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1. Introduction

In the United States, cervical cancer screening pro-
grams based on exfoliated cervical cytology (Pap
smears) have significantly reduced the incidence of in-
vasive cervical cancer. As a result of this success,
current cervical cancer screening programs in the US

the same time avoid treatment of lesions that would be
likely to resolve without intervention.

Pap smear screening is labor intensive and requires
a dedicated highly-skilled workforce of cytotechnolo-
gists and pathologists as well as an extensive clinical
infrastructure for follow-up, evaluation and treatment
of women with cytologic abnormalities. Because of

are not directed at invasive disease, but at detection of these requirements, human papillomavirus (HPV) is
the precursors of carcinoma, referred to as dysplasias, currently being investigated as an adjunct to cytology
squamous intraepithelial lesions (SIL) or cervical in- in cervical cancer screening. The recognition of the
traepithelial neoplasias (CIN). The progressive histo- consistent and strong epidemiologic association of hu-
logic and cytologic changes that occur during the multi- - man papillomavirus (HPV) infection with development
step process of cervical carcinogenesis can be divided of cervical cancer, led to investigations of HPV test-

into multiple stages, early lesions known as CIN 1 or
LSIL and high grade lesions known as CIN 2, 3 or
HSIL. The natural history of these cervical cancer pre-
cursor lesions is difficult to study because they are usu-
ally biopsied or otherwise treated as soon as detected.
However, it is clear that CIN 1 and 2 lesions are more
likely to regress than to progress to invasive disease [37,
69]. While the risk of progression is greatest for CIN 3

ing as an approach to early detection. High-risk HPV
types are accepted as oncogenic agents [1], and HPV is
detected in more than 90% of cancers worldwide [61].
Currently HPV is viewed as a necessary but not suffi-
cient factor for cervical cancer development. The re-
cently completed prospective trial of HPV testing in
the management of women with equivocal Pap smear
results (ALTS trial) demonstrated improved sensitivity

lesions, not all of these lesions progress and regression for detection of CIN 2/3 lesions compared with repeat

is recognized to occur in a significant but variable num-

ber of cases [69]. Because of the slow rate of disease
progression, targeting early detection at CIN 3 lesions
is an effective strategy to avoid invasive cancer and at
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cytology [2,77]. The improved sensitivity came at the
expense of some reduction in specificity; however, the
study justifies HPV testing as an alternative to repeat
cervical cytology in women with equivocal cytology
results.

HPV testing is also being considered as a screening
test for cervical cancer [23,30]. While studies to date
support the conclusion that a woman with a negative
HPYV test is very unlikely to have cervical cancer (i.e.

ISSN 0278-0240/04/$17.00 2004 — I0S Press and the authors. All rights reserved



104

HPYV testing has very high negative predictive values),
the clinical interpretation of positive result is not clear.

HPV is the most prevalent sexually transmitted infec-
tion, and it is estimated that greater than 80% of sex-
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been done on cervical cancer, and even fewer have in-
cluded preinvasive lesions (Table 1). Epidermal growth
factor receptor (EGFR) is a tyrosine kinase signal trans-
duction protein activated by the binding of EGF or

ually active people have been exposed. Prevalence is transforming growth factow to initiate cell prolifer-

highest in young women near the onset of sexual activ- ation and modulate other phenotypes of malignancy
ity and declines with age. Because high grade cervical sych as cell differentiation, motility and angiogenesis.
dysplasia increases with age, limiting HPV screening EGFR is overexpressed in various malignancies, in-
to women over age 35, may improve the specificity of  ¢|yding 6-85% of cervical carcinomas, so serum levels

a positive result. Economic modeling clearly indicates may correlate with disease. In comparison with normal
that tests that increase the sensitivity of disease detec- -onirols a small pilot study using an ELISA directed

tion without improving the specificity will result in an
increased cost for screening [63]. HPV testing is un-
likely to achieve the specificity required for an effec-
tive adjunct to screening, so it is reasonable to look for
other molecular markers of cervical neoplasia.
Biomarker discovery often begins with defining

molecular events in the disease process, but the small

size of cervical cancer precursors has made this dif-
ficult. Until very recently, only relatively large inva-

sive lesions provided sufficient starting material for ex-
traction and molecular analysis. Markers identified in

invasive disease were then subsequently tested on the

at the extracellular domain of EGFR noted a signifi-
cant elevation in nearly all women with cancer (initial
and recurrent) as well as with carcinoma in situ [68].
While these results are encouraging, sensitivity must
be determined in a larger number of cases. In addition,
because elevation of serum EGFR is associated with
malignancies in addition to cervix, the finding is not
specific and identification of the site of disease may be
complicated.

Angiogenin (ANG) is a protein with ribonuclease
activity involved in early angiogenesis. It binds to actin

precursor lesions. Biomarkers were also suggested on to activate tissue plasminogen activator thatin turn gen-

the basis of known somatic genetic alterations in cervi-
cal cancer, from in vitro model systems of HPV trans-
formation and from molecular changes noted in other
cancers. Most studies characterizing the molecular fea-
tures of CIN have relied on tissue-based techniques,
such as immunohistochemistry and in situ hybridiza-
tion, which allow localization of markers within the his-
tologic context. Using techniques for gene and protein
profiling applicable to very small lesions and limited
numbers of cells, new candidate biomarkers specific
for CIN 3 lesions can be directly sought.

The purpose of this review is to provide an overview
of the large number of studies that have correlated a
variety of markers with cervical cancer and preinva-
sive cervical neoplasia, and to highlight areas and ap-
proaches that appear most promising for early detec-
tion. While ideal early detection markers would be
applicable to non-invasively collected samples, mark-

erates plasmin which degrades laminin and fibronectin
as a prelude to new vascular growth. Elevated serum
ANG has been noted in various gynecologic malignan-
cies, and was therefore investigated in women with cer-
vical cancer and precancer. Elevated ANG was noted
only in women with invasive disease so it is not a good
candidate for early detection of cervical neoplasia [10].
The levels did not correlate with stage of disease, but
longitudinal studies in an individual have not be per-
formed to determine if the protein could serve as a
biomarker to monitor disease response to therapy. Very
similar findings were found for vascular endothelial
growth factor (VEGF), another protein associated with
angiogenesis [47].

Insulin-like growth factor-Il (IGF-II) is a 67-amino
acid peptide that mediates mitogenic and metabolic ac-
tions in a paracrine fashion. In circulation it is bound
to IGF-binding protein-3 (IGF-BP3), IGF-binding pro-

ers applied to histologic samples are included because tejn 5 and acid-labile protein. IGF-Ilis detected in cer-
those most promising could potentially be adapted t0 ¢ cancer cell supernatants and alterations in IGF-I]

an alternative sampling approach. Many markers have gene imprinting have been reported in several gyneco-
beeninvestigated since the 1980s, but specific citations logic malignancies. Recently serum levels of IGF-Ii

emphasize publications within the past 5 years. and IGF-BP3 were determined in a small study [56].

Compared with controls and women with other gyne-
cologic malignancies, those with abnormal Pap smears,
CIN, and cervical cancer prior to therapy all had signif-
Serum has been the traditional sample for studies of icant elevations of IGF-II. Women currently in remis-
tumor markers, however, relatively few studies have sion after therapy for cervical cancer had serum IGF-II

2. Serum markers
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[25]

Table 1
Serum Markers

Marker Sample Number (Norm/Pre/Inv) Conclusion Ref

EGFR 76 (38/12/26) Established cut-off from normal women. Elevated in 92% CIN 3 and 9988]
cancer, levels significantly higher in invasive compared with noninvasive disease

ANG 139 (30/47/62) Established cut-off from normal women. No elevation in CIN, 81% invasi{&0]
cancer

VEGF 147 (35/28/84) Established cut-off from normal women. No elevation in CIN, 75% invasij4Y]
cancer

IGF-II 170 (76/72/22) Includes 23 controls and 53 women with treated or no detected disease. Ele{&ééd

IGF-BP3 IFG-Il in 19% of those with abnormal cytology and no disease, 36% of those
with cervical cancer in remission, 100% of those with cancer. Sensitivity of
100% and 81% for cancer and CIN respectively; specificity of 87% and 82%.
IGF-BP3 inversely related to IGF-II. Reduced serum levels have sensitivity of
72% and specificity of 75% for cervical cancer

Plasma HPV 232 (60/57/175) Detected in 2% normal, 2% CIN and 7% cancer

DNA

Norm = normal or no disease; Pte preinvasive disease, all grades of CIN; INVinvasive cervical cancer.

EGFR= Epidermal growth factor receptor.

ANG = Angiogenin.

VEGF = Vascular endothelial growth factor.

IGF-IlI = Insulin-like growth factor II.

IGF-BP3= Insulin-like growth factor binding protein 3.

levels similar to controls. Using controls to establish
a cut-off, IGF-1l was 100% sensitive and 87% specific
for invasive cervical cancer, whereas the corresponding
values for CIN were 81% and 82% respectively. Serum
IGF-BP3 was inversely related to IGF-II levels but was
also decreased in women with other gynecologic ma-
lignancies and had a lower sensitivity and specificity
for cervical cancer.
Circulating tumor DNA has been found in the

age. With progressive dysplasia, the proliferative com-
partment expands to occupy the lower third of the ep-
ithelium in CIN 1, middle third in CIN 2, and full-
thickness in CIN 3 and invasive cancer. As exfoliated
cells come from the superficial layers of the epithelium,
detecting proliferation in epithelial cells should not be
expected in normal cervical cells. Cellular proteinsin-
volved in cell cycle regulation, proliferation and apop-
tosis are therefore reasonable candidates to explore as

serum and plasma of cancer patients. The mechanism biomarkers of dysplasia because they are indicative of

whereby tumor DNA reaches the circulationis notclear,
but may be related to tumor apoptosis or metastasis. For
nasopharyngeal tumors that are associated with EBV
and head and neck tumors associated with HPV, detec-
tion of viral DNA has been studied as a surrogate for
circulating tumor DNA [14,50]. As shown in Table 1,
detection of plasma HPV DNA did not have sensitivity
or specificity for early detection of cervical cancer [25].

3. Surrogatesfor HPV infection

During normal epithelial differentiation, DNA repli-
cation is confined to cells in the basal layers. HPV
interacts with numerous cellular targets to disrupt cell-
cycle control, allowing viral and cellular replication
in differentiating cells [99]. In particular, the E6 and
E7 oncoproteins of HPV interact with p53 and Rb and
result in increased proliferation, decreased apoptosis
and progressive accumulation of cellular DNA dam-

the oncogenic of HPV.
3.1. Ki-67 (MIB-1), PCNA and Cyclin-E

Ki-67 nuclear antigen is a non-histone protein de-
tected in all active parts of the cell cycle. Itis detected
by monoclonal antibody MIB-1, and is sometimes re-
ferred to as MIB-1. Proliferating cell nuclear antigen
(PCNA) is an S-phase associated nuclear protein in-
volved in DNA repair and replication as an auxiliary
factor for DNA polymerases-and <. Cyclin E is in-
volved in cell cycle progression. The literature indi-
cates that all of these markers do correlate with dys-
plasia and malignancy (for example [6,31,41]), and are
used as an adjunct to histology. However, as prolifera-
tion is also associated with non-neoplastic conditions,
such as inflammation, these markers have not gained
widespread acceptance, and few applications in cytol-
ogy samples have been reported.
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3.2. MCM

The minichromosome maintenance (MCM) proteins
are a closely related family of proteins that function
in DNA replication. MCM is a component of a cellu-
lar DNA helicase that forms a prereplicative complex
permitting DNA replication. These proteins are good
markers of proliferation as they are detectable during
the proliferative phases of the cell cycle, but are lost
when cells stop dividing and are not detected during
DNA repair [31]. Antibodies to various MCMs local-
ize to the nucleus and are effective in formalin-fixed
material [31].

Several studies indicate the potential utility of MCM
as an early detection marker for cervical neoplasia (Ta-
ble 2). One study demonstrated that antibodies to MCM
highlight abnormal cells in cytologic preparations, and
allowed the detection of abnormal cells in smears that
were originally evaluated as normal [92]. Because of
MCM 7 overexpression in an HPV-transgenic mouse
model of cervical cancer, MCM 7 was tested and found
to correlate with the grade of dysplasia [11]. Addi-
tional study is required to determine the specificity and
sensitivity of this marker in a larger number of cases,
but the preliminary findings suggest that this family of
markers is worthy of further investigation.

3.3. Telomerase

Telomerase is a specialized reverse transcriptase

that maintains the length of telomeres at the end of
eukaryotic chromosomes. Shortening of telomeres
tends to occur during cell division and telomere reduc-
tion below a critical length is associated with cellu-
lar senescence, chromosomal instability and cell death
The holoenzme includes an RNA subunit (hTR) and
a reverse transcriptase protein subunit ("TERT). The
hTERT uses the internal RNA moiety as the template
for DNA synthesis to extend telomeres. The activity
of telomerase is normally restricted to the proliferative
compartment of epithelium, and activation is associated
with cellular immortalization and carcinogenesis.

The use of telomerase as a biomarker of cervical dys-
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pression of telomerase in high-grade lesions and carci-
nomas, there are large variations (Table 2). In cervical
cytology samples TRAP was detected in 0—11% nor-
mal, 12—63% LSIL, 5-83% HSIL and 31-100% carci-
nomas [38]. Similar variations were observed with as-
says of hTR (ISH or RT-PCR) and hTERT mRNA (RT-
PCR). While tending to correlate with cervical disease
progression, none of the assays of telomerase expres-
sion have sufficient sensitivity or specificity for early
detection of cervical neoplasia.

3.4. p16INK4A

p16NK4A is g E2F responsive gene that functions as
a cyclin-dependent kinase inhibitor. Through interac-
tion with pRB, the E7 protein of high risk HPVs release
E2F. The resulting overexpression of pX¥844 may
therefore be more specific for HPV infections at high-
est risk of persisting. Antibodies to p®§*4 local-
ize to both the nucleus and cytoplasm of positive cells.
As shown in Table 2, numerous studies have examined
the utility of p16™VK4A detection by IHC in biopsy and
cytology material. There is agreement that P16
correlates with the degree of dysplasia. The positive
reaction is useful for highlighting areas of abnormal-
ity and inter-observer agreement is good. Detection in
varying numbers of inflammatory and benign endome-
trial cells suggests that detection of pY&44 without
morphologic correlation will have limited specificity.

3.5. Brn-3a

Brn-3a is a cellular transcription factor of the POU
family. It has been shown to interact with the upstream
regulatory region of HPV to activate transcription of
HPV oncogenes E6 and E7. This marker has been
studied by only one group of investigators (Table 2),
and confirmation in additional studies will be required.

plasia and carcinoma has been recently reviewed [38, However, the results are promising. One of the mostin-
41]. Several different assays have been used. The mea-teresting observationsis the elevation of Brn-3a in nor-
surement of telomerase activity (TRAP; telomere re- Mal epithelium surrounding CIN 3 lesions. This sug-
peat amplification protocol) is the currentgold standard gests Brn-3a correlates with a field effect of high grade
for telomerase expression, but requires fresh or snap cervical disease, so that a positive result would not be
frozen samples for enzyme preservation. Alternative as easily missed due to sampling error. The Brn-3a as-
measure of telomerase include RT-PCR for hRT and for says were effective in cytology samples, an important
hTERT mRNA. While most studies find increased ex- consideration for a potential screening marker.
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Table 2

Surrogate HPV markers

Marker Method

Sample
Number
(Norm/Pre/Inv)

Conclusion Ref

Minichromosome IHC (biopsy)
Maintenance (cytology)
Protein (MCM) MCM 5
7q21.3-922.1

IHC
MCM 5,
MCM 7

IHC
MCM 7

Telomerase hTR and
hTERT
mMRNA

hTR and
hTERT
mRNA

(cytology)
TRAP (bx)
(cytology)
TRAP

(cytology)
TRAP

(cytology)

TRAP
hTR and
hTERT
mRNA

(cytology)
pleNK4A IHC

IHC

IHC

IHC
(cytology)

IHC (tissue)

(cytology)
IHC

IHC
Brn-3a RT-PCR IHC

RT-PCR
(cytology)
RT-PCR
(cytology)

57 (18/39/0)
58 (30/25/3)

19 (3/9/6)

34 (13/13/8)

98 for ISH
64 for RT-PCR

57 (17/40/0)

62 (17/16/29)
49 (35/14/0)

187 (100/87/0)

93

50 (22/28/0)

85 (24/61/0)

306
(100/146/60)

65
72 (25/44/3)

154 (22/122/10)

33 (12/21/0)

569
(247/269/53)

170 (85/70/15)
30 (16/14/0)

147 (0/147/0)

202(74/162/2)

All smears from LSIL, HSIL and cancer positive; Positive MCM [92]
detected 4 false negative samples because abnormal cells highlighted

Number of positive nuclei on surface of lesions increases: CIN31]
— 50%, CIN3 — >90%. Number of positive cells increase: CINO
14/17%, CIN1 52/44%, CIN3 98/97%, Inv. Ca. 95/94%

Correlation of staining thickness of epithelium and severity of dyg1]
plasia: basal and parabasal in CINO, 1/3 in CIN1 ar@0% in CIN3
and cancer

Upregulation of hTR (by ISH) and hTERT (by RT-PCR) in CIN and[93]
cancers

Not useful. hTR detected in 82% negative/CIN1 and 92% CIN 2/35]
hTERT detected in 6% negative/CIN 1 and 0% CIN 2/3

Activity in 0% normals, 69% CIN and 97% cancer [72]

Activity in 17% normal/koilocytosis, 41% CIN 1, 40% CIN 2, 60%435]
CIN 3; level significantly related to degree dysplasia

Activity in 0% normal, 69% CIN, 97% cancer [79]

Not useful. TRAP in 5% normal/CIN 1, 0% CIN 2/3. hTR in 1009473]
normal/CIN 1, 88% CIN 2/3. hTERT in 18% normal CIN 1, 28%
CIN 2/3

Diffuse strong positive 0% normal, 38% LSIL, 70% HSIL [40,41]
Positive in 0% normal, 87% CIN 1, 100% CIN 2-3, 97% cancer [43]
Positive in most cancers and CIN with HR HPV [75]

Positive in 4% normal, 80% CIN 1, 90% CIN 2/3, 50% AGUS an{76]
100% cancer (2 adeno, 1 SCC)

Positive in 0% normal, 99% CIN, 100% cancer; mostly nucleaf6@]
CIN 1, nuclear and cytoplasmic in glandular dysplasia, CIN 2/3 and
cancer

Highlights dysplastic cells

Positive in 12% negative, 57% CIN 1, 75% CIN 2, 91% CIN 3, 89%4]
cancer. Positive in endometrium

Positive in 0% negative, 65% CIN 1, 100% CIN 2/3, 93% cancer [3]

CIN 3 and surrounding histologically normal epithelium show 3&@]
fold increase in Brn-3a RNA compare to normal

Positive in 68% with CIN2/3 [81]

Expression increased with neoplastic progression [82]

Norm = normal or no disease; Pte preinvasive disease, all grades of CIN; INVinvasive cervical cancer.
Unless otherwise specified, assays are performed on tissues.
IHC = immunohistochemistry; RT-PCR Reverse transcription-Polymerase chain reaction.
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4. Genetic markers increasing hypomethylation with increasing cervical
disease severity from high-grade lesions to cancer.
Epithelial malignancies generally have very com- Since methylation assays are DNA based, disease
plex and confusing genetic changes, and cervical can- specific methylation profiles can be more easily imple-
cer is no exception. A summary of genetic changes mented as a screening or diagnostic marker comparedto
known to occur in cervical cancer has been published less stable RNA and protein based methods. However,

recently [46]. Some of the most consistent changes at
3p, 6p and 11q that have also been observed in high

grade preinvasive lesions have been investigated as po-

tential early detection markers using a variety of tech-
nigues such as fluorescent in situ hybridization (FISH),
loss of heterozygosity (LOH, defined as absence or 50%
reduction in intensity of one allele in tumor comparedto
normal) and methylation. Studies examining markers

associated with genetic changes in cervical neoplasia

are summarized in Table 3.
4.1. 3plossand fragile histidinetriad (FHIT)

The 3p locus is particularly interesting because it is
also deleted in several other tumor types (renal, lung

methodological limitations exist with current methods
including the widely used methylation-specific PCR
(MSP) [70]. Newer methods such as restriction land-
mark genome scanning (RLGS [24]) DNA oligonu-
cleotide arrays [96], MethylLight [26] and hairpin-
bisulfite PCR [44] may offer potential for genome-wide
profiling, quantification, and determination of gain or
loss of methylation.

4.3. Loss of heterozygosity (LOH)

LOH as a mechanism of carcinogenesis is assumed
to involve deletion of tumor suppressor genes, however,
in most cases the deletions are hemizygous leading one
to speculate that in these cases the more effective allele

and nasopharyngeal carcinomas) and also contains ais the one that has been deleted. A variety of chro-

fragile site that is a frequent integration site for HPV16.
LOH at 3p appears to be an early event in carcino-
genesis whereas microsatellite instability occurs late.
The role of microsatellite instability (Ml, presence of

new alleles, compared with normal) is controversial but

mosomal regions are lost during cervical carcinogen-
esis, but to date none have been consistent enough to
have the sensitivity as an early marker of detection. In
cytology samples, the abnormal cells compromise less
than 10% of the total sample, so detecting LOH re-

it has been suggested that it renders cells susceptible quires very sensitive assays. Approaches using a panel

to further genetic changes that could lead to malig-
nancy. A potential tumor suppressor gene, fragile his-
tidine triad (FHIT) has been mapped to 3p14.2. Loss
of FHIT has been studied with immunohistochemistry
(IHC) and abnormalities associated with transcription
studied with RT-PCR. While abnormalities in FHIT are
consistent findings in these studies, the sensitivity and
specificity does not suggest that FHIT is a good candi-
date for early detection of cervical cancer

4.2. DNA methylation

Many cellular and viral genes are transcriptionally
regulated by methylation in the CpG islands of their
promoter regions. The potential role of hyper- or hypo-
methylation in carcinogenesis and as cancer-specific
biomarkers is documented in recent reviews [39,70,88,
91]. There is direct evidence of methylation for at
least 30 genes involved in breast carcinogenesis [91].
However, methylation status of only a very few genes
has been studied in cervical carcinogenesis (Table 3).
While cellular genes p16 and E-cadherin showed hy-
permethylation, LCR and E6 regions of HPV16 showed

of LOH markers have been tried (Table 3), but to date,
the sensitivity and specificity remain problematic.

5. Other markers

A wide variety of molecular markers associated with
malignant transformation in other organs have been ex-
plored in the cervix as well. Recent summaries of sur-
rogate endpoint biomarkers for cervical chemopreven-
tion trials give an overview of the diversity of markers
that correlate with cervical disease progression [28,29].
These studies have illustrated some of the many path-
ways altered during oncogenesis, but few have promise
as specific and sensitive early detection markers. In the
interest of brevity, only a few of the more recent reports
and/or novel markers are summarized in Table 4. Most
of these markers demonstrate significant and interest-
ing changes during the pathogenesis of cervical cancer,
but rely on a tissue context for interpretation. Some of
these markers may be amenable to automated scoring,
as demonstrated in the study of EGFR and transferrin
receptors [42].
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Table 3
DNA Changes Marker
Method Sample NumberConclusion Ref
(Norm/Pre/Inv)
FHIT (fragile RT-PCR 69 (21/13/35) Abnormal transcripts in 0% normal, 0% CIN, 40% cancers [78]
histidine triad) 98 (0/65/33) Reduced in 61% squamous cancers, 33% HSIL [9]
Tumor suppressor
3pl4.2 IHC 212 (22/95/95) Reduced in 71% cancers, 52% HSIL found with cancer, 20% HSIL witfaajt
cancer
IHC 37 (0/14/23) Reduced in 65% cancers, 57% in situ cancers [33]
IHC 58 (6/22/30) Reduced in 43% cancers but not CIN and normal [97]
RT-PCR 110 (40/22/48) Full length transcripts in all normal and CIN but 25% normal and 27%
CIN also have aberrant transcripts; 37% cancers have aberrant or absent
transcripts
IHC (cytology) 131 (74/57/0) Reduced in dysplasia [87]
RT-PCR and IHC 68 (33/35/0) Full length transcripts in all, but 20% CIN and 15% normal also [¥®F
aberrant transcripts IHC matches RT-PCR
RT-PCR 5 (1/0/4) Full length and truncated transcripts in all samples [57]
IHC 74 (0/51/23) Reduced in 50% CIN 3 and 78% cancer [13]
hTERT Gene FISH, IHC 91 (0/3/88) hTERT gene amplification in cancers (31%) correlates with hTERT [98]
amplification regulation and HPV infection
5qg31
TERC (RNA FISH 57 (32/25) 92% sensitivity and 91% specificity in detecting CIN 2/3 (23/25) relatj2é]
component) gain (cytology) to normal, atypical and LSIL (3/32) with threshold of 2.5% cells for TERC
3q genomic DNA amplification
DNA MSP: 73 (30/24/19) Methylation of p16 and MGMT increased with disease (3% normal, BB}
Methylation pl16, RARS, 29%CIN 2/3 and 26—-42% cancers). One or more genes in panel methylated
Markers FHIT, GSTP1, in 30% normal, 71% CIN 2/3 and 74% cancer
MGMT,
hMLH1
MSP: 30 (10/0/20) Hypermethylation in 0% normal, 40% cancer [16]
E-cadherin
MSP: HPV 16 81(25/23/33) Decreased methylation in 48% normal, 78% CIN, 94% cancer [5]
LCR/E6
LOH 3p14, 3p21, 52 tumor/control LOH seen at all 6 loci. Sensitivity 96.7%, specificity 59.1% with LOH &1.5]
3p24, 3p25, pairs > 1locus
6p21
3p and 6p 57 (0/33/24) Frequent LOH at 3p and 6p [71]
Random primer
amplification
Microsatellite 72 (0/29/43) LOH at 3p is an early event, Ml is a late event assoc with progressiojé of
PCR for 3p, 6p, CIN to invasive cancer
6q
Microsatellite 19 (0/19/0) LOH at 3p loci could be predictor of progression [53]
PCR for 3p
Multiplex PCR 37 (19 recurrent LOH at 3p14.2 potential predictor for tumor recurrence [48]
for 16 CIN and 18 non-
microsatellite recurrent CIN)
markers

Norm = normal or no disease; Pte preinvasive disease, all grades of CIN; INVinvasive cervical cancer.
Unless otherwise specified, assays are performed on tissues.

IHC = immunohistochemistry; RT-PCR Reverse transcription-Polymerase chain reaction.

FISH = fluorescent in situ hybridization; MSP methylation specific polymerase chain reaction.

LOH = loss of heterozygosity; M= microsatellite instability.
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Table 4
Other markers Marker
Method Sample Number Conclusion Ref
(Norm/Pre/Inv)
Glucose IHC/ISH 218 (34/90/94) Expression restricted to basal layers in normal/CIN 1, increasing to [fzdl]
transporter 1 thickness in CIN3 and cancer
(GLUT1)
Matrix IHC 54 (10/29/15) Negative in normal and CIN 1, MMP-2 moderate to strong in 38% C[2]
metalloproteinase 2,80% CIN 3, 100% cancers, MMP-1 only in 90% cancer
(MMP)
Laminin-5 IHC 90 (0/55/35) Positive in 4% CIN 1 /2, 34% CIN 3 and 100% cancer. The one positiga]
CIN 2 was later shown to be cancer
Metallothionein IHC 119 (31/67/21) Confined to lower epithelium in all normal/CIN 1 and most CIN2, ngz8]
full-thickness in CIN 3 and cancer
Epidermal IHC 42 (12/20/10) Positive in 90% cancer, 87% HSIL, 20% LSIL, 0% normal [55]
growth
factor receptor
(EGFR)
IHC (cytology) 63 (15/48/0) Positive in 100% HSIL, 85% LSIL, 78% ASCUS, 27% normal. Autd42]
mated assay
Transferrin IHC (cytology) 211 (123/87/1) Positive in 96% HSIL /cancer, 85% LSIL, 87% atypical, 19% negati{42]
receptor Automated assay
Erythropoietin IHC 170 (85/70/15) Confined to lower epithelium in all normal/CIN 1 with progressi@]
receptor (EpoR) increase to full-thickness in CIN 3 and cancer

Norm = normal or no disease; Pte preinvasive disease, all grades of CIN; INVinvasive cervical cancer.
Unless otherwise specified, assays are performed on tissues.
IHC = immunohistochemistry; ISH- in situ hybridization.

6. Systematic search for markers didates, and conclude than no one marker alone had the
expected performance. Interestingly, MCM6 was iden-
New high-throughput technologies for gene, protein tified as one of the most promising. As noted above,
and metabolic analyses have the potential to allow an proteinsin the MCM family were noted in other studies
unbiased search for novel or unsuspected alterations to be potential candidates for early detection. A novel
specific to disease states. These methods were firstcDNA fragmentnamed C4.8 was discovered from gene
applied to tissue culture and animal models of HPV profiling using differential display PCR of cDNA from
transformation and only recently to tissue samples from tumorigenic versus non-tumorigenic HPV16 immortal-
women with invasive cervical cancer. To date none of ized keratinoctyes [65]. This subsequently matched to
the markers have been validated, however the approacha newly described gene NET-1, a new member of the
is one of the most promising for the marker discovery tetraspanin superfamily [94]. This family of genes has

process. been reported to play a role in many different func-
tions including signal transduction, adhesion, migra-
6.1. Genomic tion, proliferation and differentiation. Using immuno-

histochemistry NET-1/C4.8 protein was found to be dis-
Table 5 summarizes studies that have used gene ex-tinctly up-regulated in only a subset of high grade le-
pression profiling to identify potential biomarkers. In  sions and cancers [94]. NADH dehydrogenase 4 and
the largest study, genes commonly involved in cell pro- a gene encoding ribosomal protein S12 were found to
liferation or associated with the extracellular matrix be significantly up-regulated not only in cancerous le-
were found to be up-regulated in squamous intraepithe- sions but also in adjacent histopathological normal ep-
lial lesions and cancer [17]. Quantification of the most ithelium [19], indicating their potential as field effect
significant expression changes indicated a progressive markers of high grade lesions. Other genes that po-
increase from LSIL to HSIL to invasive cancer. The tentially identify high grade CIN and cervical carcino-
authors used in situ hybridization on tissue microarrays mas include up-regulation of IGF-BP3 [8] and down-
to examine the sensitivity and specificity of 17 top can- regulation of GATA-3 [86], a cellular transcription fac-
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Table 5
Studies using profiling
Profile Method Sample Number  Conclusion Ref
(Norm/Pre/Inv)
Gene expression  cDNAfilter array 10 (5/0/5) Candidate markers identified, demonstration on few cell ling8@hd
tumors
DD-PCR HPV model Candidate markers tested by ISH on tissue sections; Novel c§65,94]
system didate gene NET-1/C4.8 found in subset HSIL, cancer
DD-PCR 6 (6/0/6); Microarray and reverse northerns used to confirm candidate geffit3,19]
Tumors with in additional 13 tumor/normal tissue pairs. NADH dehydroge-
normal margins nase 4 and ribosome protein 12 identified as potential markers of
field effect
cDNA HPV model Increased IGF BP-3 identified. ISH verification of expression i8]
microarray system 0/5 normal, 5/5 HSIL
DD-PCR HPV model system  Reduced GATA-3 identified. ISH verification of expression[86]
14/14 normal, 8/8 CIN 1 /2, 1/9 CIN 3, 8/12 cancers
cDNA 34 (12/10/12) Candidate genes studied by ISH on tissue microarrays. Nongla@f
microarray 62 markers meet criteria for improved screening
Fatty acid profile  Gas-liquid 82 (17/24/41) Linoleic acid (% of total fatty acids) declined progressively froff1,52]
chromatography normal (17.9%) to CIN (14.0%) to cancer (9.5%). Significant

decrease in the level of saturated fatty acids and increase in mo-
nounsaturated fatty acids (% of total) from normal to CIN to

cancer
Infrared spectra IR spectroscopy 156 (136/8/12) IR spectral features of normal differed from dysplasia and can{@5)
of exfoliated Glycogen reduced dramatically in cancer cells

cervical cells

Norm = normal or no disease; Pte preinvasive disease, all grades of CIN; INVinvasive cervical cancer.

tor. However, as discussed above, decreased serumacids also declined but monounsaturated fatty acids in-

IGF-BP3 was associated with cervical neoplasia. creased with carcinogenesis [52].
Infrared (IR) spectroscopic studies of exfoliated cer-
6.2. Metabolomic vical cells demonstrated significant spectral changes

encompassing several bands discriminating normal,

Metabalomics is the process of characterizing a pro- dysplastic and malignant cervical cells [66,95]. IR
file of the wide range of small molecules of metabolism SPectraindicated a dramatic and progressive decrease in
such as fatty acids, lipids, nucleotides and peptides. the amountof glycogen from normal cells to dysplastic
Since disease often results in profound changes in cellu- @nd cancer cells. This latter observation has been ex-
lar metabolism, this approach can be used to determine Ploited clinically for many years to highlight dysplastic
disease specific profiles and facilitate biomarker dis- €pithelium as non-staining areas after the application
covery [34]. Metabolic profiles can be generated from ©f iodine (the Lugol's test). Further systematic analy-
Ce”u'ar extracts using a Variety of ana'ytic approaches sis of the metabolome as revealed in exfoliated Ce”s,
Such as gas Chromatography/mass SpectrophotometrycerVical mucous, Urine, plasma or serum hold promise
(GC/IMS), infrared spectroscopy or nuclear magnetic for biomarker discovery.
resonance (NMR). A recent study was able to generate
distinct metabolic profiles for Arabidopsis genotypes 6.3. Proteomic
using GC/MS, a concrete demonstration of the feasibil-
ity of the approach [27]. Although systematic studies While it is estimated that the 30,000 transcripts from
have not yet been published on applications in cervi- the human genome are a rich source for biomarker
cal neoplasia, a few studies demonstrate the potential discovery, characterization of the human proteome
(Table 5). Using gas liquid chromatography on tissue will likely be more informative. This is because
extracts, Louw et al. [51] found a significant decrease one transcript can represent hundreds of potential pro-
in the content of linoleic acid in preinvasive lesions and teins because of alternate splicing strategies, post-
cancers compared to normal cervix. Saturated fatty translational processing, protein structure and protein
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splicing. Characterization of the human proteome is spectroscopy involves illuminating the cervix with var-
linked to the completion of the human genome and de- ious wavelength emissions followed by capturing the
pends on methods capable of resolving the many pro- reflected or fluorescent spectra with the same fiber
teins that exist in complex biologic samples. Methods optic probe. Both fluorescent and reflectance spec-
for protein characterization include multi-dimensional troscopy studies have been conducted and compared
electrophoresis and mass spectroscopy. Integration of to the Pap smear, colposcopy, and cervicography for
these two technologies allows for greater resolutionand detecting SIL. As summarized in recent reviews, spec-
enumeration of the proteins in biological samples. To troscopic imaging was shown to have similar sensitiv-
date, only very preliminary applications of proteomic ity and specificity of the Pap smear for screening [59]
techniques to cervical cancer have been published [7, and similar sensitivity and specificity of colposcopy for
90]. Both studies used a mass spectroscopy technique diagnosing HGSIL [60]. It is possible that by com-

called SELDI (surface enhanced laser desorption ion-
ization) to profile the proteins in cell and tissue ex-
tracts. This emerging field has great potential to dis-
cover, identify, and validate proteins that could serve as
early detection biomarkers. Studies that analyze non-
invasively collected samples such as serum (plasma),
urine or cervical mucous, are more likely to identify
markers that could be easily adapted to a screening
setting.

7. Combining molecular markerswith other
technologies

Given the biologic complexity of neoplasia, it is un-
likely that any one biomarker will have the sensitivity
and specificity required to improve early detection of
cervical neoplasia. Combining multiple markers into a
panel of tests is one solution to this problem. Another
option would be to add molecular markers to existing
screening technologies. Immunohistochemistry mark-
ers applied to the traditional cervical cytology plat-
form have the potential to mark potentially abnormal
cells to ensure they are not missed during screening, or
to identify cells for careful cytogenetic analysis using
FISH or similar technologies. MCM, discussed ear-
lier, was shown to be effective in Pap smear materials,
and may contribute to improved detection of abnormal
cells [92]. Similarly, the observation that dysplastic
cells have increased cervical acid phosphatase (CAP),
has been combined with routine Pap smear prepara-
tions, to highlight abnormal cells using colorimetric en-
zyme histochemistry, the CAP-PAPM test [54]. The

effectiveness of these approaches to reduce false neg-

ative Pap smears, without introducing increased false
positive results, awaits evaluation in much larger clini-
cal trials.

The properties of cells change during neoplasia and
this characteristic is exploited and detected using spec-
troscopic methods. Direct imaging of the cervix with

bining fluorescent and reflectance spectroscopy tech-
nigues, better discrimination of SIL detection of the
intact cervix can be accomplished.

Spectroscopy on saline collected exfoliated cervi-
cal cell pellets has shown very promising sensitivity
and specificity for detection of abnormalities verified
by biopsy at colposcopy, but studies are very limited
and criteria for grades of dysplasia have not been es-
tablished (see for example [32]). Only one study at-
tempted Fourier-transforminfrared spectroscopy onin-
dividual cells prepared for Pap smear screening [21].
They found that 95% of the exfoliated cells displayed
2 distinct spectral patterns. Interestingly, normal cells
from women with dysplasia and cervical cancer dif-
fered from normal cells collected from women with
normal morphology. Analysis of the spectra revealed a
continuum of changes indicative of structural changes
at the cellular level even though the cells were cytolog-
ically normal.

Additional imaging approaches are being developed
that use optically active contrast agents to directly vi-
sualize molecular signatures of cervical cancer [84,85].
The goal of these approachesis to allow real-time diag-
nosis by imaging the intact cervix, so that women can
receive definitive treatment at the time of the screening
visit [20]. Significant improvements in imaging tech-
nology as well as refinement of the molecular targets
for imaging will be required before this goal can be
achieved.

8. Conclusions

In stark contrast to the large population-based trials
used in the evaluation of cervicography, liquid-based
cytology and HPV testing, conclusions about molec-
ular markers have been reached on the basis of few
samples. Of the 64 studies highlighted in Tables 1-5,
the highest sample number was 569. The vast majority
(59, 98%) included 200 or less, and a little over half
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(34, 53%) included less than 100 samples. The small
numbers may be attributable to the fact that many of
the assays have not been adapted to a high through-put
screening format. In addition, pilot studies have not
been encouraging enough to justify large scale valida-
tion studies. Combinations of markers identified by

new techniques designed for systematic searches hold

the most promise. Itis clear that there is a large amount
of research required before the molecular Pap smear [10]
becomes a reality. NCI's Early Detection Research
Network, funded to initiate interdisciplinary collabo-
rations advancing translational research in the area of
early detection, is facilitating progress in this area.
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