancer incidence and
mortality have decreased dramatically over the last several decades
in many countries, largely as a consequence of widely implemented
Pap smear screening programs that allow detection and removal of
cervical cancer precursors referred to as squamous intraepithelial
lesions (SIL). The highest grade squamous cervical cancer

precursor lesions, referred to as high-grade SILs (HSIL), are very
prevalent in the United States, with an estimated age-adjusted
incidence of 31 per 100,000 women (2). Although it is difficult to
determine the natural history of HSILs, it has been estimated that
as few as 12% of high-grade preinvasive lesions will progress to
carcinoma if left untreated (3). In a recent prospective observa-
tional study, 28% of colposcopically visible residual HSILs regressed
within 15 weeks of diagnostic biopsy (4). Because morphologic
assessment alone does not allow distinction of the HSILs likely to
progress from those that will regress or simply persist, essentially
all HSILs are currently treated by surgical excision or with ablative
therapies. Identification of molecular markers defining the subset
of HSILs at high risk for progression could clearly affect
management of preinvasive cervical lesions.

Over the last 30 years, substantial progress has been made in
understanding the molecular basis of cervical cancer. Infection
with certain (high-risk) types of human papillomaviruses (HPV) is
strongly associated with the development of both preinvasive and
invasive cervical epithelial neoplasms (5). A few characteristic
genetic alterations have been identified in invasive cervical
carcinomas (6–8) but relatively little is known about the specific
molecular alterations that allow preinvasive epithelial cells to
acquire the ability to penetrate the basement membrane and
invade the underlying stroma. Notably, the majority of HSILs have
been shown to be clonal and aneuploid (9, 10), and the lesional
cells in HSILs display many if not most of the same morphologic
features as their frankly malignant counterparts.

To identify genes associated with the invasive properties of
cervical carcinoma cells, we used high-density (Affymetrix U133A)
oligonucleotide microarrays to generate comprehensive gene
expression profiles of microdissected epithelial samples from
normal cervices, HSILs, and invasive squamous cell carcinomas
(SCC) of the cervix. Comparison of gene expression in the
preinvasive and invasive epithelial neoplasms identified a rather
modest number of genes differentially up-regulated or down-
regulated in SCCs relative to HSILs and normal cervical squamous
epithelia. Our differential expression screen identified several genes
that may prove useful as diagnostic or progression markers for
cervical cancer; a subset of these genes encodes proteins that
confer invasive properties to neoplastic cervical epithelial cells.

Materials and Methods

Cell lines and cell culture. Seven cervical carcinoma–derived cell lines,

C-33A, C-4II, ME-180, CaSki, SiHa, HT-3, and HeLa, were obtained from
the American Type Culture Collection. The HPV16-immortalized kerati-

nocyte cell line 8217 was a gift from P. Hawley-Nelson (Department of

Molecular Discovery, Centocor, Inc., Radnor, PA). The HPV18-immortalized
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keratinocyte cell line 1811 and its NMU-transformed counterpart, NMU-T1,
were a gift from J.K. McDougall (Fred Hutchinson Cancer Research Center,

Seattle, WA; ref. 11). CIN612 [derived from grade 1 cervical intraepithelial

neoplasia or CIN1 (also known as low-grade SIL or LSIL)] and the HPV18-

immortalized cervical keratinocyte cell line 610, were a gift of K. De Geest
(Rush Medical College, Chicago, IL; ref. 12). ME-180 and HT-3 cells were

cultured in McCoy’s 5A medium (Life Technologies, Inc.) with 10% fetal

bovine serum (FBS, Life Technologies). CaSki cells were cultured in RPMI

1640/10% FBS. Keratinocyte-derived cells (NMU-T1, 1811, 8217, 610, and
CIN612) were cultured in keratinocyte growth medium (Clonetics Corp.). All

other cell lines were maintained in DMEM with 10% FBS.

Tissue samples and laser capture microdissection. A total of 21

frozen invasive SCCs of the cervix, 7 HSILs, and 10 normal cervix samples
were analyzed with approval from the institutional review board (IRB) of

the University of Michigan Medical School. Invasive SCC specimens were

obtained from the University of Michigan and Johns Hopkins Hospitals and
from a previous study conducted in Spain and Colombia (13). Frozen HSIL

specimens were banked as part of an IRB-approved prospective clinical trial

at the Johns Hopkins Hospital designed to estimate the spontaneous

regression rate of HSIL over a 15-week observational period (4). The normal
cervical tissues were harvested from hysterectomy specimens resected for

benign disease. Slides were prepared for laser capture microdissection

(LCM) following the manufacturer’s protocol provided with the Arcturus

HistoGene LCM Frozen Section Staining Kit. Neoplastic squamous
epithelial cells from HSILs or invasive carcinomas were isolated using an

Arcturus PixCell IIe LCM system with CapSure HS LCM Caps for each

sample. A cervical tissue microarray was constructed from an independent
set of samples selected from the Surgical Pathology archives at the

University of Michigan. The tissue microarray block includes representative

cores from 15 normal cervix, 20 LSIL, 21 HSIL, and 26 SCC samples.

HPV detection and typing. HPV detection and typing were done on
each tissue sample using PCR amplification of HPV DNA, followed by direct

sequencing. The GP5+/GP6+, L1C1/LlC2, and/or L1C2-M consensus primers

were used for HPV DNA detection (14, 15). All HPV-negative samples were

confirmed by a second PCR assay and adequate DNA quality was verified by
successful amplification of HPRT1 sequences from the same DNA samples

(Supplementary Table S1). PCR products were purified with the GENE-

CLEAN III Kit (MP Biomedicals) and directly sequenced. DNA sequences
were compared with Genbank sequences using the BLAST Program at the

National Center for Biotechnology Information (NCBI). In selected cases,

HPV types were further confirmed by HPV E7 type–specific PCR using

published primer sequences (16).
RNA isolation, amplification, and gene expression profiling. Total

RNA from LCM-harvested lesional cells was extracted from each sample

using the Arcturus PicoPure RNA isolation Kit (KIT0202). RNA quality was

determined by detecting 28S/18S rRNA peaks with an Agilent Bioanalyzer
2100 (Agilent Technologies). Two rounds of T7-based RNA amplification

were carried out with the Arcturus RiboAmp kit (KIT 0201) following the

manufacturer’s instructions. Total RNA from each cell line was extracted

using standard procedures (TRIzol reagent, Invitrogen). Labeling of cRNA,
hybridization, and scanning of the microarrays were done according to the

manufacturer’s protocols, as reported previously (17). High-density oligo-

nucleotide microarrays [HG_U133A arrays (22,283 probe sets); Affymetrix]
were used in this study.

Data processing and statistical analysis. Array hybridization, scan-

ning, and image analysis were done according to the manufacturer’s

protocols (Affymetrix). Probe-set intensities were obtained and normalized
as previously described, using publicly available software (17). Data were

log-transformed using Y = log[max(X + 50,0) + 50]. Fold changes between

groups were computed based on averages of the transformed data.

Annotations indicating the gene represented by each probe set as of July
14, 2006, were obtained from the Affymetrix web site. The array data are

available from the NCBI Gene Expression Omnibus6 using series accession

number GSE7803.

Quantitative reverse transcription-PCR. Quantitative reverse tran-
scription-PCR (qRT-PCR) was used to validate differential expression of

selected genes in RNA isolated from cell lines and cervical tissue specimens

after LCM, but without RNA amplification. qRT-PCR was done with an ABI

Prism 7700 Sequence Analyzer using SYBR green fluorescent protocol
(PE Applied Biosystems). qRT-PCR reactions for target and internal control

genes were done in separate tubes. The comparative threshold cycle (CT)

method was used to compare the level of mRNA expression of genes of

interest to that of a control gene. Primer sequences for HOXC10, HOXC6,
APOC1, HPRT1 (internal control), and GAPDH (internal control) are

indicated in Supplementary Table S1. Each reaction was set up in duplicate

and two separate measurements were carried out.

Immunohistochemistry. Formalin-fixed, paraffin-embedded tissues
were immunostained using standard techniques. Antigen retrieval was

enhanced by microwaving the slides in citrate buffer (pH 6.0, Biogenex) for

10 min. Sections were incubated with rabbit polyclonal anti-ECT2 (1:500
dilution), anti-FOXM1 (1:300 dilution), or mouse monoclonal anti-RCF4

(1:300 dilution) antibody (Santa Cruz Biotechnology, Inc.) or anti-TK1

antibody (1:200 dilution, Novus Biologicals, Inc.) overnight at 4jC. Antigen-
antibody complexes were detected with the avidin-biotin peroxidase
method using 3,3¶-diaminobenzidine as a chromogenic substrate (Vectas-

tain ABC kit, Vector Laboratories). Sections were lightly counterstained with

hematoxylin and examined by light microscopy.

In situ hybridization detection of HOXC10 expression. A cDNA
fragment spanning HOXC10 nucleotides 915 to 1,340 was subcloned into the

pPST18 and pPST19 vectors (Roche Diagnostics GmbH) for generation of

sense and antisense probes, respectively. Digoxigenin-labeled riboprobes
were prepared with T7 RNA polymerase using the DIG RNA labeling

kit (Roche Diagnostics). Details of our in situ hybridization protocol have

been described previously (18). Hybridization signals were detected with

nitroblue tetrazolium/5-bromo-4-chloro-3-indolylphosphate. Sections were
counterstained with 0.1% nuclear fast red and examined by light

microscopy.

Northern blot analysis. Total RNA was extracted from cultured cells

using TRIzol reagent (Invitrogen). Ten micrograms of total RNA were
separated on 1.2% formaldehyde-agarose gels and transferred to Zeta-Probe

GT-membranes (Bio-Rad) by capillary action. Human HOXC10 and GAPDH

cDNA fragments were amplified by PCR using primer sequences indicated
in Supplementary Table S1 and were labeled with [32P]dCTP by random

hexamer priming. Northern blot hybridization was carried out in RapidHyb

Buffer (Invitrogen) according to the manufacturer’s protocol. Signals were

detected by exposure to BioMax-MS film (Kodak) at �80jC with an
intensifying screen.

Expression vector construction and transfection. Full-length HOXC10

cDNA (spanning nucleotides 99 to 1,127, Genbank accession no.

NM_017409) was generated by RT-PCR using total RNA from HeLa cells.
The PCR primers were designed to include a FLAG epitope tag at the

HOXC10 COOH terminus. PCR products were subcloned into the retroviral

vector pPGS-CMV-CITE-neo and the cDNA sequence of individual clones

verified by automated DNA sequencing. Selected cell lines (610, 1811, and
HeLa) were transduced with retroviral supernatant from amphotrophic

Phoenix cells transfected with vector alone or vector with HOXC10 . Stable

polyclonal lines were generated by selection in G418 at a concentration of
0.2 to 1 mg/mL. After 1 week, the G418 concentration was reduced to 0.1 to

0.4 mg/mL, and expression of Flag-tagged HOXC10 protein was confirmed

by Western blot analysis. Stably transduced cells were lysed in cold

radioimmunoprecipitation assay lysis buffer containing proteinase inhib-
itors (complete proteinase inhibitors, Roche Applied Science). Whole-cell

lysates were analyzed by Western blotting with anti-FLAG M2 antibody

(Sigma) at 1:5,000. Expression of h-actin was used as a loading control and

was detected with anti-actin polyclonal antibody (Sigma).
Short hairpin RNA–mediated knockdown of HOXC10 expression in

ME180 cells. To obtain polyclonal ME180 cell lines stably expressing two

independent HOXC10-specific short hairpin RNAs (shRNA) or control
scrambled shRNA, cells were transduced with lentiviruses that drive

expression of shRNA from the H1 promoter as well as green fluorescent

protein from a CMV promoter. shRNA vectors were originally made in the6 http://www.ncbi.nlm.nih.gov/geo/
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pSUPERIOR PURO plasmid (Oligoengine) by cloning annealed oligonucleo-
tides into the BglII-HindIII–digested vector. Sequences of the HOXC10-

specific and control oligonucleotides were designed using the Dharmacon

siDESIGN center7 and are shown in Supplementary Table S1. Subsequently,

an XhoI-XmaI fragment comprising the H1 promoter and shRNA sequence
was shuttled into the Lentilox 3.7 vector (19), in which the U6 promoter

was replaced with a polylinker. Lentiviral vectors encoding shRNAs were

cotransfected with packaging vectors into 293T cells as described (19).

Supernatant was collected every 12 h and incubated with ME180 cells in the
presence of 4 Ag/mL polybrene (Sigma). After three rounds of infection,

medium was replaced and cells were allowed to grow for 48 h. The efficiency

of HOXC10 knockdown was determined using quantitative RT-PCR.

Colony formation in soft agar. Soft agar assays of HeLa cell lines were
done using standard techniques. Briefly, 5,000 cells were plated in DMEM

with 17% FCS containing 0.3% soft agar on top of an underlayer containing

0.6% soft agar in six-well plates. Plates were fixed with glutaraldehyde and
stained with methylene blue (Sigma) after 3 weeks. Colony number and size

were determined with assistance of NIH ImageJ software.

Wound scratch migration assay. Cells were plated in six-well plates

and grown to 80% to 90% confluence. Cell monolayers were scratched with
a 1-mm-wide sterile plastic scraper and rinsed twice with PBS, then

incubated in complete medium in the absence or presence of epidermal

growth factor (EGF; 10 ng/mL). To determine the leading front of cell

migration, images were taken at 0, 24, 48, and 72 h later, using a microscope
equipped with a SPOT cooled color digital camera (Diagnostic Instruments).

Matrigel transmembrane invasion assay. Transwell chambers

(Corning Costar) with inserts containing 8-Am pores were coated with
200 AL of 1:3 diluted Matrigel (BD Biosciences) in serum-free medium. Cells

(2.5 � 105–5 � 105) were plated in the upper chamber of the transwells or

six-well invasion chambers (BD Biosciences) and allowed to invade across

the Matrigel-coated membrane for 24 to 48 h. Medium containing EGF
(10 ng/mL) as a chemoattractant was added to the bottom well. After

noninvading cells were removed from the top of each membrane with wet

cotton swabs, invading cells attached to the bottom of the membrane were

fixed and stained with Diff Quick Stain Kit (IMEB, Inc.) or 4¶,6-diamidino-2-
phenylindole (DAPI). The number of cells that penetrated the membrane

was determined by counting the mean cell number of five randomly

selected high power (�40) fields. Experiments were done in triplicate.
Chick embryo chorioallantoic membrane invasion assay. Fertilized

eggs were purchased from a local poultry farm (Bilbie Aviaries). The embryos

were incubated for 11 days at 37jC with 60% humidity. Preparation of CAMs

has been described in detail in the published literature (20, 21). To grow
tumor masses, 2.5 � 106 cells labeled with 0.05 Am fluoresbrite carboxylate

microspheres (Polysciences) in 40 AL of HBSS were applied on the

chorioallantoic membrane (CAM). After 3 to 6 days, the tumor masses and

surrounding CAM were excised and fixed with 4% paraformaldehyde in PBS
overnight at 4jC. Frozen sections were cut from the CAM tissues after

immersion in 30% sucrose and mounted with Vectashield mounting medium

with DAPI (Vector Laboratories), then visualized under a fluorescent

microscope (Leica DMLB) and photographed with a SPOT cooled color
digital camera (Diagnostic Instruments). Adjacent sections were also

prepared and stained with H&E for light microscopic examination.

Results

Identification of genes differentially expressed in SCCs
versus HSILs and normal cervical epithelia. To restrict our
analysis to the appropriate epithelial cells present in each cervical
tissue specimen, we used LCM to enrich samples for the desired
epithelial cell populations. LCM was used to harvest cells from
7 HSILs, 21 invasive SCCs, and 10 samples of normal squamous
cervical epithelia. The ‘‘captured’’ cell populations were largely free

of contaminating stromal, endothelial, and inflammatory cells.
Representative examples before and after LCM are shown in
Supplementary Fig. S1. Total RNA was extracted from each
microdissected sample. A typical yield was f20 to 100 ng of
RNA from 1,000 to 5,000 captured cells. The RNA samples were
subsequently amplified using two rounds of T7-based in vitro
transcription (IVT) to generate sufficient quantities of RNA for
cRNA labeling and hybridization to the oligonucleotide micro-
arrays. To determine whether the amplified cRNA from the samples
accurately represent the relative abundance of mRNAs in the
starting material, we compared the gene expression profile from
5 Ag of RNA sample extracted from a primary cervical carcinoma
(C-2T) undergoing a single round of IVT (as part of the standard
preparation of labeled cRNA for hybridization to microarrays), to a
100 ng sample of RNA from the same specimen amplified with two
rounds of IVT. Based on hybridization of labeled cRNAs to U133A
oligonucleotide microarrays, the expression data from the standard
(5 Ag) and twice-amplified (100 ng) samples are highly correlated
(Pearson’s correlation coefficient, 0.87; Supplementary Fig. S2A). To
assess effects of LCM on gene expression profiling, we compared
gene expression from the 100 ng C-2T sample above, isolated from
a tumor cell-rich region without LCM, and 30 ng of total RNA were
isolated from C-2T by LCM, both using two rounds of IVT. For this
comparison, Pearson’s correlation coefficient was 0.90 (Supple-
mentary Fig. S2B). Finally, to determine reproducibility of the linear
amplification protocol, we compared gene expression in two RNA
samples extracted from another primary cervical carcinoma (CS-
87), again, both amplified by the T7-based protocol: 15 ng of total
RNA from tumor cells were isolated by LCM, and 30 ng of total
RNA from tumor cells were isolated by LCM. For this comparison,
Pearson’s correlation coefficient was 0.96 (Supplementary Fig. S2C).
These results indicate that LCM coupled with two rounds of
T7-based IVT allows accurate and reproducible determination of
gene expression profiles from small samples, particularly when all
samples are processed and analyzed in a similar manner.

Using LCM and two rounds of T7-based IVT, we generated
comprehensive gene expression profiles from cervical SCCs, HSILs,
and normal cervical squamous epithelium samples. Principal
component analysis determined that the three types of specimens
are separable based on their global gene expression profiles
(Supplementary Fig. S3). Intermediate- and/or high-risk HPV types
were identified in all of the carcinomas, 6 of 7 HSILs, and 1 (weakly
positive for HPV18) of 10 normal cervix samples (Supplementary
Table S2), indicating that differences in gene expression profiles are
not related to the presence, absence, or type of HPV. Not
surprisingly, when the first two principal components are plotted,
gene expression in the HSILs falls roughly between that of the
normal cervix and SCC samples. We compared gene expression
between SCC (n = 21) versus HSIL (n = 7) and normal cervix
(n = 10) using a one-way ANOVA, and selected probe sets that gave
P < 0.001 for comparing both SCC versus HSIL and SCC versus
normal cervix for which the SCC samples had mean expression 1.5-
fold above or below the means of both other groups. This selected
297 probe sets (195 higher in SCC, 102 lower), of which we estimate
that only 0.1 are expected to be false positives, based on a similar
analysis of 1,000 data sets in which the sample labels were
randomly permuted. Figure 1 shows a smaller subset of these
genes, for which the fold change was larger than 2.5-fold. The entire
data set and statistical analysis appears in Supplementary Table S3.

Validation of microarray data. We used qRT-PCR to validate
differential expression of selected genes identified by the microarray7 http://www.dharmacon.com
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analysis. Validation studies were done using 32 of the 38 samples
from which the gene expression profiles were generated. These
included 19 SCCs, 5 HSILs, and 8 normal cervix samples with
sufficient RNA available after LCM. Three up-regulated genes

(HOXC6, HOXC10 , and APOC1) were selected for qRT-PCR analysis
and the data were highly correlated to the microarray data for all
three genes, with expression differences between SCCs and HSILs
for each gene readily apparent (Fig. 2A). We also selected a subset

Figure 1. Gene expression signature of cervical SCCs. Differentially expressed genes were identified by asking that comparisons of SCCs to HSILs as well as
SCCs compared with normal cervix samples both give P < 0.001 from a one-way ANOVA and show at least 2.5-fold difference in the means. This comparison yielded
29 genes with higher expression in SCCs and 31 genes with lower expression in SCCs relative to the other groups. Fold change from the median level in normal
cervix samples and gene location with respect to chromosome arm are shown.
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of differentially expressed genes (ECT2, FOXM1, RFC4 , and TK1)
encoding proteins for which suitable antibodies were commercially
available, and used immunohistochemical analysis to determine
whether differential mRNA expression results in detectable differ-
ences in protein expression (Fig. 2B). Invasive carcinomas showed
increased expression for each of these proteins relative to normal
cervix and HSIL, based on immunohistochemical studies of
individual tissue sections and a tissue microarray containing an
independent set of normal and neoplastic cervical tissue samples.

HOXC10 is highly expressed in most cervical carcinomas
and stimulates keratinocyte motility and invasion. We wished
to determine whether our differential expression screen identified
genes with a key contributing role in the invasive phenotype of
cervical carcinoma cells and we selected HOXC10 for further
analysis. First, in situ hybridization was done to verify differential
expression of HOXC10 transcripts in normal cervical tissue, HSILs,

and SCCs. As indicated in Fig. 3A , HOXC10 transcripts localize
to tumor cells, with strongest expression in invasive carcinomas,
relatively weaker expression in HSILs, and virtual absence of
HOXC10 expression in squamous epithelium from normal cervix.
We also used Northern blot analysis to examine HOXC10 expression
in a panel of cervical carcinoma-derived and HPV-immortalized
keratinocyte cell lines (Fig. 3B). HOXC10 expression was readily
detectable in most of the cervical carcinoma–derived cell lines, but
was virtually undetectable in CIN-derived 612 cells and HPV18-
immortalized cervical keratinocytes (610).

To determine whether increased expression of HOXC10 can
enhance invasiveness of squamous epithelial cells, cell lines expres-
sing various levels of endogenous HOXC10 were stably transfected
with a FLAG-tagged full-length HOXC10 cDNA (Fig. 4A). Cells
lacking endogenous HOXC10 transcripts (i.e., 610 cells) or express-
ing modest levels of endogenous HOXC10 transcripts (i.e., 1811 and

Figure 2. Validation of microarray data
by qRT-PCR and immunohistochemistry.
A, comparison of HOXC10, HOXC6 , and
APOC1 gene expression from microarray
and qRT-PCR analyses. RNA for qRT-
PCR were extracted from SCC (n = 19),
HSIL (n = 5), and normal cervix (n = 8)
samples isolated by LCM. For each
gene, the mean relative expression
(normalized to HPRT1 ) based on
qRT-PCR analysis is plotted against the
expression measure obtained from the
microarray analysis. The Pearson’s
correlation (r) and its significance (P ) are
given. B, immunohistochemical analysis
of Ect2, FoxM1, Rfc4, and TK1 protein
expression in representative normal cervix
(NCx ), HSIL, and SCC tissue samples.
Tissue sections were immunostained
with antibodies recognizing the indicated
proteins. Original magnification, �200.
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HeLa cells) were selected for these studies. First, a ‘‘wound scratch’’
assay was done to determine whether expression of HOXC10
regulated migration/motility of 1811- and/or 610 HPV–immortal-
ized keratinocytes. Overexpression of HOXC10 enhanced migration
compared with control cell lines transfected with vector alone,
particularly when stimulated with EGF (data not shown). Effects
of HOXC10 on invasion of 610, 1811, and HeLa cells was further
assessed using Matrigel-coated transwell inserts. The 610 cells
transduced with vector alone or with HOXC10 showed no invasion
through Matrigel (data not shown), whereas 1811 and HeLa cells
ectopically expressing HOXC10 showed increased invasion through
Matrigel compared with control (Fig. 4B). Increased expression of
HOXC10 in HeLa cells also resulted in increased colony number and
size in soft agar assays (Fig. 4C). To determine whether HOXC10 can
modulate the invasive properties of cervical epithelial cells in an
in vivo assay that more closely mimics invasion of neoplastic

epithelial cells through the basement membrane and into
underlying cervical stroma, cells with and without exogenous
HOXC10 expression were tested for invasion of the chick CAM.
HeLa, 1811, and 610 cells stably transduced with HOXC10 or vector
alone were labeled with fluorescent microspheres and applied to the
surface of the chick CAM. Cells lacking endogenous HOXC10 (610-
neo) failed to invade the CAM after 6-day incubation, but 610 cells
expressing HOXC10 invaded the CAM at the same time point
(Fig. 5). Moreover, the CAM-invasive phenotype of cells with modest
endogenous HOXC10 expression (1811-neo and HeLa-neo) was
markedly enhanced by expression of exogenous HOXC10.

shRNA-mediated knockdown of HOXC10 reduces invasive-
ness of ME180 cervical carcinoma cells. Having shown that
increased expression of HOXC10 increases invasiveness of HPV-
immortalized keratinocytes and cervical carcinoma–derived cells,
we wished to determine whether inhibition of HOXC10 expression

Figure 3. HOXC10 expression in cervical tissue
samples and cell lines. A, in situ hybridization was
used to detect HOXC10 transcripts in primary tissue
samples. Sections from invasive SCCs, HSILs,
and normal cervical tissues were hybridized with
digoxigenin-labeled HOXC10 antisense (left panels )
and sense (right panels ) riboprobes. Original
magnification, �400. B, Northern blot analysis of
HOXC10 mRNA in the indicated cell lines; expression
of GAPDH was used as a loading control.
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reduced invasiveness of cervical cancer cells. We used stable
expression of shRNAs to inhibit HOXC10 expression in ME180
cervical cancer cells, which express high levels of endogenous
HOXC10 (Fig. 3B). Two independent shRNAs showed substantial
reduction of HOXC10 expression compared with a scrambled
sequence control shRNA (Fig. 6A). ME180 cells with reduced
HOXC10 expression showed less invasiveness through Matrigel in
the transwell invasion assay (Fig. 6B and C). Taken together, the
findings support HOXC10 as an important mediator of invasion in
the progression of HSIL to invasive carcinoma.

Discussion

Although a number of gene expression profiling studies of
invasive cervical carcinomas have been reported (22–26), only a

few have attempted to generate comprehensive gene expression
profiles from preinvasive cervical squamous intraepithelial lesions
(27, 28). This may be due, at least in part, to difficulty obtaining
frozen samples of intraepithelial cervical lesions from which high-
quality RNA can be extracted. The standard of clinical care usually
mandates that cervical biopsies with suspected intraepithelial
lesions be fixed in formalin, embedded in paraffin, and submitted
in their entirety for diagnostic evaluation. In this study, we were
able to analyze a rather unusual group of frozen HSIL samples
collected as part of an IRB-approved clinical trial (4). The majority
of HSILs occur in women of child-bearing age and ablative
treatment using cone biopsy, electrocautery, laser, or cryotherapy
causes significant morbidity and consumes considerable health
care resources. Novel molecular markers aiding distinction

Figure 4. HOXC10 stimulates epithelial
cell invasion and anchorage-independent
growth. A, Western blot analysis of lysates
from indicated cell lines after stable
transduction with replication-deficient
retroviruses expressing full-length
HOXC10 or control retrovirus. Flag-tagged
exogenous HOXC10 was detected with
an anti-Flag M2 antibody and detection of
h-actin was used as a loading control.
B, HOXC10-expressing 1811 and HeLa
cells show increased invasion through
Matrigel-coated transwells compared with
matched control (Neo ) cells. Columns,
mean of cells counted in five fields in
each of three independent experiments;
bars, SD. C, ectopic expression of
HOXC10 in HeLa cells enhances
anchorage-independent growth in soft
agar. Columns, mean of colony number
and size from three independent
experiments; bars, SD.
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between HSILs with high versus low risk for progression to invasive
cancer would have significant clinical impact. Comparison of gene
expression in HSILs and invasive cervical carcinomas allowed us to
identify genes that may play important roles in, and/or serve as
useful biomarkers for, this critical step in cervical cancer
progression.

Our comparison of gene expression in invasive cervical
carcinomas and their high-grade intraepithelial precursors
identified a modest number of genes differentially up-regulated
or down-regulated in SCCs versus HSILs. This is not necessarily
surprising, given that HSILs and invasive carcinomas share many
morphologic and molecular characteristics. Like invasive cervical
carcinomas, HSILs are clonal, frequently aneuploid, and often
harbor integrated HPV DNA (9, 29–32). One recent study that
used DNA microarray data to identify chromosomal copy

number alterations in preinvasive and invasive cervical carcino-
mas showed gains of chromosomes 12q and losses of 12p in both
types of lesions (33). Moreover, in another comparison of gene
expression in HSILs (specifically cervical intraepithelial neoplasia
3 or CIN3) and invasive cervical carcinomas using cDNA array
filters allowing analysis of 1,176 ‘‘cancer-related’’ genes, fewer
than 100 genes showed >2-fold up-regulation in invasive
carcinomas compared with HSILs (28). These findings, as well
as the results of our analysis, are in keeping with the notion
that the neoplastic cells comprising HSILs share many biological
properties with their frankly malignant counterparts, but lack the
capacity to invade basement membrane and underlying cervical
stroma.

The genes we found up-regulated in invasive SCCs relative to
HSILs include several others previously described as overexpressed

Figure 5. HOXC10 overexpression enhances invasion of 610, 1811, and HeLa cells in the chick CAM. Top row, the indicated cell lines were implanted on the
CAM surface and at the indicated time points, CAM tissues were harvested, fixed, and stained with H&E. Bottom row, the same CAM tissues shown in the top row were
also visualized by fluorescence because the implanted cells were labeled with Fluoresbrite carboxylated polystyrene nanospheres. The CAM surface is demarcated
by dashed white lines. Arrowheads, cells invading the CAM.

Figure 6. shRNA-mediated knockdown
of HOXC10 expression inhibits invasion
of ME180 cells. A, HOXC10 expression
relative to GAPDH was analyzed by
qRT-PCR in ME180 cells expressing two
independent shRNAs (sh1 and sh2 ) and
one scrambled control shRNA (shc ).
B, ME180 cells with shRNA-mediated
knockdown of HOXC10 expression
(ME180/sh1 and ME180/sh2 ) show
decreased invasion through Matrigel-
coated transwells compared with matched
control (ME180/shc) cells. Columns, mean
of cells counted in five fields in each of
three independent experiments; bars, SD.
C, representative photomicrographs of
ME180/shc, ME180/sh1, and ME180/sh2
cells penetrating the membrane.
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in cervical cancers. These include MCM2, PLOD2, ECT2, RFC4 , and
CDKN2A (p16; refs. 25, 34–37). The proteins encoded by two of
these, MCM2 and CDKN2A (p16), have been used as markers for
diagnosis of cervical neoplasia (36, 38, 39). PLOD2, ECT2 , and RFC4
reside on the long arm of chromosome 3 (3q23-24, 3q26, and 3q27
respectively). Notably, 10 of the 29 genes we found to be at least
2.5-fold overexpressed in SCCs relative to HSILs and normal
cervical epithelia are on chromosome 3q (Fig. 1). A number of
previous reports have described frequent gains or amplification of
3q in cervical carcinomas (33, 35, 40–42) and this molecular
alteration often accompanies the progression from HSIL to invasive
carcinoma (6). Additional studies will be required to distinguish
those 3q genes with functional roles in cervical cancer progression
from ‘‘bystander’’ genes that are overexpressed simply as a result of
their proximity to genes whose increased copy number benefits the
overall survival of tumor cells.

Interestingly, we showed that several homeobox genes (i.e.,
HOXC10, HOXC6 , and HOXD3 ) are overexpressed in SCCs
compared with HSILs. At least one of these, HOXC10 , appears to
be functionally associated with progression of HSIL to invasive
carcinoma. Homeobox (Hox) transcription factors serve as
important regulators of morphogenesis and differentiation during
normal embryonic development (43, 44). Several Hox proteins,
especially those in paralogue groups 9 to 13, function during female
reproductive tract development (45). HOX genes also show
characteristic patterns of expression in some normal adult organs,
suggesting their possible roles in maintenance of tissue architec-
ture. Several recent studies have suggested that dysregulation of
specific homeobox genes is involved in cancer development,
invasion, and metastasis, and altered expression patterns of
homeobox genes have been observed in several different tumor
types, including cancers of the lung, prostate, ovary, breast,
colorectum, and cervix (reviewed by Abate-Shen in ref. 46).
Selected Hox proteins have been shown to directly and indirectly
regulate the expression of many angiogenic and growth factors,
including basic fibroblast growth factor, vascular endothelial
growth factor, interleukin-8, and Ang2 (47). Although promotion

of angiogenesis by certain HOX genes may be essential for tumor
invasion and metastasis, the overall pattern of homeobox gene
expression, rather than expression of any one homeobox gene in a
given cancer may be most important, given the functional
redundancies of various Hox proteins (48).

Hung and colleagues (49) reported on RT-PCR analysis of 39
HOX genes in human cervical cancer–derived cell lines and found
that HOXC10 is expressed in cervical carcinoma cell lines but not
in normal cervical tissues. They proposed that HOXC10 (as well as
HOXA1, HOXB2, HOXB4, HOXC5 , and HOXD13) might be involved
in cervical squamous epithelial transformation. More recently,
Santin and colleagues (22) used oligonucleotide microarrays to
compare gene expression in cervical carcinomas with normal
keratinocytes, and found increased expression of both HOXC6 and
HOXC10 in the cancer specimens relative to nonneoplastic
keratinocytes. Hence, at least two other studies besides ours have
implicated HOXC10 in cervical cancer progression. However, our
study would seem to be the first to show increased expression of
HOXC10 in invasive cancers relative to HSILs and to show that
HOXC10 enhances the motility, invasiveness, and anchorage-
independent growth properties of squamous epithelial cells. Future
studies should shed light on the molecular mechanisms by which
HOXC10 enhances cervical epithelial cell motility and invasiveness
and whether the other up-regulated homeobox genes we identified
(HOXC6 and HOXD3) might have similar effects on cervical
epithelial cells.
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