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Recurrent karyotypic abnormalities are a characteristic feature of cervical cancer (CC) cells, which may result in deregulated

expression of important genes that contribute to tumor initiation and progression. To examine the role of gain of the long arm

of chromosome 20 (20q), one of the common chromosomal gains in CC, we evaluated CC at various stages of progression

using single nucleotide polymorphism (SNP) array, gene expression profiling, and fluorescence in situ hybridization (FISH) anal-

yses. This analysis revealed copy number increase (CNI) of 20q in >50% of invasive CC and identified two focal amplicons at

20q11.2 and 20q13.13 in a subset of tumors. We further demonstrate that the acquisition of 20q gain occurs at an early stage

in CC development and the high-grade squamous intraepithelial lesions (HSIL) that exhibit 20q CNI are associated (P 5 0.05)

with persistence or progression to invasive cancer. We identified a total of 26 overexpressed genes as consequence of 20q

gain (N 5 14), as targets of amplicon 1 (N 5 9; two genes also commonly expressed with 20q gain) and amplicon 2 (N 5 6;

one gene also commonly expressed with 20q gain). These include a number of functionally important genes in cell cycle regula-

tion (E2F1, TPX2, KIF3B, PIGT, and B4GALT5), nuclear function (CSEL1), viral replication (PSMA7 and LAMA5), methylation and

chromatin remodeling (ASXL1, AHCY, and C20orf20), and transcription regulation (TCEA2). Our findings implicate a role for

these genes in CC tumorigenesis, represent an important step toward the development of clinically significant biomarkers, and

form a framework for testing as molecular therapeutic targets. VVC 2008 Wiley-Liss, Inc.

INTRODUCTION

About 500,000 new cases of cervical cancer (CC)

are diagnosed worldwide every year and the major-

ity of affected women with advanced stages of can-

cer die (Waggoner, 2003). This failure of response

to treatment of advanced CC is due to the lack of

understanding of its biology at molecular level and

targeted treatment regimens. Despite the docu-

mented etiologic role of HPV infection, the molec-

ular basis of the genetic changes in progression in

the multistep process of cervical tumorigenesis is

poorly understood (Gius et al., 2007). CC cells ex-

hibit highly complex karyotypic alterations (Harris

et al., 2003). Molecular characterization of these

complex chromosomal alterations is therefore im-

portant in understanding the genetic basis of CC,

which may ultimately facilitate in identification of

critical genes in CC development.

Chromosomal gain or amplification is a common

cellular mechanism of gene activation in tumori-
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genesis. Specific genes amplify in distinct tumor

types and their identification could be of prognostic

significance as the copy number increase (CNI) of

a variety of genes correlate with tumor progression

and treatment resistance (Schwab, 1999). A large

number of chromosomal regions are gained or

amplified in CC suggesting that gene amplification

and CNI of specific genes is a common genetic

alteration in this tumor (Mitra et al., 1994; Narayan

et al., 2003b, 2007; Rao et al., 2004). Using compar-

ative genomic hybridization (CGH) approaches,

we and others previously showed that chromosome

20 was one of the recurrently gained chromosomes

and a high level CNI at 20q11.2 and 20q13.1

regions has also been reported in invasive CC

(Harris et al., 2003; Narayan et al., 2003b, 2007;

Rao et al., 2004; Wilting et al., 2006). These data

suggest that the 20q genetic alterations contribute

to the CC pathogenesis. The identification of tar-

get genes of 20q gain is likely to have a significant

impact on the understanding of the pathogenesis

and clinical management of CC.

To unravel the role of chromosome 20 gain in

CC tumorigenesis, we characterized the chromo-

some 20 alterations using high throughput genomic

and expression approaches.

MATERIALS ANDMETHODS

Tumor Specimens and Cervical Cancer Cell Lines

A total of 253 specimens were used in the pres-

ent study in various investigations. These include

9 cell lines, 153 untreated primary tumors, 71 pap

smears, and 20 normal cervical tissues. The cell

lines (HT-3, ME-180, CaSki, MS751, C-4I, C-33A,

SW756, HeLa, and SiHa) were obtained from

American Type Culture Collection (ATCC, Mana-

ssas, VA) and grown in tissue culture as per the

supplier’s specifications. Twenty age-matched nor-

mal cervical tissues from hysterectomy specimens

obtained from Columbia University Medical Cen-

ter (CUMC), New York, were used as controls after

enrichment for epithelial cells by microdissection.

Cytologic specimens were collected using the

ThinPrep Test Kit (Cytc Corporation, Marlbor-

ough, MA). After visualization of the cervical os

the ectocervix was sampled with a spatula and

endocervical cells obtained with a brush rotated

3608. Exfoliated cells were immediately placed in

PreservCyt Solution (Cytc Corporation, Marlbor-

ough, MA) for routine processing by cytopatholo-

gist. Pap smears were collected from normal and

precancerous lesions by simultaneous preparation

of slides from the same spatula for both cytology

and FISH. FISH slides were immediately fixed in

3:1 methanol and acetic acid, and stored at 48C

until hybridization. A total of 71 pap smears with

the diagnosis rendered by a cytopathologist as nor-

mal/squamous metaplasia/ASCUS (N 5 32), LSIL

(N 5 14), or HSIL (N 5 25) obtained from CUMC

were used for FISH analysis. The diagnosis of all

HSILs was also confirmed by a biopsy. Of the 153

primary tumors, 117 were obtained as frozen tis-

sues and 36 specimens as formalin-fixed paraffin-

embedded tissues. All primary invasive cancer

specimens were obtained from patients evaluated

at CUMC, Instituto Nacional de Cancerologia

(Santa Fe de Bogota, Colombia) (Pulido et al.,

2000), and the Department of Gynecology of Cam-

pus Benjamin Franklin, Charité-Universitätsmedi-

zin Berlin (Germany) with appropriate informed

consent and approval of protocols by institutional

review boards. All primary tumors were diagnosed

as squamous cell carcinoma (SCC) except five that

were diagnosed as adenocarcinoma (AC). Clinical

information such as age, stage and size of the tu-

mor, follow-up data after initial diagnosis and treat-

ment was collected from the review of institutional

medical records. Tissues were frozen at 2808C im-

mediately after resection and were embedded with

tissue freeze medium (OTC) before microdissection.

All primary tumor specimens were determined to

contain at least 60% tumor by examining hematoxy-

lin and eosin (H&E) stained adjacent sections. High

molecular weight DNA and total RNA from tumor,

normal tissues, and cell lines were isolated by stand-

ard methods. The integrity of all RNA preparations

was tested by running formaldehyde gels and any

samples that showed evidence of degradation were

excluded from the study.

Microarray Analysis

The Affymetrix 250K NspI single nucleotide

polymorphism (SNP) chip was used for copy num-

ber analysis as per the manufacturer’s protocol.

Briefly, 250 ng of genomic DNA was digested with

NspI, generic linkers were added followed by PCR

amplification, end-labeling, and fragmentation fol-

lowing standard protocols. Hybridization, washing,

acquisition of raw data using GeneChip Operating

Software (GCOS), and generation of .CEL files

was performed by the Affymetrix Core facility at

our institute. We used 79 CC cases (9 cell lines and

70 primary tumors enriched for tumor cells by

microdissection) and 7 microdissected normal cer-

vical squamous epithelial samples as controls to

serve as the reference for copy number analysis.

SNP data of test samples and normal cervical epi-
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thelial specimens were loaded to dChip to calcu-

late signal intensity values using the perfect

match/mismatch (PM/MM) difference model fol-

lowed by normalization of signals within chip and

between chips using model-based expression (Li

and Wong, 2001; Lin et al., 2004). DNA copy number

gains were obtained as determined by dChip using

analysis of signal intensity values based on the Hid-

den Markov Model. Arrays with >93% call rates

were included in the analysis as per Affymetrix man-

ual. Copy number data were obtained for chromo-

some 20 using CytoBand information files from the

dChip website (http://biosun1.harvard. edu/complab/

dchip/chromosome.htm#refgene). Chromosome 20

represented by a total of 5766 SNPs in the 250K

NspI array with coverage of 3.6% of the genome.

Both the raw copy number and log2 ratio (Signal/

mean signal of normal samples at each SNP) were

computed to estimate copy number changes in chro-

mosome view. Copy numbers <1.5 were considered

as deletion, 2.5–4.0 as gain, and �4.1 as amplifica-

tion in the raw copy number view. All of the original

data files were submitted to Gene Expression Om-

nibus (GEO Accession number: GSE10092).

We used Affymetrix U133A oligonucleotide

microarray (Santa Clara, CA) containing 14,500

probe sets for gene expression analysis. RNA iso-

lated from 29 CC cases (20 primary tumors

enriched for tumor cells by microdissection and 9

cell lines) and 20 microdisssected normal cervical

squamous epithelial cells were used for expression

studies. Biotinylated cRNA preparation and

hybridization of arrays was performed by the stand-

ard protocols supplied by the manufacturer. Arrays

were subsequently developed and scanned to

obtain quantitative gene expression levels. Expres-

sion values for the genes were determined using

the Affymetrix GeneChip Operating Software

(GCOS) and the Global Scaling option, which

allows a number of experiments to be normalized

to one target intensity to account for the differen-

ces in global chip intensity. The .CEL files

obtained from the GCOS software were processed

and normalized by dChip algorithm as described

earlier. An average percent present call of 54% was

obtained among all samples, which is expected for

high quality RNA as per the manufacturer. Arrays

were normalized at PM/MM probe level and a me-

dian intensity array from normal as the baseline

array using invariant set normalization (Li and

Wong, 2001; Lin et al., 2004). Followed by normal-

ization, model-based expression values were calcu-

lated using PM/MM data view to fit the model for

all probe sets. All original data files were deposited

to GEO (Accession number: GSE9750). To obtain

a list of differentially expressed gene signatures,

we compared all normal with all tumor samples

using the criteria of 1.75-fold change between the

group means at 90% confidence interval and a sig-

nificance level of P < 0.05. All negative expression

values for each probe set were truncated to 1

before calculating fold changes and <10% of sam-

ples with present call in each group were excluded.

A total of 671 probe sets on chromosome 20 are

present in U133A array representing 4.6% of the

genome (3% on 20q and 1.6% on 20p). A list of dif-

ferentially expressed genes identified on chromo-

some 20 was used in all subsequent supervised

analyses using the same criteria between various

groups to obtain relevant gene signatures.

Fluorescence In Situ Hybridization (FISH)

and HPV Typing

FISH was performed by standard methods on

frozen tissue sections fixed in 3:1 methanol: acetic

acid, tissue microarrays prepared from paraffin em-

bedded tissues, and on pap smears fixed in 3:1

methanol: acetic acid. DNA prepared from human

BAC clone RP11-30F23 (20q13.1) (Open Biosys-

tems, Huntsville, AL) was labeled by nick-transla-

tion using Spectrum Green dUTP fluorochrome

(Vysis, Downers Grove, IL). Spectrum Orange-la-

beled chromosome 20 centromere, a Spectrum Or-

ange-labeled D20S108 that maps to 20q12, and a

Spectrum Green-labeled chromosome 11 centro-

mere probe used as control were obtained from

Vysis (Downers Grove, IL). Hybridization signals

on 100–500 interphase cells on DAPI counter-

stained slides were scored on Nikon Eclipse epi-

fluorescence microscope equipped with Applied

Imaging CytoVision software (San Jose, CA). Scor-

ing of FISH signals on frozen and paraffin-embed-

ded tissue sections was restricted to tumor cells

based on the identification of areas of tumor on ad-

jacent H&E sections by the pathologist (MM).

FISH signal scoring on Pap smear slides was re-

stricted to large and atypical epithelial cells. Pres-

ence of signals suggestive of gain or amplification

in at least 3% cells was considered positive and the

results correlated with parallel cytomorphologic

findings. Human papillomavirus types were identi-

fied as described earlier (Narayan et al., 2003a).

RESULTS

20q Gain Is a Frequent Genomic Alteration in CC

We performed Affymetrix 250K NspI SNP array

analysis on a panel of 79 CC cases (70 primary

tumors and 9 cell lines) to identify genome-wide
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copy number alterations (CNA) (unpublished

data). The dataset of chromosome 20 CNA from

this analysis was used in the present study. Chro-

mosome 20 CNA were found in 32 (40.5%) CC

cases. Although all types of chromosome 20

changes were represented both in cell lines and

primary tumors, the cell lines showed higher fre-

quency of alterations (data not shown). Of the 32

tumors that exhibited chromosome 20 CNA, 29

(90.6%) cases showed gain and 11 (34.4%) cases

showed losses. Of the latter cases that exhibited

losses, 8 tumors showed concurrent CNI of 20q

and loss of 20p regions. The remaining 3 cases

showed only 20p deletion. Among the 29 cases that

exhibited CNI, 15 showed entire chromosome 20

gain, eight had only 20q gain, whereas the remain-

ing 6 tumors (T-1898, T-138, T-841, T-1875, T-130,

and T-52) harbored regional gains on 20q (Fig. 1).

Thus, these results demonstrate that one or more

regions on 20q are frequent target of CNI in CC.

Identification of Focal Amplicons on 20q

To identify common minimal region(s) of CNI

on chromosome 20, we examined the SNP data for

smaller regions of amplification and gain. Notably,

we found 9 cases with evidence of amplification

(>4-fold increase in raw copy number view), 3 on

20p, and 6 on 20q. The 20p amplicons were nono-

verlapping and thus are nonrecurrent, while the

20q amplifications, mapped to 20q11.2 in 4 cases

(T-1875, T-130, CL-SW756, and CL-SiHa) and

20q13.13 in 2 tumors (T-1875 and T-52), were found

to be recurrent (Fig. 1). In addition, CNI (2.5–4 fold

increase) of regions overlapping with 20q11.2 ampli-

con were also found in 3 other tumors (T-1898,

T-138, and T-52). Therefore, the focal amplicon at

20q11.2 (amplicon 1) was defined based on at least 7

tumors. The 20q13.13 amplicon found in two tumors

also showed focal gain of this region in an additional

tumor (T-138). Thus, the identification of 20q13.13

amplicon (amplicon 2) was based on 3 tumors (Fig.

1). Therefore, we obtained evidence for the presence

of two focal amplicons on 20q in CC.

FISH Validation of 20q Gain in CC

To validate the 20q CNI identified by SNP

array, we performed FISH analysis using two locus

specific probes (RP11-30F23 mapped to 20q13.12

and D20S108 probe mapped to 20q12) and two

control probes (centromeres of chromosomes 20

and 11) on 74 invasive tumors. These include an

independent panel of 36 tumors on paraffin-

Figure 1. Identification of chromosome 20q copy number altera-
tions and focal amplicons in invasive cervical cancer by SNP array.
Patterns of copy number increase identified by 250K NspI array in log2
ratio is shown from largest to smallest region on chromosome 20. Each
vertical column represents a sample with genomic region representing
from pter (top) to qter (bottom). Prefix ‘‘T’’ indicates primary tumor;
‘‘CL’’ indicates cell line. The blue-red scale bar (21 to 11) at the
bottom represents the copy number changes relative to mean across

the samples. The intensities of blue and red indicate relative decrease
and increase in copy numbers, respectively. Inferred copy number view
of tumor T-1875 showing copy number changes from normal (2N) (red
line) is shown on right. A G-banded ideogram of chromosome 20 is
shown on extreme right. Two rectangle horizontal boxes indicate the
identification of two focal amplicons. The genomic boundaries and the
number of genes present in the amplicons are shown on right.
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embedded tissue microarrays and 38 tumors as fro-

zen sections or pap smears (the latter include 21

tumors also studied by SNP array) (Supplementary

Table 1). A total of 41 (55.4%) tumors showed evi-

dence for increased copies of 20q (Fig. 2A–C) (Ta-

ble 1). Of these, 21 tumors showed �5 signals

(amplification) whereas the remaining 20 speci-

mens showed 3–4 signals (gain). All of the tumors

that exhibited 20q CNI by SNP array also showed

gain by FISH (data not shown). An average of 6.5

copies (range: 3–15) of 20q was found among the

41 cases that exhibited 20q gain, whereas only 3.8

copies (range: 1–8) of the centromere 20 and 3.2

copies (range: 2–8) of the centromere 11 were pres-

ent. This data, thus, suggest that the 20q CNI is

independent of ploidy of the tumor. These results,

therefore, validate the SNP data and establish that

20q gain is a frequent genetic alteration in CC.

Chromosome 20 CNA in Relation

to Clinico-Pathologic Characteristics

Next we evaluated the association of chromo-

some 20 CNA with clinico-pathologic features such

as histology, age, tumor stage and size, treatment

outcome, and HPV type by univariate analyses

(Supplementary Table 1). No significant associa-

tions could be found between chromosome 20

CNA with histological type, age, stage or size of

the tumor. Although no statistically significant dif-

ference was identified between all types of chro-

mosome 20 CNA and clinical outcome, patients

who died of cancer after treatment showed an over-

all higher incidence of amplifications (4/35; 11.4%

cases) and deletions (4/35; 11.4% cases) compared

Figure 2. Role of chromosome 20 copy number gains identified by
fluorescence in situ hybridization (FISH) in cervical cancer progression.
A–D: FISH identification of 20q copy numbers in various stages of CC
progression. A–C: invasive CC (ICC); Green signals represent BAC
RP11-30F23 mapped to 20q13.1 and Spectrum Orange signals repre-
sent Chromosome 20 centromere used as control. Panel A: High-level
amplification of both 20q13.1 and centromere signals on a paraffin sec-
tion of an ICC. Panel B: Relative increase of copy numbers of 20q13.1
locus compared to Centromere 20 on Pap smear from an ICC. Panel

C: Three to 4 copies of 20q13.1 locus and one copy of chromosome 20
centromere on a frozen section of an ICC. Panel D: FISH on Pap smear
of HSIL showing 5–7 copies of D20S108 mapped to 20q12 (spectrum
orange) and 3 copies of Centromere 11 (spectrum green) used as con-
trol. Panel E: Frequency of 20q gain and amplification in various stages
of CC progression. Panel F: Role of 20q copy number alterations in CC
progression. LSIL, low-grade squamous intraepithelial lesion; HSIL, high-
grade squamous intraepithelial lesion; ICC, invasive cervical cancer.

TABLE 1. FISH Identification of Chromosome 20q

Copy Number Increase Using Various Locus Specific

Probes in Invasive Cervical Cancer and

Precancerous Lesions

Specimen class (N)a

Average probe copies/cell

CEP 20 RP11-30F23 LSI D20S108 CEP 11

Invasive cancer (41) 3.8 5.9 6.5 3.2

HSIL (7) 3.1 5.0 4.1 2.1

LSIL (3) 3.3 4.0 3.3 2.0

HSIL, high-grade squamous intraepithelial lesion; LSIL, low-grade squa-

mous intraepithelial lesion.
aOnly cases that showed increase in 20q signals were utilized in calculat-

ing average copies per cell.
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to patients that showed complete response and

remain alive (1/32; 3.1% cases each) after follow-up

periods of 1-72 months. The type of HPV infection

did not show significant differences when consid-

ered all types of chromosome 20 CNAs. However,

a statistically significant (P 5 0.05) correlation was

observed between the HPV type and the 20q CNI.

Patients negative for HPV (3 of 4; 75%), HPV 18 (7

of 11; 63.6%), and multiple HPV infection includ-

ing HPV18 (3 of 4; 75%) showed a higher fre-

quency of 20q CNI compared to patients carrying

HPV 16 (8 of 35; 22.9%) and other types of HPV

infection (6 of 21; 28.6%) (Supplementary Fig. 3).

Transcriptome of Chromosome 20 in CC

Because chromosome 20 is one of the commonly

gained chromosome in CC, we hypothesized that

increased gene dosage may induce transcriptional

activation of genes relevant to cellular transforma-

tion. To understand the transcriptional conse-

quence of 20q gain, we used gene expression

profiling of chromosome 20 probe dataset from

Affymetrix U133A array analysis on 20 normal (age

range, 27–64 year; Mean 6 SD, 46.9 6 7.6) squa-

mous epithelial samples (including the 7 samples

used in SNP array) and 29 CC cases (20 primary

tumors; age range, 28–70 year; Mean 6 SD, 48.9 6

12.3; and 9 cell lines). To identify differentially

expressed gene signatures of chromosome 20 in

CC, we obtained all probe sets that exhibit signifi-

cant (P < 0.05) differences between tumors and

normal using the criteria described in materials and

methods. This algorithm identified 77 nonredun-

dant probe sets with significant differences in

expression levels in tumors compared to normal.

These include 11 probes with decreased expres-

sion and 66 probes with increased expression (Sup-

plementary Fig. 1). Of the 66 overexpressed

probes, 52 were mapped to 20q, 13 on 20p, and

one (PTMA) probe maps to chromosome 2.

Because our goal was to identify overexpressed

genes in relation to chromosome 20 gain, we

focused only on overexpressed gene dataset in the

subsequent analyses. Of the 65 overexpressed

probes, 57 belonged to known genes whereas 8

probes remained as expression sequence tags of

unknown genes. The majority of chromosome 20

overexpressed genes belongs to distinct functional

groups such as cell cycle regulation (PCNA,

MYBL2, CDC25B, UBE2C, E2F1, AURKA, TPX2,

SYCP2, KIF3B, and DSN10), nuclear function

(CSTF1, CSE1L, PSMA7, RALY, TCEA2, SOX12,

TCFL5, ASXL1, SNRPB, ARFGAP1, CTNNBL1,

and DDX27), transferase (TGM2, RPN2, POFUT1,

and B4GALT5), and endopeptidase (WFDC2 and

MMP9) activity (Supplementary Table 2).

Identification of Overexpressed Target Genes of

20q CNI in CC

We next asked whether the overexpression of 65

genes on chromosome 20 in CC is a generalized tu-

mor phenomenon or a consequence of chromo-

some 20 CNI. To identify the relationship between

chromosome 20 CNI and gene expression, we used

29 cases that were analyzed for both chromosome

20 CNA and gene expression profiles. Supervised

analysis using the overexpressed gene data set

between tumors with (N 5 9) and without (N 5

17) chromosome 20 or 20q CNI identified 14 dif-

ferentially expressed genes (SS18L10, TCEA2,

LAMA5, STX16, DDX27, RPN2, PIGT, TCFL5,

AHCY, KIAA0406, PSMA7, C20orf20, ASXL1, and

CDK5RAP1). All these genes mapped to 20q (Fig.

3). This analysis, therefore, identified the overex-

pressed genes target of 20q CNI in CC. To identify

additional genes that may have escaped the detec-

tion by the above algorithm, we further compared

the expression profiles of tumors without gain of

chromosome 20 (N 5 17) and tumors carrying only

gain of 20q (N 5 6). This algorithm identified 8

overexpressed genes on 20q. These include 6

genes (TCEA2, STX16, DDX27, ASXL1, AHCY, and

PSMA7) commonly identified by both analyses and

two additional genes (a hypothetical protein

LOC388796 and ADRM1) (Supplementary Fig. 2).

Thus, we have identified several upregulated

genes as a consequence of 20q CNI suggesting

that one or more of these genes may play a central

role in CC tumorigenesis.

Identification of Target Genes of Focal

Amplicons on 20q

As stated above, we identified two focal ampli-

cons at 20q11.2 and 20q13.13. The minimum

shared region of amplicon 1 at 20q11.2 spans

4.1 Mb and harbor 96 coding genes. The amplicon

2 at 20q13.13 spans 3.1 Mb containing 42 genes

(Fig. 1) (http://www.ncbi.nlm.nih.gov/mapview/maps;

Homo sapiens Build 36.3). To identify transcrip-

tional targets, we used all probes present on the

U133A array within these two 20q amplicon inter-

vals to compare expression levels between normal

and tumor specimens that showed CNI within

these regions. This analysis identified 9 overex-

pressed probe sets in amplicon 1 and 6 in amplicon

2 (Fig. 4). Of the 9 overexpressed transcripts in
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amplicon 1, eight belong to known genes (GSS,

POFUT1, AHCY, TPX2, ASXL1, E2F1, RALY, and

KIF3B) and one an open reading frame, C20orf44,

of unknown function. Two of these genes (AHCY

and ASXL1) also identified as overexpressed by the

algorithm used to identify genes as a consequence

of 20q gain. The overexpressed genes in amplicon

1 are functionally associated to amino acid metabo-

lism/oxidative stress (GSS and AHCY), a notch sig-

naling pathway (POFUT1), cell cycle regulation

Figure 3. Supervised analysis of overexpressed genes identified as a
consequence of gain of chromosome 20 or 20q in cervical cancer. Signif-
icantly differentially expressed genes were identified by filtering all of
the overexpressed genes on chromosome 20 between the two tumor
groups that showed gain of chromosome 20 or 20q and with out gain.
In the matrix, each row represents the gene expression relative to
group mean and each column represents a sample (shown on Top). T,
represents primary tumor; CL, represents cell line. The dendrogram on

left shows unsupervised clustering of genes differentially expressed
between tumors with and without gain. The differentially expressed
genes are shown on right. The scale bar (22 to12) on the bottom rep-
resents the level of expression with intensities of blue represents
decrease and red for increase in expression. The groups within tumors
shown at top represent no gain of chromosome 20 (I), whole chromo-
some 20 gain (II), only 20q gain (III), focal amplicon 1 (IV), and focal
amplicon 2 (V).

Figure 4. Supervised analysis of overexpressed genes identified as a
consequence of focal amplicons on 20q in cervical cancer. Differentially
expressed genes in relation to amplicons were identified by filtering all
overexpressed genes on chromosome 20 between two groups; i.e., (i)
using all tumors showing gain in the genomic region of Amplicon 1 and
tumors without gain in the corresponding region; and (ii) using all
tumors carrying gain in Amplicon 2 and tumors without gain in the
same region. Top panel, Amplicon 1; Bottom panel, Amplicon 2. In the
matrix, each row represents the gene expression relative to group

mean and each column represents a sample (shown on Top). T, repre-
sents primary tumor; CL, represents cell line. The dendrogram on left
shows clustering of genes differentially expressed between tumors with
and without amplification. The differentially expressed genes are shown
on right. The scale bar (22 to 12) on the bottom represents the level
of expression with intensities of blue represents decrease and red for
increase in expression. The groups within tumors shown at top repre-
sent normal chromosome 20 (I), chromosome 20 gain (II), only 20q
gain (III), focal amplicon 1 (IV), and focal amplicon 2 (V).
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(TPX2, E2F1, and KIF3B), a putative polycomb-

group protein (ASXL1), and an RNA-binding pro-

tein (RALY). The overexpressed genes in the inter-

val of amplicon 2 include nucleotide binding

(ATP9A and DDX27), activity-dependent neuropro-

tector (ADNP) with a potential role in tumor prolif-

eration, a gene encoding for UDP-Gal:beta-

GlcNAc beta-1,4-galactosyltransferase (B4GALT5)

with transferase activity, a zinc finger protein 313

(ZNF313), and a nuclear function protein (CSE1L).

The DDX27 gene identified as overexpressed

within amplicon 2 was also identified as target of

20q gain. Therefore, we identified additional tar-

get-over expressed genes of relevance to various

tumorigenic processes as consequence of amplifica-

tions on 20q. We have also examined the expres-

sion of these genes relative to GAPDH and found

consistent overexpression with 20q gain and ampli-

fication (Supplementary Fig. 4).

Acquisition of 20q Gain Is an Early Genetic

Event in CC Progression

The tumorigenic process in cervix is character-

ized by distinct morphological changes observed

during the transition from normal epithelium to

carcinoma through low-grade squamous intraepi-

thelial lesions (LSIL) and high-grade SILs

(HSIL). Currently, no biological or genetic markers

are available to predict which precancerous lesions

progress to invasive CC. To identify the earliest

stage in CC development in which the 20q CNI

occur, we used FISH assay on 71 consecutively

ascertained pap smears simultaneously diagnosed

by cytology as normal, squamous metaplasia or

with atypical cells of undetermined significance

(ASCUS) (N 5 32), LSIL (N 5 14), and HSIL (N

5 25). Seven of 25 (28%) HSILs showed three or

more copies of 20q (Fig. 2D). Of these, four HSILs

exhibited gain while 3 showed evidence of amplifi-

cation (Fig. 2E). Among the LSILs, three (21.4%)

showed gain while none showed evidence of

amplification (Fig. 2E) (Table 1). 20q gain was not

found in any specimens diagnosed normal, squa-

mous metaplasia or ASCUS. Thus, these data sug-

gest that 20q gain occur as early as in LSIL stage

while amplifications occur in HSIL and represent

an early event in CC development.

The biological behavior of SILs varies where

only a small proportion of HSILs progress to inva-

sive cancer if left untreated and most LSILs persist

or regress (Murthy et al., 1990; Schneider and

Koutsky, 1992; Ostor, 1993). Morphological charac-

terization alone does not permit the identification

of HSILs at risk for progression from those that

regress or persist. Because of this, all HSILs are

currently treated by surgical excision or with an ab-

lative therapy. Identification of genetic signatures

defining the subset of high-risk HSILs could alter

the treatment strategies. To identify the role of

20q in progression of precancerous lesions, we

obtained the follow up information (range, 1–29

months) from patients diagnosed normal (N 5 12),

LSIL (N 5 7), and HSIL (N 5 19). The patients

with HSIL underwent standard treatment of care.

Two patients initially diagnosed as normal with

diploid compliment of 20q developed LSIL during

15 and 17 months follow up, respectively. No fol-

low up data were available for the three patients

diagnosed as LSIL with gain of 20q. However, one

LSIL with disomy for 20q progressed to HSIL

within 1 month of follow up, while two others

regressed to normal. Of the 19 HSIL that had fol-

low up information, 13 showed no gain and 6

exhibited gain or amplification of 20q. Among the

13 HSILs carrying two copies of 20q, 11 (84.6%)

regressed to lower-grade or normal, while one

(7.7%) persisted and one (7.7%) other progressed

to invasive cancer. Of the 6 cases with increased

copies of 20q, 3 patients showed gain and the 3

others showed amplification. Two of the patients

with 20q gain regressed to lower grade and one

(33.3%) progressed to invasive CC after 1–19

months follow up. All three (100%) patients who

were diagnosed with HSIL and exhibited amplifi-

cation of 20q persisted during 2–13 months follow

up (Fig. 2F). Although this analysis was performed

on a limited set of samples, a significant trend (P <

0.05) was observed among HSILs carrying 20q gain

for an accompanying risk of persistence or progres-

sion (Fig. 2F). These data, thus, suggest that pre-

cancerous lesions harboring 20q CNI carry a poten-

tial risk for progression.

DISCUSSION

CC is a single diagnostic entity with differences

in clinical behavior and response to therapy. Nearly

one-third of patients diagnosed with invasive CC

fail to respond to the current treatment protocols

and die of disease. The standard histological tech-

niques are not useful in stratifying CC into sub-

classes in response to treatment (Waggoner, 2003).

Although several prognostic factors have been

identified in CC, risk evaluation of progression and

treatment response still remains elusive. A better

understanding of genetic alterations in CC tumori-

genesis might effectively identify therapeutic tar-

gets for successful treatment and predictive

markers for progression. Toward this goal, our com-
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bined SNP and FISH analyses identified gain of

20q in over 50% of advanced CC confirming the

previous findings that this abnormality is a com-

mon recurrent genetic alteration along with 3q and

5p gain (Heselmeyer et al., 1996; Rao et al., 2004).

These data, therefore, suggest that 20q contains

critical genes involved in the pathogenesis of CC.

Several previous studies have identified recur-

rent amplification and gain of 20q in many types of

human cancers (Guan et al., 1996; Tanner et al.,

1996; Hodgson et al., 2003; Hurst et al., 2004; Mid-

orikawa et al., 2006; Koynova et al., 2007), includ-

ing CC (Wilting et al., 2006; Kloth et al., 2007).

Gain of 20q11.2-13.1 has also been associated with

acquisition of drug resistance to tamoxifen in a

human breast cancer cell line (Achuthan et al.,

2001) and amplification of 20q11.2-12 is observed

in human male germ cell tumors that are resistant

to cisplatin therapy (Rao et al., 1998). In addition,

in vitro models of HPV16 E6- and/or E7-immortal-

ized human epithelial cells have shown to exhibit

genomic instability and clonal chromosome abnor-

malities. Significantly, number of studies showed

that the E7 transformed epithelial cells exhibit

amplification of 20q. These data suggest that 20q

amplification and possibly overexpression of spe-

cific genes contributes to HPV 16-E7-mediated

immortalization and in overcoming cellular senes-

cence of epithelial cells (Reznikoff et al., 1994;

Savelieva et al., 1997; Cuthill et al., 1999). Our

results, demonstrating the occurrence of chromo-

some 20 gains early in LSIL and the concurrent

overexpression of genes critical to cellular transfor-

mation, corroborate these studies. We, therefore,

suggest that 20q gain represents a significant early

genetic event in HPV-associated cellular transfor-

mation. Thus the evidences from both in vitro and

in vivo studies implicate for the presence of one or

more putative transformation genes on 20q in CC.

The genes we found upregulated in this study as

a consequence of 20q gain or amplification are

known to play specific roles in tumorigenic proc-

esses. The E2F1, KIF3B, TPX2, and CSE1L genes

play pivotal roles in the cell cycle regulation and

chromosome segregation (Table 2). Another class

of genes that are upregulated as a target of 20q

gain such as AHCY, ASXL1, and C20orf20 play roles

in mediating methylation and chromatin remodel-

ing. The proteins encoded by PMSA7 and LAMA5

genes play a potential role in viral life cycle and

replication are also overexpressed as targets of 20q

gain. Specifically, laminin alpha 5 (LAMA5) has

been shown to function as a transient receptor for

HPV by binding virions and transferring them to

adjacent cells by laminin 5 secreting keratinocytes,

thus implicating a role for LAMA5 in HPV viral

infection and replication (Culp et al., 2006). The

present study also identified over expression of a

TABLE 2. Genes Overexpressed as a Consequence of Chromosome 20q Gain and Amplification in Cervical Cancer

Gene Description Function Role in cancer Fold changea

E2F1 E2F transcription factor 1 Cell cycle regulation (34) 4.7

KIF3B Kinesin family member 3B Chromosome segregation (35) 3.1

TPX2 Targeting protein for Xklp2 Chromosome segregation (36) 6.6

CSE1L Chromosome segregation 1-like Chromosome segregation (37) 2.8

AHCY S-adenosylhomocysteine hydrolase Chromatin remodeling (38) 3.8

ASXL1 Additional sex combs-like protein 1 Chromatin remodeling (39) 2.8

C20orf20 Chromosome 20 open reading frame 20 Chromatin remodeling (40) 3.9

PMSA7 Proteasome (prosome, macropain) subunit,

alpha type, 7

Viral replication (41) (42) 2.9

LAMA5 Laminin alpha 5 Extra-cellular matrix, viral replication (16, 43) 2.8

TCEA2 Transcription elongation factor A protein 2 Transcription elongation (44) 3.1

STX16 Syntaxin 16 Vesicular transport – 2.6

DDX27 DEAD box protein 27 Spliceosome assembly – 2.6

ADRM1 Adhesion regulating molecule 1 Cell Adhesion (45) 2.6

PIGT Phosphatidylinositol-glycan biosynthesis

class T protein

Glycolipid biosynthesis (46) 2.6

GSS Glutathione synthase Glutathione biosynthesis – 2.3

POFUT1 Peptide-O-fucosyltransferase 1 Notch signaling – 2.7

RALY RNA-binding protein Raly RNA splicing – 3.2

ATP9A ATPase class II type 9A Ion transport – 2.4

B4GALT5 UDP-Gal:beta-GlcNAc

beta-1,4-galactosyltransferase 5

Glycosphingolipid biosynthesis (47) 2.3

ZNF313 Zinc finger protein 313 Transcription factor – 2.8

aFold-change is calculated based on comparison between normal cervical squamous epithelium and tumors with chromosome 20 and 20q gain.
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number of other genes (TCEA1, STX16, DDX27,

ARDM1, PIGT, GSS, POFUT1, RALY, ATP9A,

B4GALT5, and ZNF313) whose function in cancer

development is not well understood (Table 2).

The ‘‘high risk’’ HPV types (HPV 16 and HPV

18) encode transforming genes E6 and E7 that

form complexes with p53 and pRB, respectively,

resulting in suppression of their gene products and

deregulation of the host cell cycle (Munger and

Howley, 2002). Although both E6 and E7 oncopro-

teins of HPV16 and 18 are known to cause chromo-

somal instability, the specificity of each HPV type

in causing targeted chromosome aberrations is

unknown (Duensing and Munger, 2004). However,

a number of genes have been shown to be differen-

tially express between HPV 16 and HPV 18

infected tumors (Vazquez-Ortiz et al., 2007). To

examine the relationship between HPV type and

chromosome 20 copy number gains, we compared

the type of HPV infection with different types of

chromosome 20 abnormalities in CC and found an

inverse correlation of 20q gain with HPV16. This

limited data imply a relationship may exist

between the presence of 20q gain and the type of

HPV infection in human CC transformation, which

needs to be elucidated by further studies.

A significant finding in the present study is the

identification of 20q genomic CNI and the associ-

ated deregulated gene expression suggesting a

functional role for this chromosomal region in the

development and progression of CC. A second ob-

servation is that of the identification of two focal

amplicons at 20q11.2 and 20q13.2. The HPV 16 E7

immortalized clones from human urothelial epithe-

lial cells that show 20q13.2 amplification exhibit

growth advantage over 20q gained clones (Save-

lieva et al., 1997) and similarly the breast cancer

cells with 20q13.2 amplification exhibits high pro-

liferative index and poor prognosis (Tanner et al.,

1995). The close recapitulation of genetic altera-

tions caused by HPV16 E7 immortalized cells and

the clinical specimens from CC patients provide

strong evidence that 20q gain plays a role in cervi-

cal carcinogenesis. Furthermore, the identification

of this change in cervical intraepithelial lesions

provide new insights into the role of 20q in the pro-

gression of CC and the diagnostic utility in identi-

fying precancerous lesions at high-risk for progres-

sion to invasive cancer.

In conclusion, the 20q gain as a recurrent genetic

change and the overexpressed genes identified

here will form the basis for functional testing to de-

velop molecular target based therapies for CC.

Identification of chromosome 20 CNI in precancer-

ous lesions may prove to be a potential prognostic

molecular marker in distinguishing high-risk pre-

cancerous lesions to progress to invasive cancer.
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