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Protocadherin PCDH10, Involved in Tumor
Progression, Is a Frequent and Early Target of
Promoter Hypermethylation in Cervical Cancer
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Cervical cancer (CC) is the second most common cancer in women. Currently, no tractable molecular-based therapeutic

targets exist for patients with invasive CC and no predictive markers of risk assessment for progression of precancerous

lesions are identified. New molecular insights into CC pathogenesis are urgently needed. Towards this goal, we first deter-

mined the copy number alterations of chromosome 4 and then examined the role of PCDH10 mapped to 4q28 as a candi-

date tumor suppressor gene. We identified monosomy 4 in 47% of 81 invasive CC studied by SNP array and found that

91% of 130 invasive CC harboring methylation in the promoter region of the PCDH10 gene. We then showed that aber-

rant promoter hypermethylation of PCDH10 is associated with downregulation of gene expression and cell lines exposed

to demethylating agent resulted in profound reactivated gene expression. We also showed that the promoter methylation

in the PCDH10 gene occurs at an earliest identifiable stage of low-grade squamous intraepithelial lesion. Our studies dem-

onstrate that inactivation of PCDH10 may be a critical event in CC progression and form a potentially useful therapeutic

target for CC. VVC 2009 Wiley-Liss, Inc.

INTRODUCTION

Chromosome 4 frequently undergoes non-

random loss in cervical cancer (CC) as docu-

mented by loss of heterozygosity (LOH) and

chromosomal comparative genomic hybridization

(cCGH) analyses (Mitra et al., 1994; Hampton

et al., 1996; Rao et al., 2004). Furthermore,

introduction of chromosome 4 in HeLa cells sup-

presses telomerase activity, induces senescent-

like phenotype, and the distal region on the long

arm of chromosome 4 has been shown to carry

putative senescence genes (Backsch et al., 2001,

2005). Additionally, 4q deletions have been

reported to occur at early stages in CC progres-

sion (Backsch et al., 2005; Singh et al., 2007).

These findings suggest the loss of function of

one or more proliferation-regulating genes on

chromosome 4 and their involvement in malig-

nant progression of cervical epithelium. However,

no known tumor suppressor genes on chromo-

some 4 have been implicated thus far in CC.

Chromosome 4 carries at least three protocad-

herin family genes, PCDH7, PCDH10, and

PCDH18. The protocadherins are a subfamily of

the cadherin superfamily genes that encodes cad-

herin-related neuronal receptors that play a role

in the establishment and function of specific cell–

cell connections (Yagi, 2008). Recently, a number

of PCDH genes have been implicated as tumor

suppressor genes (Waha et al., 2005; Imoto et al.,
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2006; Yu et al., 2008). Previously, it has been

shown that PCDH10 is hypermethylated and

functions as a tumor suppressor in multiple

human cancer types (Ying et al., 2006, 2007;

Yu et al., 2009).

Despite the successful use of pap-smear

screening programs in early detection and treat-

ment, CC remains a major cause of cancer deaths

in women world-wide (Waggoner, 2003). CC pro-

gresses by distinct morphological changes from

normal epithelium to carcinoma through low-

grade squamous intraepithelial lesions (LSIL)

and high-grade SILs (HSIL). Although infection

of high-risk human papillomavirus (HPV) is rec-

ognized as an important initiating event in cervi-

cal tumorigenesis, HPV alone is not sufficient for

the progression to invasive cancer (Zur Hausen,

2002). Even although the prophylactic HPV vac-

cine can prevent onset of precancerous cervical

lesions, no biological or genetic markers are avail-

able to predict which precancerous lesions pro-

gress to invasive CC. The molecular genetic

aspects of progression of precursor SILs to inva-

sive cancer remain poorly understood. Therefore,

identification of critical ‘‘genetic hits’’ in CC is

important in understanding the natural history

and biology.

In this study, we examined the role of

PCDH10 in CC tumorigenesis and identified pro-

moter hypermethylation as a major mechanism of

inactivation of this gene. We also have shown

that the promoter hypermethylation of PCDH10
occurs very early in the progression suggesting a

role for PCDH10 in the progression of CC.

MATERIALS AND METHODS

Patients, Tumor Tissues, and Cell Lines

A total of 398 samples of DNA representing

various stages of CC progression were used in

this study. These include 130 invasive CCs (nine

cell lines and 121 cases of primary tumors), 268

cytologic pap smears from normal and various

stages of precancerous lesions. 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, Man-

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

supplier’s specifications. All specimens were

obtained from Columbia University Medical Cen-

ter (NY), Instituto Nacional de Cancerologı́a

(Santa Fe de Bogota, Colombia), the Department

of Gynecology of Campus Benjamin Franklin,

Charité-Universitätsmedizin Berlin (Germany),

and Department of Clinical Oncology, The Chi-

nese University of Hong Kong with appropriate

informed consent and approval of protocols by

institutional review boards. All primary tumors

were diagnosed as squamous cell carcinoma

except seven that were diagnosed as adenocarci-

noma. Clinical information such as age, stage and

size of the tumor, follow-up data after initial diag-

nosis and treatment was obtained for the majority

of tumors from the review of institutional medical

records. Tissues were frozen at �80�C immedi-

ately after resection and were embedded with

tissue freeze medium (OTC) before microdis-

section. All primary tumor specimens were deter-

mined to contain at least 60% tumor by

examination of hematoxylin and eosin (H&E)

staining of adjacent sections. Cytologic specimens

were collected after visualization of the cervical

os, the ectocervix was sampled with a spatula and

endocervical cells obtained with a brush rotated

360 degrees. Exfoliated cells were immediately

placed in PreservCyt Solution (Cytc Corporation,

Marlborough, MA) for routine processing by a

cytopathologist. Cells were collected from normal

and precancerous lesions simultaneously from the

same spatula for both cytology and DNA. Cells

collected in phosphate buffered saline were

stored at �80�C for DNA isolation. A total of 63

pap smears were diagnosed as normal, 35 as atyp-

ical squamous cells of undetermined significance

(ASC-US), 107 as LSIL, and 63 as HSIL. The

diagnosis of all HSILs was also confirmed by a

biopsy. High-molecular-weight DNA from frozen

tumor tissues, cell lines, and cell pellets from

pap smears was isolated by standard methods.

HPV types were identified as described earlier

(Narayan et al., 2003).

SNP Array Analysis

The Affymetrix 250K NspI SNP chip with an

average coverage of 11.5 kb of the genome was

used for copy number analysis as per the manu-

facturer’s protocol. We performed SNP array on

81 CC cases (9 cell lines and 72 primary tumors

enriched for tumor cells by microdissection)

selected based on high tumor content and seven

microdissected normal cervical squamous epithe-

lial samples as controls to serve as the reference

for copy number analysis. Acquisition of SNP

data and analysis of copy number data for chro-

mosome 4, representing 7.1% SNPs on 250 K

array, using CytoBand information files from
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the dChip Web site (http://biosun1.harvard.edu/

complab/dchip/chromosome.htm#refgene) was

performed as previously described (Scotto et al.,

2008a,b). Copy numbers <1.5 were considered as

deletion, 2.5–4.0 as gain, and >4.1 as amplification

in the raw copy number view.

Methylation Specific PCR (MSP) and Sequencing

Genomic DNA was treated with sodium

bisulphite as described (Narayan et al., 2003).

Placental DNA treated in vitro with SssI methyl-

transferase (New England BioLabs, Beverly, MA)

and normal lymphocyte DNA converted with

sodium bisulphite was used as methylated and

unmethylated controls, respectively. Following

three sets of primers for amplification of methyl-

ated (M) DNA and one set of primers for unme-

thylated (U) DNA spanning the CpG Island of

cDNA clone NM_032961 were designed:

PCDH10-MF-1 50-GATTTTCGTCGCGTAT

TGGT-30, and
PCDH10-MR-1 50-CACCGCTTCCTTCACG

ATAC-30 spanning exon 1 (þ905 to þ1101 bp),

PCDH10-MF-2 50-GCGTTTTTATTAGGGC

GTAAC-30, and
PCDH10-MR-2 50-CGATACTATAAATAAAC

CGAACGTT-30 spanning exon 1 (þ1726 to þ1862 bp)

PCDH10-MF3 50-ATTGTAGTGGTTCGGG

ATCG-30, and
PCDH10-MR3 50-CGCCAAACACGTTATTT

TCA-30 spanning exon 1 (þ1294 to þ1438)

PCDH10-UF 50-TGTTTTGGGTGTGGGAG

TTT-30 and
PCDH10-UR 50-CCCTCACTCACCACTTCC

TT-30 spanning exon 1(þ881 to þ1090 bp).

The following additional primer set spanning

40 CpG sites between þ1121 to þ1618 bp and

the sequence common to both methylated and

unmethylated templates was used for cloning and

sequencing.

PCDH10-cl-F 50-GTATTGTGGTGGTTTT

TTTTAG-30, and
PCDH10-cl-R 50-TAAAATCCTTCAACTACT

CATAATC-30.
MSP of a proportion of precancerous lesions

obtained from Hong Kong was performed as pre-

viously described (Ying et al., 2006). PCR was

performed by using standard conditions for 30

cycles on primary invasive cancer and 35 cycles

for precancerous lesions with annealing tempera-

tures varying between 56 and 62�C.
PCR products were run on 2% agarose gels and

visualized after ethidium bromide staining. All

MSP experiments were performed in triplicate,

and the promoter hypermethylation was consid-

ered positive when present in at least one of

the regions. MSP products were either directly

sequenced or subcloned into pCR2.1-TOPO

(Invitrogen) followed by sequencing of multiple

clones using M13 primers.

Drug Treatment

Cells in culture were treated with 5 or 10 lM
5-Aza-20 deoxycytidine (5-aza-CdR) for 5 days as

described (Narayan et al., 2003).

Real-Time RT-PCR Analysis

Total RNA isolated from normal cervical squa-

mous epithelium (three samples obtained from

different commercial sources and five samples

from hysterectomy specimens), tumor tissues, and

CC cell lines was reverse transcribed as described

(Narayan et al., 2003). Relative quantitation of

expression of PCDH10 (Assay ID Hs00263133)

and Human GAPDH as endogenous control

(FAM/MGB Probe) genes was performed in trip-

licate experiments using TaqMan Gene Expres-

sion Assay using the Applied Biosystems 7500

Fast Real-Time PCR system (Foster City, CA).

Briefly, PCR was performed using standard ther-

mal cycle conditions of 2 min 50�C, 10 min 95�C,
15 s 95�C, and 1 min 60�C for 40 or 45 cycles

with input cDNA ranging from 50 to 100 ng. The

CT and comparative CT (DDCT) values were cal-

culated using Applied Biosystems real-time PCR

system software package setting at auto CT and

baseline.

RESULTS AND DISCUSSION

Monosomy of Chromosome 4 Is a Frequent

Genomic Alteration in Invasive CC

Affymetrix 250K NspI SNP array analysis was

performed on a panel of 81 CC cases (72 primary

tumors and 9 cell lines) to identify genome-wide

copy number alterations (CNA) (unpublished

data). Analysis of the dataset of chromosome

4 CNA showed copy number losses on chromo-

some 4 in 38 (47%) CC cases. Of these, 34

(89.5%) cases showed loss of the entire chromo-

some 4 (monosomy) (Fig. 1). Of note, no detect-

able amplifications were found on chromosome

4, while only rare nonrecurrent copy number

gains of smaller regions on chromosome 4 were

observed in 4 of 81 cases (4.9%). These data
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demonstrate that chromosome 4 is frequently

lost in CC. To identify the clinical significance,

we evaluated the association of chromosome 4

losses with pathologic features such as histology,

age, stage and size of the tumor, treatment out-

come, and HPV type by univariate analyses and

found no significant associations. This finding

thus suggests that chromosome 4 loss is a com-

mon genomic alteration resulting in dysregula-

tion of important genes that play a role in the

development of CC. Cytogenetic studies have

identified frequent loss of chromosome 4 in a

wide-variety of hematologic malignancies such

as diffuse large B-cell lymphoma, follicular

lymphoma, multiple myeloma, acute lympho-

blastic leukemia/lymphoma, acute and chronic

myelogenous leukemia, and solid tumors such as

carcinoma of breast, large intestine, kidney,

ovary, pancreas, brain, testicular germ cell

tumor, and Wilms tumor (http://cgap.nci.nih.

gov/Chromosomes/RecurrentAberrations). These

data, therefore, suggest that chromosome 4

losses may play an important role in multiple tu-

mor types implicating for the presence of one or

more tumor suppressor genes on this

chromosome.

Previously, we have shown that PCDH10, a gene

mapped to 4q28, is hypermethylated in CC cell

lines and may act as tumor suppressor (Ying et al.,

2006, 2007). Here, we have examined the role of

PCDH10 promoter methylation in primary tumors

from CC and its role in progression in detail.

Epigenetic Inactivation of PCDH10 Is a Frequent

Phenomenon in Invasive CC

Methylation status of PCDH10 was assessed

using three sets of MSP primers spanning the

CpG island (CGI) to assess qualitatively hyper-

methylation within the promoter region and exon

1 of the gene in invasive CC. We identified CGI

hypermethylation in 118 (90.8%) of the 130

tumor DNA samples (9 cell lines and 121 primary

tumors) examined from CC. Both cell lines

(88.9%) and primary tumors (90.9%) showed a

similar frequency of promoter hypermethylation

(Table 1). Similar analysis on DNA isolated from

63 normal cervical epithelia did not reveal

TABLE 1. Frequency of Promoter Hypermethylation of the
PCDH10 Gene in Cervical Cancer Progression

Tissue type
No. of cases

studied
Methylated

(%)a

Normal cervix 63 0
ASC-US 35 2 (5.7%)
LSIL 107 14 (13.1%)
HSIL 63 29 (46.0%)
Primary invasive cancer 121 110 (90.9%)
Cervical cancer cell lines 9 8 (88.9%)

ASC-US, atypical squamous cells of undetermined significance; LSIL,

low-grade squamous intra-epithelial lesion; HSIL, high-grade squamous

intra-epithelial lesion.
aAll MSP experiments were performed thrice and the promoter

methylation was considered positive only when confirmed twice in at

least one of the primer sets.

Figure 1. Identification of chromosome 4 copy number alterations
in invasive CC by 250K NspI SNP array. Each vertical column repre-
sents a sample with genomic regions representing from pter (top) to
qter (bottom). Prefix ‘‘T’’ indicates primary tumor; ‘‘Cl’’ indicates cell
line. The blue-red scale bar (�2 to þ2) at the bottom represents the
copy number changes relative to mean across the samples. The inten-

sities of blue and red indicate relative decrease and increase in copy
numbers, respectively. G-banded ideogram of chromosome 4 is
shown on the extreme right. All tumors that exhibited chromosome
4 losses are shown from largest to smallest region of losses. Inferred
copy number view of MS-751 cell line showing 4p monosomy from
normal (2N) (red line) is shown on right.
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hypermethylation in the CGI of PCDH10. AHRR
was the only other gene shown to be methylated

in such a high frequency in CC (Zudaire et al.,

2008). This high frequency of promoter methyla-

tion of PCDH10 in CC suggests that the inactiva-

tion of this gene plays an important role in its

development.

Among the cell lines studied, eight of nine

were MSP positive, and no unmethylated allele

was found in the methylated cell lines. These

data combined with SNP array data (Fig. 1)

suggest deletion of one copy of PCDH10 due to

monosomy 4 and methylation of the 2nd

PCDH10 allele in all cell lines carrying monos-

omy 4 results in loss of function of the gene

(Fig. 2A; Table 2). Therefore, we provide

evidence that PCDH10 is one of the targets on

chromosome 4. The cell line C-33A that was neg-

ative by MSP showed no evidence of copy num-

ber alterations of chromosome 4 by SNP array.

Thus, these data suggest that the PCDH10 inacti-

vation follow the Knudson’s ‘‘two-hit’’ hypothesis

(Knudson and Strong, 1972). Similarly, 23 primary

tumors showed simultaneous loss of 4q and

PCDH10 gene methylation. However, 41 of the

primary tumors representing the large majority

showed PCDH10 methylation but no evidence of

loss of 4q by SNP array (Table 2). Because a

tumor suppressor gene can be inactivated by

methylation of both copies and mutation in the

second copy, additional mechanisms of inactiva-

tion of the gene cannot be excluded.

To validate the MSP data and to assess the

extent of methylation of CpG sites, direct bisul-

phite sequencing of a region covering 40 CpGs

within the CGI was performed in one negative

and one positive control, and three unmethylated

and 13 methylated tumors chosen randomly to

represent each of these classes (Fig. 2B). We con-

firmed the MSP results in all positive tumors that

showed methylation in almost all CpGs in the

tested region (Fig. 2B). The unmethylated cell

line C-33A and one of the unmethylated primary

tumor (T-135) showed heterogeneous methyla-

tion of a few CpG residues, while one (T-138) of

the two unmethylated tumors showed methyla-

tion of the majority of CpGs and a heterogeneous

methylation in the remaining CpGs. A possible

explanation for MSP negativity of the later tumor

was that the MSP targeted region might not be

completely methylated in all CpG sites. These

data further suggest that the frequency of pro-

moter methylation assessed by MSP is an under-

estimate as this method can only interrogate a

limited number of CpGs.

To examine the prognostic role of PCDH10
hypermethylation, we performed a correlative

analysis of methylation with clinico-pathologic

features such as age, tumor stage, and size of the

tumor, clinical outcome, and HPV type in pri-

mary tumors and found no significant associations

(data not shown). These data therefore suggest

that promoter hypermethylation and inactivation

of PCDH10 play an important role in the devel-

opment of CC and may be an early event in

progression.

Because aberrant promoter hypermethylation

of tumor suppressor genes is generally associated

with transcriptional inactivation through loss of

expression, we performed real-time quantitative

PCR analysis of PCDH10 expression on a panel

of six normal cervical epithelia, nine CC cell

lines, and 13 primary tumor specimens. Real-time

qPCR data were subjected to statistical analysis

to generate DCT, DDCT values and fold-changes

using replicate samples. All normal cervical epi-

thelia showed lower levels of expression of the

PCDH10 gene (mean CT value of 32.12 � 2.85)

compared to GAPDH (mean CT value of 21.5 �
1.46). Most primary tumor samples analyzed

showed either no detectable levels of expression

Figure 2. Analysis of PCDH10 methylation in CC cell lines and pri-
mary tumors. (A) MSP analysis in CC cell lines. U, unmethylated; M,
methylated. (B) Bisulphite MSP cloning and sequencing of the
PCDH10 gene. T, tumor; Cl, cell line. CpG sites examined are num-
bered sequentially as shown above. Filled circles indicate methylated
CpG sites, semi-filled circles indicate partial/heterogeneous methyla-
tion, and empty circles indicate unmethylated CpGs. Methylation sta-
tus by MSP is shown on the right (in bracket), M, methylated; U,
unmethylated.
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or very high CT values of PCDH10 (mean/SD

35.55 � 2.52) compared to the control gene

(mean/SD 19.39 � 3.54) suggesting a complete

loss or a downregulated expression. Of the 13 pri-

mary tumors, all of which were methylated, seven

did not show any detectable levels of PCDH10
expression, while GAPDH showed high-levels of

expression (Fig. 3A). Among the cell lines

examined, all eight methylated cell lines showed

80- to 99-fold decrease in relative expression of

PCDH10. Although the unmethylated cell line

C-33A showed 2.7-fold higher expression relative

to normal cervix (Fig. 2B; Table 2). The data on

PCDH10 hypermethylation and gene expression

together suggest that epigenetic inactivation is a

frequent phenomenon in CC and may play a role

in its development.

TABLE 2. Status of 4q Loss by SNP Array, PCDH10
Methylation by MSP, and Expression by Real Time PCR in

Cervical Cancer Cell Lines and Primary Tumors

Tumor
Status of
4q loss

PCDH10
MSP
status

PCDH10
expression
DDCT
valuea

C4I 4q31.3-q32.1 M þ4.48
Ca Ski 4q M þ9.3
C33-A 0 UM þ0.63
HT-3 4q11-q31.3, 4q34.3 M þ8.48
SiHa 4q M þ9.7
SW-756 4q M þ10.38
MS751 4q M þ11.18
ME180 4q M þ9.61
HeLa 4q M þ9.43
T-24 0 M ND
T-55 0 M ND
T-57 0 M ND
T-66 4q M ND
T-75 0 UM ND
T-78 0 M ND
T-79 0 M ND
T-80 0 M ND
T-86 0 M ND
T-87 0 M ND
T-92 0 M ND
T-98 0 M ND
T-103 0 M ND
T-106 0 M ND
T-107 0 M ND
T-108 0 M ND
T-114 4q28.3-qter UM ND
T-116 0 M ND
T-117 4q M ND
T-118 0 M ND
T-124 4q M ND
T-126 4q M ND
T-127 4q M ND
T-128 4q M ND
T-130 0 M ND
T-132 4q M ND
T-133 4q M ND
T-134 4q M ND
T-135 0 UM ND
T-137 0 M ND
T-138 4q UM ND
T-140 0 M þ2.73
T-141 4q13-q21.1 M UD
T-146 4q M ND
T-148 4qcen-28.3 M ND
T-160 0 M ND
T-161 0 M ND
T-166 0 M ND
T-167 0 M ND
T-169 4q12-qter UM ND
T-188 4q M ND
T-190 0 M ND
T-194 0 M ND
T-205 0 M ND
T-207 4q M ND
T-214 0 M ND

(Continued)

TABLE 2. (Continued)

Tumor
Status of
4q loss

PCDH10
MSP
status

PCDH10
expression
DDCT
valuea

T-218 4q21.1-q22.1; 4q26-qter M ND
T-222 0 M ND
T-224 0 M UD
T-654 4q M þ2.5
T-841 0 M þ1.7
T-869 0 M ND
T-892 4q M ND
T-939 0 UM ND
T-940 0 M ND
T-954 0 M ND
T-966 0 M ND
T-968 4q M ND
T-984 0 M ND
T-1051 4q28.3-qter M ND
T-1068 0 UM ND
T-1509 0 M UD
T-1721 4q UM ND
T-1875 0 M ND
T-1898 4q M ND
T-1900 0 M UD
T-1907 0 M ND
T-1981 4q M ND
T-2035 0 M ND
T-20-04 0 M þ2.48
T-56-04 0 UM ND
T-98-04 4qcen-q32.1 M UD
T-197 ND M UD
T-1434 ND M þ3.6
T-103-04 ND M UD
T-54 ND M þ1.05

0, no loss of 4q by SNP analysis; MSP, methylation specific PCR; M,

methylated; UM, unmethylated; ND, not done; UD, undetectable.
a~~CT value is a comparative CT between the target and endoge-

nous control. Positive values indicate decreased target (PCDH10)

RNA compared to the control (GAPDH).
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Because DNA hypermethylation-mediated

gene silencing is closely associated with histone

modifications and the DNA demethylating agent

5-aza-20-deoxycytidine (5-aza-CdR) and the

HDAC inhibitor trichostatin (TSA) reactivates

expression of epigenetically silenced genes, we

examined whether the promoter hypermethyl-

ation-mediated down-modulated gene expression

can be reversed after 5-aza-CdR treatment of CC

cell lines. Of the nine cell lines studied, eight

exhibited complete methylation of the CGI and

the remaining cell line (C-33A) was unmethy-

lated by MSP (Fig. 2A). All methylated cell lines

showed reactivation of the PCDH10 gene after

5-aza-CdR at 7- (SiHa) to 471-fold (SW756)

(Fig. 3D). Albeit low, the unmethylated cell line

C-33A also showed about 2.2-fold increased

expression of PCDH10 gene after treatment. A

possible explanation for this low-level induction

in C-33A after 5-aza-CdR treatment is due to

sparse and mosaic pattern of methylation seen in

bisulphite-converted DNA where only 28% CpG

sites were methylated compared to nearly all

CpGs methylated in MSP positive cell lines

(Fig. 2B). A similar increased expression was

observed after treatment with TSA and combination

of TSA and 5-aza-CdR (data not shown). Of note,

no change in the levels of expression of GAPDH
gene was found against treatment (Fig. 3C). Thus,

these data indicate that the demethylation of

PCDH10 promoter effectively reactivates gene

expression by reversing the methylation affect.

PCDH10 Promoter Hypermethylation Is an Early

Event in Tumor Progression

To identify the role of promoter hypermethyl-

ation of PCDH10 gene in CC progression, we

studied methylation status of PCDH10 CGI in

DNA obtained from 268 cytological smears

Figure 3. Real-time quantitative PCR analysis of PCDH10 gene
expression compared to control gene. (A) Expression plot showing
PCDH10 (brace) and GAPDH (bracket) gene expression in primary inva-
sive CC. (B) Expression plot showing PCDH10 (brace) and GAPDH
(bracket) gene expression in CC cell lines. Note higher expression of
PCDH10 in unmethylated cell line C-33A. (C,D) Expression plots show-

ing levels of expression of control gene GAPDH (C) and PCDH10 (D) in
cell lines after exposure to azacytidine. Note no difference in control
gene in untreated and azacytidine-treated cell lines, while PCDH10 gene
expression is reactivated in treated cell lines. Arrow and arrowhead
indicate high basal as well as after Azacytidine-exposure, respectively, of
PCDH10 expression levels in an unmethylated cell line C-33A.
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diagnosed as normal (N ¼ 63), ASC-US (N ¼ 35),

LSIL (N ¼ 107), and high-grade SIL (HSIL)

(N ¼ 63). We found no evidence of promoter hy-

permethylation in DNA isolated from cytologic

smears diagnosed as normal. In contrast, 2 (5.7%)

of 35 cases diagnosed as ASC-US, 14 (13.1%) of

107 LSILs and 29 (46.0%) of 63 HSILs showed

positivity by MSP analysis (P ¼ 0.0001) (Table 1,

Fig. 4A). To validate the MSP data on precancer-

ous lesions, we performed bisulphite sequencing

after cloning of the same region of CGI that was

analyzed in invasive tumors in one MSP negative

and five MSP positive precancerous lesions

(Fig. 4B). We found no evidence of methylation

of the region in the MSP negative HSIL, while all

MSP-positive SILs showed the presence of hetero-

geneous and low frequency of methylated CpGs

in small fraction of clones in the tested region

(Fig. 4B). We noticed substantial differences in

the number of CpG sites methylated between in-

vasive cancer and precancerous lesions where the

MSP-positive invasive cancers exhibit virtually

100% methylated CpGs and the MSP-positive pre-

cancerous lesions showed only 7.2% in LSIL and

13.3–24.1% in HSILs. Thus, these data provide

evidence that promoter hypermethylation of

PCDH10 initiate in early developmental stage and

proceed gradually during CC tumorigenesis.

The natural history of cervical precancerous

lesions varies where approximately 1% of low-

grade and 15% of high-grade cervical intraepithe-

lial neoplastic (CIN) lesions progress to invasive

cancer (Syrjanen, 1996; McCredie et al., 2008;

Schiffman and Rodriguez, 2008). Furthermore,

precancerous lesions harboring high-risk HPV

infection predict higher risk for progression to

invasive cancer, particularly HPV 16 possess

greater risk than other HPV types (Syrjanen,

1996; zur Hausen, 2002). To examine the relation

of HPV infection with PCDH10 methylation sta-

tus in precancerous lesions, we were able to

obtain HPV data in 8 of 14 cases of LSIL that

showed PCDH10 methylation by MSP. Seven of

eight (87.5%) LSILs showed infection with high-

risk HPV types. Therefore, the combined data on

PCDH10 methylation documented here and high

proportion of cases with infection of high-risk

HPV suggests that epigenetic changes and HPV

plays a synergistic role in transformation of dys-

plastic cells. These data suggest that PCDH10
methylation is initiated very early in CC develop-

ment and its inactivation may form a potential

signature in defining risk of precancerous lesions

to progress to invasive cancer.

A cytological diagnosis of ASC-US is reported

in around 5% of women undergoing pap screen-

ing but the clinical relevance of ASC-US is

largely unclear. Follow-up studies of patients

with this unequivocal diagnosis show histologi-

cally high-grade disease (CIN) lesions or even

invasive cancer in a proportion of cases [The

ASCUS-LSIL Triage Study (ALTS) Group,

(2003)]. However, no optimal strategy for ASC-

US triage to identify high-grade disease that

requires follow-up and treatment is available in

limiting the number of women who receive

unnecessary procedures. Because we found

PCDH10 methylation in 2 (5.7%) of 35 patients

with the diagnosis of ASCUS, whether these

patients represent already underlying high-grade

disease remains to be examined.

In this study, we showed that PCDH10 is epi-

genetically silenced in a large majority of CC.

The consequence of this hypermethylation of

PCDH10 in CC biology remains to be understood

for its mechanistic role, and implications in pre-

dicting the behavior of CIN. It is important to

evaluate the consequence of PCDH10 promoter

Figure 4. Analysis of PCDH10 methylation in cervical precancer-
ous lesions. (A) MSP analysis. (B) Bisulphite MSP cloning and sequenc-
ing of the PCDH10 gene. U, unmethylated; M, methylated. LSIL, low-
grade squamous intraepithelial lesions; HSIL, high-grade squamous
intraepithelial lesions. CpG sites examined are numbered sequentially
as shown above in panel B. Filled circles indicate methylated CpG
sites and empty circles indicate unmethylated CpGs. Pap smear num-
bers indicating methylation status by MSP are shown on right.
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methylation because we identified gradual

increase in methylation density and rates in CC

progression. The protocadherin gene family

members contain six extracellular cadherin

domains, a transmembrane domain and a cyto-

plasmic tail differing from those of the classical

cadherins. The PCDH10 encodes a cadherin-

related neuronal receptor thought to play a role

in the establishment and function of specific cell–

cell connections in the brain (Frank and Kemler,

2002). Although the exact functions of protocad-

herins are not well understood, they are believed

to play a role in signal transduction and growth

control. It has been shown that cadherins play an

important role in tumor progression by function-

ing as suppressors of invasion and metastasis

(Jeanes et al., 2008). Recently, a number of proto-

cadherins, however, have been implicated as tu-

mor suppressors, including PCDH10 (Waha et al.,

2005; Imoto et al., 2006; Ying et al., 2006, 2007;

Yu et al., 2008, 2009).

Although the role of PCDH10 in cancer has not

been fully elucidated, the epigenetic silencing

may contribute to tumorigenesis and tumor pro-

gression (Ying et al., 2006). Most recently,

PCDH10 was reported to be methylated in the

early stage of gastric carcinogenesis and its meth-

ylation was associated with poor prognosis of gas-

tric cancer patients (Yu et al., 2009). This study

suggests translational implications of PCDH10
methylation in CC progression since this gene

was a target of epigenetic silencing in invasive

tumors compared to their respective normal epi-

thelium, together with the evidence for its occur-

rence at initial tumorigenic steps. In addition,

PCDH10 methylation was significantly associated

with increasing tumor progression. Therefore, we

hypothesize that PCDH10 represents a potential

therapeutic target for demethylating drugs to

achieve its reactivation. Assessing PCDH10 meth-

ylation in cytology specimens obtained from

precancerous lesions may represent a potential

alternative adjunct procedure for the early detec-

tion and follow-up of these patients. In summary,

our study identifies the novel methylation of

PCDH10 in CC and provides evidence for its role

in progression from early precancerous lesions to

invasive cancer.
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