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Infection by carcinogenic human papillomaviruses (HPV) results in
precancers [cervical intraepithelial neoplasia (CIN)] and cancers near
the ectoendocervical squamocolumnar (SC) junction of the cervix.
However, the specific cells targetedbyHPV have not been identified
and the cellular origin of cervical cancer remains elusive. In this
study,weuncovereda discrete population of SC junctional cellswith
unique morphology and gene-expression profile. We also demon-
strated that the selected junctional biomarkers were expressed by
a high percentage of high-grade CIN and cervical cancers associated
with carcinogenic HPVs but rarely in ectocervical/transformation
zone CINs or those associated with noncarcinogenic HPVs. That the
original SC junction immunophenotypewas not regenerated at new
SC junctions following excision, not induced by expression of viral
oncoproteins in foreskin keratinocytes, and not seen in HPV-related
precursors of the vagina, vulva, and penis further support the notion
that junctional cells are the source of cervical cancer. Taken together,
our findings suggest that carcinogenic HPV-related CINs and cervical
cancers are linked to a small, discrete cell population that localizes to
the SC junction of the cervix, expresses a unique gene expression
signature, and is not regenerated after excision. The findings in this
study uncover a potential target for cervical cancer prevention,
provide insight into the risk assessment of cervical lesions, and
establish a model for elucidating the pathway to cervical cancer
following carcinogenic HPV infection.
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Carcinogenic human papillomaviruses (HPVs) cause cervical
cancer and its precursor, cervical intraepithelial neoplasia

(CIN), at the squamocolumnar (SC) junction (1–6). Because of
both cervical anatomy and hormonal status, the position of this
junction varies. In most women, vaginal pH acidification occur-
ring during adolescence induces the replacement of a portion of
the endocervical columnar epithelium by a metaplastic squa-
mous epithelium. This area of replacement [the transformation
zone (TZ)] leads to the proximal migration of the SC junction.
In the last decade, the relationship between HPV infection and

neoplasia has spawned new paradigms of cervical cancer prevention
viaHPV screening andPap smear triage (7, 8).Moreover, successful
construction of papilloma virions in vitro has resulted in vaccines
that prevent many CINs and presumably, cervical cancer (9).
Although infection withHPV is necessary for the development of

CIN, the components of early cervical carcinogenesis have yet to be
fully assembled. HPV infection presumably initiates when the virus
enters basal keratinocytes via defects in the epithelial covering,
attachment to the basement membrane, and viral capsid confor-
mational change (10). Models of HPV-mediated oncogenesis use
HPV-immortalized keratinocytes or transgenicmice (11, 12). These
systems have uncovered important molecular pathways; however,
they have not shed light on why cervical neoplasms are topo-
graphically restricted to the SC junction (5, 6). Rather, it was gen-
erally assumed that the TZ squamous epithelium was the site of

neoplastic change.Recently, it was reported that Barrett esophagus,
a precursor of esophageal adenocarcinoma, is derived from a dis-
crete population of embryonic cells residing at the gastroesophageal
SC junction (13). In this report, wedescribe a similar, and previously
unreported, population of SC junction cells in the cervix with a
unique expression profile, embryonic characteristics, and relation-
ship to carcinogenic HPV-associated cervical neoplasia.

Results
Identification and Transcriptional Analysis of SC Junction Cells. His-
tologic analysis of the SC junction from adults (schematic in Fig.
1A) revealed a discrete population of cuboidal epithelial cells at
the interface of either the ectocervical or TZ squamous epithe-
lium (depending on whether metaplastic replacement of co-
lumnar epithelium has taken place) and endocervix. Numbering
∼40 (38 ± 6; n = 15) in cross-section, these cells displayed
a unique morphology and were designated as the SC junctional
cell population (Fig. 1B). The number of cells was constant irre-
spective of patient age. By laser capture microdissection, three
cases each of HPV-uninfected ecto- and endocervical epithelium
and SC junction were sampled, and the gene expression profiles of
these three populations compared. Pair-wise comparisons of
Affymetrix exon arrays revealed the three sites to be distinct (Fig.
1C) and unsupervised correlation of the expression profiles of the
three sites revealed discrete differences in expression, segregating
the SC junction cells from the squamous and columnar cells
(bracketed in the heat map in Fig. 1D). The genes from each
group are tabulated in Tables S1 and S2. Seventy-seven genes
were up-regulated by 2.0-fold or greater in the SC junction cells.
To validate some of the gene expression differences identified

by microarray analysis, serial sections of adult cervix were stained
with antibodies corresponding to five junction cell-specific tran-
scripts [keratin (Krt)7, anterior gradient (AGR)2, cluster dif-
ferentiation (CD)63, matrix metalloproteinase (MMP)7, guanine
deaminase (GDA)] (Fig. 2A). This five-gene panel highlighted
cuboidal epithelial cells immediately proximal to the mature
keratinocytes. A small number of the positively staining cells
extended over the surface of the adjacent stratified squamous
epithelium (Fig. 2 B and C). Antibodies in this panel did not
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stain either the ectocervical/TZ squamous cells or the mature
endocervical columnar cells (Fig. 2 B and C).

Expression of Junction-Specific Genes in Carcinogenic HPV-Associated
CINs and Carcinomas. CINs and cancers were stained with the
junction-specific antibodies to ascertain their relationship to junc-
tional cells. CINs were divided into those caudal to the SC junction
(ectocervical/TZ) and those in direct continuity with the SC
junction (junctional).
CINs are generally classified as low (CIN1) and high (CIN2/3)

grade, reflecting their putative risk of progressing to malignancy.
All 120 CINs and cancers tested scored positive forHPV (Table 1).
All 58 high-grade CINs (CIN2s and CIN3s) and squamous carci-
nomas contained carcinogenic HPVs. Moreover, all involved the
SC junction and displayed the immunological markers common to
the junction-specific cells (Table 1 and Fig. 3). All adenocarcino-
mas stained positive for the SC junction-specific markers as well
(Fig. S1). In contrast, 34 of 42 low-grade CINs (81%) were located
either in the ectocervix or TZ and did not express junction-specific
markers (Fig. 3). Of these ectocervical/TZ low-grade CINs, 10 had
noncarcinogenic HPVs, and 24 had carcinogenic or “probably
carcinogenic”HPVs (Table 1). Similarly to ectocervical/TZ CIN1,
HPV-associated vaginal, vulvar, and penile (pre)neoplastic lesions
were junction-specific marker-negative (Fig. S2). For the eight
junctional CIN1s, all contained carcinogenic HPVs and all stained
positive for junction-specific markers (Table 1 and Fig. 3). The
patterns of p16ink4 staining in ectocervical/TZ CIN1s included
both diffuse and patchy, whereas a strong and diffuse staining,
continuous from basement membrane was invariably observed in
all junctional CIN1s, CIN2/3s, and cancers (Table 1).

Topographic Specificity of the SC Junction Immunophenotype. In the
16-wk human fetus, Krt7-positive cells were widely distributed
throughout the cervix (Fig. 4A, Top), before the onset of squa-
mous (Krt5) differentiation. The fetal cervical epithelium also
stained positively with the other SC junction markers (Fig. S3).
At ∼20 wk of gestation, basal Krt5 expression emerged, and the
primitive Krt7-positive epithelial cells maintained their apical
position above the stratifying squamous epithelium (Fig. 4A,
Middle). In the adult, the Krt7-positive cells were confined to the
SC junction (Fig. 4A, Bottom) and were distinct from the Krt5-
positive ectocervical/TZ squamous epithelium.

To address the possibility that transformation of basal kerati-
nocytes by carcinogenic HPVs could induce up-regulation of SC
junction-specific genes and mimic the SC junction immunophe-
notype, protein lysates from HPV16 E6- or E7-expressing primary
human keratinocyte cultures and cervix-derived HPV18-associ-
ated adenocarcinoma (HeLa) and HPV16-related squamous car-
cinoma (SiHa, CaSki) cells were isolated and immunoblotted with
SC junction-specific antibodies. As shown in Fig. 4B, viral onco-
proteins did not induce SC junctionmarker expression in vitro, and
SC junction-specific staining was limited to the cervical tumors.
To determine whether the SC junction-specific immunopheno-

type is regenerated following excision of the SC junction, we
identified new SC junctions in one or more tissue blocks from 11 of
20 hysterectomy specimens following cone biopsy or loop electrical
excision procedure (LEEP).Where recorded, hysterectomies were
performed from 1 to 23 mo following the excision procedure and
half were performed within 3 mo. New SC junctions were defined
by the juxtaposition of mature ectocervical squamous epithelium
and endocervical or lower uterine segment mucosa and were
immunostained with SC junction-specific markers. None of these
new SC junctions displayed the SC junction immunophenotype in
contrast to all of the original SC junctions (Fig. 4C and Fig. S4).

Discussion
This study reveals a discrete population of cells at the squamo-
columnar junction of the cervix that could be responsible for most,
if not all, HPV-associated cervical carcinomas. We show that this
group of junctional cells has a unique gene expression profile that
is different from that of the adjacent endocervical and ectocervical/
TZ epithelium and that SC junction markers are maintained in
both squamous cell carcinomas and adenocarcinomas that ema-
nate from this region. Although we cannot rule out de novo
emergence of this cuboidal cervical cell type during adult life, the
SC junction marker expression displayed by fetal cervical epithe-
lium (Fig. 4 and Fig. S3) supports the embryonic origin of these SC
junction cells. The fact that these cells are either within or in close
proximity to the SC junction is consistent with the historically
supported assumption that cervical cancer and its precursors
originate in this site (5, 6). These observations, combined with the
overlap in immunophenotypic identity between SC junction cells
and HPV-induced squamous and columnar neoplasms, suggest

Fig. 1. Identification and transcriptional
analysis of SC junction cells. (A) Schematic
representation of the human cervix. (B) His-
tology of adult cervix, with squamous (Top),
junctional (Middle), and columnar (Bottom)
cells. (C) Two-dimensional representation of
a principle component analysis of expression
microarray data derived from the three cell
populations. (D) Heat map of expression
microarray data anchored by a comparison
between the three groups; SC junction-spe-
cific expression is bracketed.
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that this unique population of cells at the SC junction forms a core
group that can spawn multiple tumor phenotypes (Table 1).
The cell of origin for cervical cancer has been subject to specu-

lation for some time but has traditionally been linked to the squa-
mous epithelium in the TZ. Interestingly, we found that the SC
junction population is not a stratified squamous epithelium (the
prototype for most models of HPV infection in the TZ) but a single

layer of cuboidal epithelial cells (Figs. 1, 2, and 4). The observation
in this report that SC junction cells are the prime target for cervical
carcinogenesis does not deny the prevailing theory that epithelial
disruption and basal keratinocyte infection lead to HPV infection
(10), because it is likely the mechanism for HPV-related lesions
developing in the TZ, ectocervix, and other mucosal sites. More-
over, columnar or reserve cells have also been proposed as targets

Fig. 2. Characterization of several SC junction-
specific biomarkers. (A) Fold differences in ex-
pression of five genes within the squamous, co-
lumnar, and junctional cells. These results are
derived from microarray analysis. (B) Low-magni-
fication image showing the entire cervix. Krt7
staining highlights a discrete population of cu-
boidal cells at the interface of the transformation
zone squamous epithelium and endocervix. (C)
Antibodies stain an identical cell population at
the SC junction. The positive staining extends
from the surface of the stratified squamous epi-
thelium onto the adjacent basement membrane.
Note the absence of staining of either the mature
keratinocytes or the endocervical columnar cells.
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of infection (14). However, their broader topographic distribution
argues against a unique role in cancer development.
An important opportunity from this study would be to exploit

the SC junction immunophenotype to more precisely understand
cancer risk in early cervical neoplasia. At present, three
parameters provide risk information, including carcinogenic
HPV, expression of p16ink4, and histologic grade (7, 8, 15–19).
Carcinogenic HPVs and strong lesional expression of p16ink4 are
consistently found in all high grade CINs and carcinomas (7, 8,
15–19); nevertheless, they will not discriminate this collective
group from most CIN1s because the latter frequently harbor
carcinogenic HPVs (17, 19). Moreover histologic estimates of
lesion grade are subjective and subject to observer error. Al-
though their biological role in the context of cervical carcino-
genesis is still unknown, SC junction-specific markers provide
three important perspectives that could be relevant to the role of
this region in tumor development. First, they seem to be a con-
stant in all high-grade CINs and cancers, supporting their com-
mon origin. Second, they are virtually absent in most low-grade
CINs, irrespective of HPV type, implying the latter are derived
from the ectocervix/TZ, and thus pose a lower risk of progression
(Table 1 and Fig. 3). Third, SC junction markers highlight a mi-
nority of CIN1s that shares a SC junction location, a high fre-
quency of HPV16 positivity, and strong p16ink4 immunostaining
with high grade CINs and cancers. Thus, in nearly all of the cases
that we studied, the SC junction markers described in this report

precisely predicted the cervical cancer precursors with the highest
likelihood of harboring the most carcinogenic HPV (HPV16),
irrespective of their histologic grade. However, the exact pre-
dictive value of these biomarkers for CIN1s that will progress in
grade needs to be confirmed by determining the risk of a CIN2/3
outcome, which, in itself, would require a prospective study.
Recently, Wang et al. uncovered a similarly unique cell pop-

ulation at the SC junction of esophagus and stomach proposed
as the cellular origin of Barrett’s esophagus, the precursor of
esophageal adenocarcinoma (13). Wang et al. suggest that at the
esophagogastric junction, the significance of this population lies in
its potential to attach to and expand along the basement mem-
brane when esophageal squamous cells are experimentally dam-
aged (13). In the cervix, although some cells score positive for Ki67
without evidence of mitosis (Fig. S5), expansion of the SC junction
cells presumably occurs prior to or in concert with carcinogenic
HPV infection, and the end result is a range of phenotypes, in-
cluding both columnar and squamous differentiation. The re-
quirement of the SC junction cells for this to occur in the context of
carcinogenic HPV infection is underscored by two observations in
this study. The first is the fact that SC junction markers were
specific only for cell lines from cervical carcinomas (HeLa, CasKi,
SiHa). In contrast, human foreskin keratinocytes expressing HPV
oncoproteins were SC junction marker-negative (Fig. 4B). The
second is the lack of SC junctionmarkers in lesions arising in other
genital sites, including vagina, vulva, and penis (Fig. S2).

Table 1. Immunostaining evaluation of p16ink4a and SC Junction biomarker expression and HPV genotypes in cervical specimens

N (%)

Ectocervical/TZ CIN 1
(n = 34)

Junctional CIN 1
(n = 8) CIN 2/3 (n = 48) SCC (n = 10)

Adenocarcinoma
in situ (n = 11)

Invasive adenocarcinoma
(n = 9)

Protein expression
SC junction-specific genes
Krt7 0/34 (0) 8/8 (100) 48/48 (100) 10/10 (100) 11/11 (100) 9/9 (100)
AGR2 0/34 (0) 8/8 (100) 48/48 (100) 10/10 (100) 11/11 (100) 9/9 (100)
CD63 0/34 (0) 8/8 (100) 48/48 (100) 10/10 (100) 11/11 (100) 9/9 (100)
MMP7 0/34 (0) 8/8 (100) 48/48 (100) 10/10 (100) 11/11 (100) 9/9 (100)
GDA 0/34 (0) 8/8 (100) 48/48 (100) 10/10 (100) 11/11 (100) 9/9 (100)

p16ink4a

Negative 0/34 (0) 0/8 (0) 0/48 (0) 0/10 (0) 0/11 (0) 0/9 (0)
Patchy 16/34 (47) 0/8 (0) 0/48 (0) 0/10 (0) 0/11 (0) 0/9 (0)
Diffuse basal 8/34 (23.5) 1/8 (12.5) 2/48 (4.2) 0/10 (0) 0/11 (0) 0/9 (0)
Diffuse full thickness 10/34 (29.5) 7/8 (87.5) 46/48 (95.8) 10/10 (100) 11/11 (100) 9/9 (100)

HPV type
Carcinogenic
16 8/34 (23.6) 6/8 (75) 29/48 (60.4) 6/10 (60) 7/11 (63.6) 5/9 (55.6)
18 3/34 (8.8) 1/8 (12.5) 5/48 (10.4) 1/10 (10) 3/11 (27.3) 3/9 (33.3)
31 3/34 (8.8) 0/8 (0) 5/48 (10.4) 1/10 (10) 0/11 (0) 0/9 (0)
33 1/34 (2.9) 0/8 (0) 3/48 (6.2) 0/10 (0) 0/11 (0) 0/9 (0)
35 0/34 (0) 1/8 (12.5) 1/48 (2.1) 0/10 (0) 0/11 (0) 0/9 (0)
45 1/34 (2.9) 0/8 (0) 0/48 (0) 1/10 (10) 1/11 (9.1) 0/9 (0)
51 0/34 (0) 0/8 (0) 1/48 (2.1) 0/10 (0) 0/11 (0) 0/9 (0)
52 2/34 (5.9) 0/8 (0) 0/48 (0) 0/10 (0) 0/11 (0) 0/9 (0)
58 2/34 (5.9) 0/8 (0) 2/48 (4.2) 0/10 (0) 0/11 (0) 0/9 (0)

“Probably carcinogenic”
53 4/34 (11.8) 0/8 (0) 0/48 (0) 0/10 (0) 0/11 (0) 0/9 (0)
66 0/34 (0) 0/8 (0) 0/48 (0) 0/10 (0) 0/11 (0) 0/9 (0)

Noncarcinogenic
6 4/34 (11.8) 0/8 (0) 0/48 (0) 0/10 (0) 0/11 (0) 0/9 (0)
11 2/34 (5.9) 0/8 (0) 0/48 (0) 0/10 (0) 0/11 (0) 0/9 (0)
40 1/34 (2.9) 0/8 (0) 0/48 (0) 0/10 (0) 0/11 (0) 0/9 (0)
42 1/34 (2.9) 0/8 (0) 0/48 (0) 0/10 (0) 0/11 (0) 0/9 (0)
43 0/34 (0) 0/8 (0) 0/48 (0) 0/10 (0) 0/11 (0) 0/9 (0)
44 0/34 (0) 0/8 (0) 0/48 (0) 0/10 (0) 0/11 (0) 0/9 (0)
54 2/34 (5.9) 0/8 (0) 0/48 (0) 0/10 (0) 0/11 (0) 0/9 (0)

Multiple
16 and 18 0/30 (0) 0/8 (0) 0/48 (0) 1/10 (10) 0/11 (0) 1/9 (11.1)
35 and 6 0/30 (0) 0/8 (0) 1/48 (2.1) 0/10 (0) 0/11 (0) 0/9 (0)
52 and 6 0/30 (0) 0/8 (0) 1/48 (2.1) 0/10 (0) 0/11 (0) 0/9 (0)

4 of 6 | www.pnas.org/cgi/doi/10.1073/pnas.1202684109 Herfs et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1202684109/-/DCSupplemental/pnas.201202684SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1202684109/-/DCSupplemental/pnas.201202684SI.pdf?targetid=nameddest=SF2
www.pnas.org/cgi/doi/10.1073/pnas.1202684109


An intriguing observation was the loss of the SC junction
immunophenotype following excision. There is a high cure rate for

CIN following successful excision or ablation of the SC junction (20,
21). Cure is usually attributed to the combination of removing the
preinvasive neoplasm and a secondary immune system that prevents
reinfection by HPV. This study introduces the additional possibility
that the recurrence risk is also low because susceptible SC junction
cells are not regenerated following excision (Fig. 4C and Fig. S4),
one not inconsistent with the traditional link between the SC junc-
tion and cancer risk (5, 6). This implies that preemptive ablation of
the SC junction would remove the embryonic cell population and
possibly prevent cervical cancer. Whether this approach would ac-
tually work remains unclear, and the possibility that the SC junction
cells expand during cervical remodeling must be taken into account
and resolved by comparing SC junctions across a wide age range.
The mechanisms by which viral–host cell interactions lead to

malignancy in the SC junction population remain to be elucidated.
However, the SC junction expression data provide a unique tem-
plate to study SC junction-specific transgenic models of HPV car-
cinogenesis. Whereas several transgenic mouse models of cervical
cancer have been established using krt14 promoter-driven HPV
oncogenes in the murine cervix, SC junction-specific promoters can
deliver a more precise mouse model of which the HPV oncogenes
are expressed in a cell type that is uniquely vulnerable to carcino-
genic HPVs. A final question is whether similar populations of SC
junctional cells are responsible for neoplasms tied to carcinogenic
HPV infections in other sites, such as the anus and oropharynx (22–
24). The observation of a discrete population of epithelial cells at
the anorectal SC junction (Fig. S6) opens the door to this possibility.

Materials and Methods
This study was approved by the Human Investigation Committee of the
Brigham and Women’s Hospital.

Case Material and Tissue Classification. Cervical tissues were obtained from
discarded fresh and archival material in the Women’s and Perinatal Pa-
thology Division. Sections of 15 normal cervices from women who un-
derwent total hysterectomy for non-cervical-related neoplasms or benign
uterine disease were examined for cells at the SC junction that were mor-
phologically distinct from ecto- and endocervical epithelium. One hundred
consecutive CINs and squamous cell carcinomas from biopsies or excisions in
the pathology archive were reviewed by two observers and classified as CIN1

Fig. 3. Immunohistochemistry of sections of human cervix with CIN and
squamous carcinoma for p16, Ki67, and the five SC junction-specific anti-
bodies. Note the absence of staining of the ectocervical/TZ CIN1s and uni-
form staining of junctional CINs of all grades and squamous carcinoma. The
expression of SC junction-specific markers was assessed in 34 ectocervical/TZ
CIN1, 8 junctional CIN1, 48 CIN2/3, and 10 cancers.

Fig. 4. Topographic specificity of the SC junction immu-
nophenotype. (A) Fluorescence micrograph of human cer-
vix at 16 wk (Top) showing diffuse Krt7 immunopositivity.
At 20 wk of gestation, basal Krt5 expression emerges
(Middle). In the adult cervix (Bottom), the Krt7 staining is
limited to the SC junction. For each case, a corresponding
histology image [hematoxylin–eosin staining (HE)] is
shown. (B) Western blots of lysates of control (−), HPV16
E6- or E7-expressing primary human keratinocyte cultures,
cervical adenocarcinoma (HeLa), and squamous carcinoma
(SiHa, CaSki) reacted with antibodies specific for the SC
junctional cells. Only cervix-derived tumor cells (HeLa, SiHa,
and CaSki) score positive. (C) Schematic illustration of the
squamocolumnar junction before and after LEEP (Left and
Center). Absence of Krt7 staining in a “new” SC junction
following LEEP (Right).
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or CIN2/3, and invasive carcinoma, without knowledge of their HPV or bio-
marker status (25). When the diagnoses were not concordant between the
first two observers, a third pathologist reviewed the slide, and the majority
diagnosis (two of three) was assigned. Twenty HPV-related adenocarcinoma
specimens were also analyzed and classified as in situ or invasive cancer. To
avoid misclassification of benign epithelial abnormalities, each biopsy
(including cancers) was HPV typed with the HPV type-specific primers
(Table S3). Moreover, each case was immunostained for p16ink4, a biomarker
highly expressed in cervical carcinogenesis and KI67, a DNA proliferation
marker increased in CINs (Fig. 3) (15–17). Immunostaining and designation of
lesion location was performed by another observer not involved in the pa-
thology review. A separate set of 20 hysterectomy specimens, from patients
ranging in age from 32 to 69 y, performed after an excisional procedure (LEEP
or cone biopsy) for cervical neoplasia was assessed for regeneration of the SC
junction cells. The expression of junctional biomarkers was finally analyzed in
6 vaginal, 15 vulvar, and 4 penile (pre)neoplastic lesions, as well as in fetal
tissues obtained fromvoluntary pregnancy terminationswith patient consent.

HPV Detection. EachDNA samplewas subjected to PCR amplificationwithHPV
type-specific primers targeting carcinogenic HPVs 16, 18, 31, 33, 35, 45, 51, 52,
and 58; “probably carcinogenic” HPVs 53 and 66; and noncarcinogenic HPVs
6, 11, 40, 42, 43, 44, and 54. Amplified products were typed according to
predictedmolecularmass of the reaction product and comparedwith controls
(26). Amplification of a fragment of the b-globin gene was used to assess the
quality of the target DNA. All of the primer sequences are listed in Table S3.

Immunohistochemistry and Western Blotting. Immunohistochemistry, immu-
nofluorescence, and Western blot analysis were performed as described pre-
viously and imaged at the Nikon Imaging Facility at the HarvardMedical School
(17, 27). Results were reviewed and verified by two observers. The primary
antibodies used in this study were mouse anti-cytokeratin 7 (clone RCK105;
Thermo Scientific), rabbit anti-AGR2 (Proteintech), mouse anti-CD63 (Abcam),
goat anti-MMP7 (R and D systems), rabbit anti-GDA (Sigma-Aldrich), mouse
anti-p16ink4 (Santa Cruz Biotechnology), rabbit anti-Ki67 (Abcam), rabbit anti-
cytokeratin 5 (Clone EP1601Y; Thermo Scientific), mouse anti-HPV16/18 E6
(clone C1P5; Abcam), mouse anti-HPV16 E7 (clone 8C9; Invitrogen), mouse
anti-HPV18 E7 (Santa Cruz Biotechnology), and rabbit anti-β-actin (Santa Cruz
Biotechnology) antibodies. Each antibody yields a staining pattern that is
consistent with gene/protein characterization data. Mouse, rabbit, and goat
control IgG (Santa Cruz Biotechnology) were used as negative control.

Immunostaining Assessment. p16ink4 immunolabeling was evaluated by using
a semiquantitative score based on the extent of the staining according to an
arbitrary scale. The scoring of p16ink4 included both nuclear and cytoplasmic

staining and was graded as 0 (negative), 1 (rare singly dispersed positive cells),
2 (strong staining but discontinuous or limited to basal layers), and 3 (strong
and diffuse staining, uniform from basal layer to epithelial surface). Regarding
cytokeratin 7, AGR2, CD63, MMP7, and GDA expression, these junction-specific
markers were either expressed by the large majority (>90%) of the dysplastic/
cancerous cells (positive staining) or were not expressed (negative staining).

Transcription Analysis. Fresh cervical specimens from three independent
women (41, 44, and 52 y old) who underwent total hysterectomy for non-
cervical or benign uterine disease were embedded in OCT, sectioned on a
cryostat, and stainedwithhematoxylin tomorphologically identify ectocervical
squamous, endocervical columnar, and junctional cells. To exclude the possi-
bility that the tissue specimens were infected by HPV, each case was both
immunostained for p16ink4 andHPV typedbyPCR. Twelve serial frozen sections
(6 μm thick) of each tissue sample were microdissected using a PALM micro-
beam instrument (Zeiss), and each selected cell population (squamous, co-
lumnar, or junctional cells) from different slides but from a same patient were
pooled. Total RNAs were extracted using the Pico Pure RNA extraction kit
(Arcturus) and were amplified using the WT Pico RNA Amplification System,
WT-Ovation Exon Module and Encore Biotin Module (NuGEN Technologies)
and hybridized onto GeneChip Human Exon 1.0 ST Array (Affymetrix) fol-
lowing the instructions of the manufacturer. GeneChip operating software
was used to process all of the cell intensity (CEL) files and calculate probe in-
tensity values. To validate sample, quality probe hybridization ratios were
calculated using Affymetrix Expression Console software. The intensity values
were log2-transformed and imported into the Partek Genomics Suite 6.5
(beta). Exons were summarized to genes, and a one-way ANOVA was per-
formed to identify differentially expressed genes. P values and fold-change
were calculated for each analysis. Specific genes for each group (up-regulated
by 2.0-fold or greater in one population of cells compared with the others)
were classified according to P values. Heat maps were generated using Pear-
son’s correlation or Euclidean method, and Principal Component Analysis was
conducted using all probe sets.
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