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genetically substantiated by LOH studies in primary cervical tumors,
which have revealed a high frequency of allelic loss on chromosomes
3p (8â€”12),4p,4q (13,14),and 1lq (15â€”17)among others(13,18,19).

Early LOH analyses confirmed reports of nonrandom, cytogeneti
cally visible deletions and insertions of chromosome 3p in primary
CCs (20) and roughly localized a common region of genetic alteration
to 3pl4â€”p2l (8). Subsequent mapping has subdivided this broad
region into 3pl4 (9, 10) and 3p2l (9), whereas unique tumor-specific
losses have also been described within 3p25â€”pter (9). Such LOH

studies have, however, used limited numbers of informative markers,
particularly for genome-wide allelotype analyses of larger CC collec
tions, and have consequently resulted in a wide range of reported LOH
frequencies (35â€”100%;Refs. 8â€”13, 18, and 19). Moreover, the use of
independently developed PCR-based microsatellite markers with lim
ited information on physical location or integration into established
genetic maps (10) has made it difficult to arrive at a common con
sensus regarding the frequency and significance of 3p alterations in

CC.
Here we report an extensive, high resolution analysis of 66 primary

tumors and 16 CC-derived cell lines with 30 microsatellite markers

from chromosome 3p, using a semiautomated, multiplex LOH ap
proach (14, 21). Our results show that Al on 3p is a very frequent
event and that Al often involves several distinct regions of the
chromosome arm. We also used analysis of marker homozygosity in
16 CC-derived cell lines as an indirect measure of LOH; statistical
analysis of these results suggested several regions of loss in common
with primary tumors, with marked homozygosity for loci at 3pl'4.2.
During these analyses, we identified HDs encompassing the FHJT
gene (22) in four cell lines. This prompted a careful reevaluation of
the LOH patterns in the primary tumors and revealed apparent reten
tion of heterozygosity for loci at 3pl4.2, leading to the identification

of several additional HDs that appear to have occurred early during
tumorigenesis.

MATERIALS AND METHODS

Tumor Specimens. Primary CCs and matched noninvolved tissue or pe
ripheral blood cells were collected from 66 consenting patients undergoing
radical hysterectomy. The study collection comprised 50 squamous cell car
cinomas (25 stage I, 13 stage II, 3 stage III, 1 stage IV, and 8 tumors with no

information on stage available), 12 adenocarcinomas (6 stage I, 2 stage III, and

4 tumors with no information on stage available), 2 adenosquamous carcino
mas (both stage I), 1 sarcoma (stage I, moderate to poorly differentiated), and

1 small cell neuroendocrine tumor (stage I; grade unknown). All grades of
tumor (well, moderate, and poorly differentiated) were represented in the

squamous and adenocarcinomatous subtypes. DNA was isolated from tumors
enriched for neoplastic cells and paired normal tissue as described previously
(16).

Microsatellite Loci. Primer sequences flanking 30 polymorphic microsat
ellite loci mapped to chromosome 3p were obtained from the Genome Data

Base (http:llgdbwww.gdb.org/gdb/map). Loci were grouped into four multi
plex panels on the basis of amplified allele size and chromosomal location
(Table 1).For loci with overlapping allele sizes, one primer from each pair was
differentially end-labeled with either 6-FAM, TET, or HEX to allow coelec
trophoresis in single gel lanes (Table 1). All microsatellite loci, with the

exception of D3S1481, were amplified using â€œtouchdownâ€•PCR with an initial
annealing temperature of 67Â°C(14). The D3S1481 locus was amplified with
initial and final annealing temperatures of 58Â°C and 48Â°C, respectively.

ABSTRACT

Although loss of heterozygosity (LOH) for loci on chromosome 3p is a
common event in cervical carcinoma (CC), the frequency and affected
regions of 3p are inconsistent among studies. Here we report a compre

hensive analysis of LOH on 3p in 66 primary tumors and 16 CC-derived
cell lines using a high density of marker loci. Clonal LOH was found in
over 70% ofprimary tumors, and the patterns ofloss indicated four to five
target regions, with 3pl4 being the most frequent. The majority of tumors
had complex patterns of allelic imbalance, with regions of subclonal and
clonal losses often present in individual tumors. We exploited marker
homozygosity in CC-derived cell lines as an indirect measure of LOH and

identified four homozygous deletions (HDs) during this analysis at loci
located within the 3p14.2 region to which the FHIT gene has been mapped
recently. This led to a careful reevaluation ofthe LOH patterns in primary
CCs, which showed apparent retention of heterozygosity for loci in this
region indicative of the presence of several additional HDs. To our knowl

edge, this is the first report of liDs encompassing the FHJT gene region in
primary tumor samples and underscores the usefulness of high resolution
genetic analysis of tumor genomes in determining the chromosomal ab
errations underlying the malignant progression of CC.

INTRODUCTION

CC4 is one of the leading causes of cancer-related morbidity and
mortality in females worldwide ( 1, 2). Infection of cervical epithelium
with high-risk subtypes of the HPV is an unquestionable risk factor
for cervical dysplasia and invasive cancer (3). However, epidemio
logical studies have suggested that only a very few dysplastic lesions

will undergo malignant transformation, and of those that do, progres
sion to an overtly invasive cancer is generally associated with a long

latency period often measured in decades (2). Thus, HPV infection
alone appears to be insufficient for the transition to a fully malignant
phenotype and suggests the involvement of other genetic and/or
epigenetic events in cervical carcinogenesis. This is strongly sup

ported by cytogenetic and molecular genetic analysis of primary
tumors and cell-based models of CC. In the latter, introduction of
individual chromosomes, such as 4 and 1 1, to malignant CC-derived

cell lines is sufficient to suppress certain component parts of the
tumorigenic phenotype (4â€”6). In addition, cell fusion experiments
involving cervical epithelial cells transfected with HPV types 16 and
18 demonstrate that certain key events, such as immortalization and
anchorage-independent growth, are mediated, at least in part, by
recessive mutations in TSGs (7). These interpretations have been
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Table I Chromosome 3p multiplexmarkerpanelsMarkerAllele

sizeEnd-labelPanel
1 framework3pter-pl1:AVG.HE'!â€•':0.79

3pter@p25â€• D3S1307:(0.80f237_251d@rn@e3p25â€”p24.2
D3S1304:(0.79)253â€”269FAM3p25â€”p24.2
D3S1263:(0.86)231â€”250HEX3p25â€”.pZ&2
D3S1293: (0.79)116â€”144TET3p24.2â€”p22
D3S1266:(0.72)289â€”299FAM3p24.2â€”p22
D3S1619:(0.73)161â€”165TETp2l.2â€”p2l.l
D3S1578:(0.88)140â€”166HEX3p2l.lâ€”pl4.2
D3SI3fK,':(0.82)217â€”241FAM3pl4.2â€”pl'I.l
D3S1600:(0.72)182â€”196FAM3pI4.lâ€”pI2
D3S1261:(0.84)185â€”217TET3pl2
D3S1284:(0.74)155â€”178FAM3pll.l-cen
D3S1752:(0.81)181â€”208HEXPanel

2 3pter-pl4.2: AVG. HET:0.833pterâ€”p25
D3S1297:(0.82)219â€”233TET3pterâ€”p24.2
D3SISÃ”O:(0.82)239â€”247FAM3pterâ€”p24.2
D3S1597:(0.80)168-180FAM3p25â€”p24.2
D3S1286:(0.88)119â€”153FAM3p24.2â€”p22
D3S1211:(0.88)180â€”210HEX3p24.2â€”p22
D3S1298:(0.87)194â€”220FAM3p2l.2â€”p2I.l
D3S1582:(0.80)154â€”178TET3p2l.Iâ€”pI4.2
D3S160t5:(0.78)236â€”252HEXPanel

3 3pl4.2-plI: AVG.HET:0.763pl4.2â€”p14.l
D3S1312:(0.75)215â€”225YET3p14.2â€”pI4.l
D3S1287:(0.68)255â€”263YET3pl4.lâ€”pl2

D3S1566:(0.84)229â€”249FAM3pl2
D351276:(0.71)190â€”202TET3pl2â€”pll
D3S1595:(0.83)295â€”317FAMPanel

4 3p2l.l-pl4.2: AVG. HEY:0.713p2l.lâ€”pl4.2
D3S1295:(0.61)120â€”150FAM3p2l.lâ€”pl4.2
D3S1592:(0.66)270â€”290FAM3p2l.lâ€”pl4.2
D3S1313:(0.68)220â€”240FAM3pl4.2

D3S1481:(0.83)80â€”110TEl'3p14.2
D3S1480: (0.78)170â€”255TET

3p ALTERATIONS IN CERVICAL CARCINOMA

loci. For the latter, the probability, P, of observing contiguously homozygous

loci is given by FHom at locus A X FHom at locus B X X FHom at locus

N', where FHom @5the expected frequency of homozygotes for a given locus

calculated by (1 â€”P), where P = the proportion of heterozygotes reported by
Genethon (24), and N is the total number of contiguously homozygous loci.

Homozygous deletions were detected by a total absence of a PCR product
from a given locus and confirmed by coamplification of a potentially deleted
locus with a syntenic or nonsyntenic positive control marker. PCR products
were electrophoresed in 3% Metaphor agarose gels (FMC, Rockland, ME).

Amplification of FHIT Exons in CC-derived Cell Lines. The statusof
FlIT exons 3â€”9was evaluated in the 16 CC-derived cell lines by multiplex

PCR. Sequences for oligonucleotide primers flanking exons 3, 4, and 6â€”9were
provided by Dr. Kay Heubner (Kimmel Cancer Center, Philadelphia, PA).
Intronic sequences flanking exon 5 were derived by direct sequencing of a

P1-derived artificial chromosome, GS-894l (25), using primers within exon 5.
Intronic primers for amplification of exon 5 were: e5NF2, 5'-AGGTGG
TATATGAACTGAGT-3'; and e5NR2, 5'-GAAGTGGGAGGGAGATG
GAT-3'. Primer pairs for exons 3, 4, and 5; 6 and 9; and 7 and 8 were amplified
in single tubes using AmpliTaq Gold (Perkin-Elmer) in a buffer supplied by

the manufacturer supplemented with MgCl2 to a final concentration of 2.5 mM.

Amplification was earned out as suggested by the manufacturer. Multiplex
PCR products were visualized by electrophoresis in 3% Metaphor agarose gels.

Apparent Retention of Heterozygosity. Putative HDs in primaryCCs
suggested by LOH patterns (see text) were evaluated by comparative multiplex

PCR and confirmed by Southern blot analysis. For multiplex PCR, selected
tumor/normal DNA samples were coamplified with D3S1300, D3S1481, or
D3S1480 and one to three syntenic or nonsyntenic loci (see text). Allelic
products were examined for the degree of signal reduction at one or more loci

in tumors with suspected homozygous deletions (see text). For Southern blot

analysis, matched pairs of normal and tumor DNAs were digested with BamHI

and/or HindIII and electrophoresed in 0.8% gels. Blotting and hybridizations

were carried out as described (16) using a partial FHJT eDNA containing
exons 2â€”9,which maps close to D3S1300 (22). The relative size of restriction
fragments containing exon 5 were calculated by concurrently comparing

Southern blot patterns and PCR-based analyses of cell lines with and without
known deletions of this exon.

RESULTS

LOH on 3p in Primary CC. Sixty-six primary CCs were initially
evaluated for LOH using a multiplex framework panel of 12 micro
satellite markers (Table 1) spanning chromosome 3p (3pterâ€”pl1) at an
average resolution of 10 cM. Al at one or more contiguous loci was

found in 55 of the 66 cases (83%). Comparison of allelic ratios to
histopathological estimates of neoplastic cell enrichment and allelic
ratios derived from other chromosomes exhibiting high frequencies of
Al in CC (14, 16, 2l)@ suggested clonal Al for 3p loci in 47 of 66
(71%) cases. A preliminary interpretation of the clonal deletion pat
terns suggested five distinct regions of allelic loss; (a) region 1 at
3pterâ€”p24.2 (D3S1307â€”D3S1304); (b) region 2 at 3p24.2â€”p2 1.1

(D3S1619â€”D3S1578); (c) region 3 at 3p2l.2â€”pl4.2 (D3S1578â€”
D3S1300);(d)region4 at3pl4.2â€”pl4.l(D3S1300â€”D3S1600);and
(e) region 5 at 3pl2. lâ€”pl1 (D3S1595â€”D3S1752). This initial analysis

also suggested that many of the tumors had acquired multiple genetic
alterations on 3p, because allelic loss patterns in only 3 of 47 tumors
could be interpreted as loss of the entire short arm.

High Resolution Mapping. To more finely delineate the putative
subregions of 3p undergoing allelic loss in CC, the tumor collection
was evaluated with selected markers from three additional multiplex
marker sets (Table I) comprising a total of 18 additional loci with a
composite average resolution of 4.3 cM. Of the 30 selected loci on 3p,
at least 24 (range, 16â€”29)were analyzed in each case. The 44 tumors
with either restricted or multiple clonal losses on 3p are depicted
schematically in Fig. 1 (3 tumors which exhibited clonal LOH for all
loci on 3p are not shown). High-resolution analysis failed to detect

a Average heterozygosity.
b Map location.

C Observed heterozygosity.

d Allele size range in base pairs.
e Fluorophore label.

Matched tumor and normal DNAs were amplified individually with each
marker from a given multiplex panel and pooled volumetrically along with an

internal size standard prior to electrophoresis (Ref. 14; Genescan Tamra 500;
ABI-Perkin-Elmer, Foster City, CA). DNA samples were assessed with frame
work panel 1 on two separate occasions, whereas loci delineating critical
genetic events were independenfly assessed at least three times using freshly
prepared dilutions from stock DNAs on at least one occasion each.

LOH Analyses. PCR productswere initiallyanalyzedwith Genescanand
Genotyper programs (Applied Biosystems, Inc., Foster City, CA), and allelic
ratios of heterozygous loci were calculated using a macro written in MS Excel
(14). Based on reproducibility tests designed to test allelic ratio variation
among contiguous loci (l4),@retention of heterozygosity was defined by ratios
in the range of 0.85â€”1.0,with Al reflected by ratios less than 0.84. Clonal
genetic alterations were defined as allelic ratios consistent with: (a) estimates
of neoplastic cell enrichment ascertained by histopathological examination of
multiple stained tumor tissue sections; and (b) the lowest allelic ratios obtained

from high resolution LOH analysis of nonsyntenic chromosomal regions
exhibiting high frequencies of Al in CC (14, 16, 21)? Allelic ratios inconsis

tent with these two criteria were classified as â€œsubclonalâ€•and represent genetic
events present in a small proportion of neoplastic cells. A conservative error
range of allelic ratio, AR Â±0.15, was set in accordance with reproducibility
tests to ensure distinction between true clonal and subclonal events (l4).@

Homozygosity Mapping in CC-derived Cell Lines. The polymorphic
status of the 30 loci in Table 1 was assessed in 16 CC-derived cell lines: 6
recently derived lines of SM7, DE3, CC3, XH1, JE6, and EH2 (23); and 10
â€œlateâ€•passage lines of SiHa, ME180, C33A, C4-l, CasKi, HeLa, MS751,
NCC-l, SKG-l, and 5KG-rn, which are widely available. Inferred LOH in the
cell lines was assessed by statistical analysis of: (a) intramarker homozygosity,
i.e., the deviation from the expected frequency of heterozygosity for each locus
in all cell lines using the f statistic; and (b) intermarker homozygosity within
individual cell lines exhibiting extensive regions of contiguous homozygous

S A. A. Larson and G. M. Hampton, unpublished data.

4083

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/57/18/4082/2464724/cr0570184082.pdf by guest on 19 M

ay 2023



S

S

S S

3p ALTERATIONS IN CERVICAL CARCINOMA

Loci

0
0
0

0
0
0

p

p

p

p

000

@Thimors

.,@ . C4@ â€˜@@@ â€¢@ I, _ â€¢,. ,. ,- C@l@@ @)@@ ) A

p - â€¢@0S o@o@i1@o 0 0 00 0 0 -00000000

-S xI-I0-0@0ISIIS@H00- - 000000 0

IS I!I - IIFi1UI@oI@flo 000 -00 000

x- SO-- ISIISIo000@I000_00-_000000
S --I@ - Ho 00000 0

S -- I!IISI_0_000__000x -0-0000

S -- 0I!I 00-0 0 00 0-

S
S - -F]-oR--0000 -00-00-00-00

S Sb I@I 00- 0- 0 0

S 0 - I_IRoH.o_I@_o_00oo_o-o0--o

S@ 00I!II!I @SO0000 00-00000 00

â€¢000000000000000 Iilo-o-0000000
@-0-@o0 H N Â° --

o0l-I-00I-l0o@oooo-I-l 00000000 0-0
illi1ISI00I@1ISIHo- ooo@J o o@-o o- --
â€˜Il-Il-fiji- I-Il@ I!I0 00@ - I@I0 0 -
-JL@IISIH-ISIH00 0--RH 000l-Iox000 o
DoI!IooI!Io000000@ @O0@ 00-000
-00 o@J-@--oR@oooNH@JH Hoo 000

,xolilI@I@Ho0 I@U00 oooo @oo -
---III 1,1 00 00000 00- ki- -
, -III 00 -0-'-O0-000000 00-000

H-I@Ioo - 0000 oRL@ o@1 -
I 0 @-@--000--0- -0001510 @I00000

@IIl H@ 0 @flhL@10

I@@

II-oI@-I5IRo00 -oooo-000fl-o-
â€¢S-E!j@ H_I@JL@Io00R-oo-00o500oI 1000
S 0 0 0 - 0 0 0 0 0 0 0 0[@- @-- - o o@

I U

D381307

D381297
A 1

U
D3815604

U' 7D381304
B\@ D381597

7 D3S1263

D381286
-â€˜3c@ @D3S1293

@ D301266

â€” D3B1211

D D381298
11
D381578

2
D381582

4
D381606

â€” 4

@ 0D391295
D3S1592

F 2
D301313

â€”â€˜ 2D3S1300
G 2D3814810

@ @D3S1312@

D381480 F

@ @D3S1284@

3 D381600

@%@D3B1287@

D381261 I

D3S1566

D381276 ISI@ i
3
D381595

â€” D3S1752

ic

oR
- III -

0@
-0 -

0

:L:

@ 0- â€˜@ -

0000@ 0

o-@ @l 0
00110@
0-Ho S
@-o@1x- -
@oRU-- S

0@o- S

Ilo
-E!Ho - â€¢t!fl!@
0o----o--oo

0 0- 00@0

ooo--oooL@o@

S

I

S

S

S

S

I

S

S

S

p

p

p

p

I

I

I

S

S

p26

p25

p24

p23

p22

p21.3

p21.2

p21.1

p14

p13

p12

p11.2

I

I

I

I

I

0

I
I

I

I

I

I

I

I
I

I
I

S

S

S

S

A
Fig. I . Al on chromosome 3p in primary cervical tumors. Left. an ideogram of the short arm of chromosome 3p. The physical order and genetic distances between the 30

microsatellite loci were derived from the 1996 Genethon map (24) and somatic cell hybrid bins Aâ€”K(43). The deletion patterns in 44 cases, designated by number, are depicted in the
center, beginning with the five tumors showing apparent retention of heterozygosity for loci at 3pl'l.2. 0, chromosomal retention; 5, clonal Al; 0, subclonal A!; â€”,uninformative;
x , microsatellite instability. Shaded boxes enclose regions of clonal loss.

any changes in the I I tumors with initial retention of 3p at every locus
tested by the framework panel.

Assessment of genetic alterations on 3p at both low and high
resolution showed that only a minority of cases exhibiting Al dis
played simple pauerns of loss and retention. Instead, a significant
number of tumors displayed allelic ratios for contiguous loci repre
sentative of both clonal loss and subclonal loss. Clonal interstitial
deletions were commonly delimited by id exhibiting subclonal Al,
which in turn were flanked by loci reflecting obvious chromosomal
retention (e.g., cases I938, 13, and 26; Fig. I ). To illustrate this
complexity, Fig. 2 shows the allelic ratios for loci on 3p in two cases;
J7, which displayed a simple LOH pattern consistent with an inter
stitial deletion bounded by D3S1313 and D3S1752; and 6175, which
contained a more complex pattern of Al. In the latter case, the criteria
outlined in â€œMaterialsand Methodsâ€•led to the assignment of both
subclonal and clonal regions of Al. The average allelic ratios for
contiguous loci representing clonal Al in tumor 61 75 were
0.45 Â±0.02, whereas the average allelic ratios for subclonal Al were

0.72Â±0.05.Theaverageclonalandsubclonalratiosinthiscasediffer
by more than 15%, which is significantly above the maximum devi
ation we have yet found for contiguous loci representing regions of
loss or retention (Ref. 14; see â€œDiscussionâ€•).If Alt (clonal and/or
subclonal) delimited by absolute retention of heterozygosity are com

pared in the 44 tumors (Fig. 1), which represents the most conserv
ative assessment, then the common regions of deletion defined by
high-resolution mapping were similar to those defined by the initial
framework panel analyses (see â€œResultsâ€•),with predominant of losses
at 3pterâ€”3p25,3pl4.2, 3pl3â€”3pl2,and 3pll.

Clinicopathological Correlations. Frequencies of Al were com
pared in adenocarcinomas (n = 12), adenosquamous carcinomas
(n 2), and SCCs (n = 50). A statistically significant difference was
found between these histopathological types: 41 of 50 (82%) SCCs
demonstrated clonal Al, whereas only 5 of 12 (42%) adenocarcinomas
revealed clonal alterations (P < 0.005, by f analysis). Moreover,
neither of the two adenosquamous tumors exhibited genetic changes
on 3p; therefore, Al was strongly associated with SCCs as compared
to adenocarcinomas and adenosquamous carcinomas together
(P < 0.001). No statistical correlations between Al at 3p loci and
tumor stage, grade, or HPV status were evident.

Homozygosity Mapping in CC-derived Cell Lines. Because of
the frequency and complexity of 3p alterations in primary cervical
tumors, the polymorphic status of 30 loci (Table 1) was determined in
16 CC-derived cell lines in an attempt to provide a clearer picture of
3p losses from a clonal source. Two salient features of the mapping
analysis are summarized schematically in Fig. 3. We found significant
intramarker differences between observed and expected heterozygos
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3p ALTERATIONS IN CERVICAL CARCINOMA

expected based on the prevalence of Al in primary CCs. This could be
ascribed in part to the absence of inferred LOH in cell lines derived
from adenocarcinoma (HeLa and JE6) or adenosquamous (XH1)
primary tumors, in contrast to the 10 of 13 cell lines (77%) derived
from squamous cell carcinomas displaying homozygous regions. This
result mirrors the difference in the frequency of losses in these
histopathological subtypes in the primary samples described above.

We also observed that DNA samples from the C33A, HeLa, and
MS75 1 cell lines failed to amplify with marker D3S1300; DNA from
the HeLa and SiHa lines failed to generate a PCR product with
D3S1481; and HeLa, in addition, failed to amplify with D3S1480,
suggesting the presence of homozygous deletions of variable sizes in
these cell lines (Fig. 2). The four putative HDs at 3pl4.2 were
confirmed by coamplification experiments with the syntenic marker
D3S1597 (data not shown). Subsequent fine mapping of the HDs with
additional loci derived from direct sequencing of a P1-derived artifi

cial chromosome contig encompassing 3p14.2 defined an approxi
mately 50-kb common region of deletion between D3S1300 and
D3S14815 to which the candidate TSG, FH!T, was mapped recently
(22).

Evaluation of FHJT Gene Exons in CC-derived Cell Lines. To
evaluate whether the homozygous deletions encompassed by markers
D3S1300â€”D3S1480 found in the four CC-derived cell lines specifi
cally affected this gene, exons 3â€”9were amplified using a multiplex
PCR approach in these four cell lines and in the other 12 lines, which
showed no evidence of homozygous deletion. Deletion of exon 5,
which is known to contain the transcriptional initiation codon, was
detected in three of the cell lines; HeLa, MS75 1, and C33A. In
addition, the HeLa and C33A cells also demonstrated a lack of
amplification for exons 3 and 4. Although homozygous deletion of the
D3S1481 locus was found in SiHa, all tested exons of the FH!T gene
were found to be present, implying that the homozygous deletion in
this cell line did not affect the coding region of the FHJT gene.

Apparent Retention of Heterozygosity at 3pl&2 in Primary
CC. The identification of HDs at 3pl4.2 in four tumor-derived cell
lines prompted a careful reevaluation of the LOH patterns on 3p in

primary CCs. Although interstitial deletion breakpoints in several
tumors delineated a common region of allelic loss between D3S1300
and D3S1481 (e.g., 6461, 1084, and F47 in Fig. 1), other tumors such
as 243, 7, and 9 (Fig. 1) exhibited LOH for loci both proximal and
distal to one or more of these markers. Moreover, cases 5 175 and

5675displayedchromosomalretentionat D3S1300,D3S1481,and
D3S1480,withclonalandsubclonalAl atcontiguousflankingloci.
Because these LOH patterns were analogous to those observed for
closely spaced markers encompassing the INFcx and p16 genes at
9p2l (26, 27), we reasoned that the retention of heterozygosity at
3pl4.2 loci in our tumor samples might represent amplification of

small quantities of contaminating, nonneoplastic cells within the tu
mor specimens. To test this possibility, markers D3S1300, D3S1481,
and D3S1480, which showed retention of heterozygosity, were coam
plified with one or more syntenic or nonsyntenic loci, such that any
reduction in signal intensity at 3pl4.2 loci could be quantified with
respect to internal control amplification signals. Table 3 shows three
examples of tumors in which there was a tumor-specific signal reduc
tion at 3pl4.2 loci compared to syntenic or nonsyntenic markers
outside of this region. This analysis strongly suggested the presence of
homozygous deletions in tumors 7, 9, 243, 5175, and 5675. Fig. 4
shows the results of semiautomated multiplex PCR in case 5675. To
confirm the putative HDs, Southern transfers ofBamHl and/or HindIlI
digests of some of these tumors were hybridized with a partial FH!T
cDNA probe to evaluate the status of exon 5, which maps close to
marker D3S1300. Representative hybridization results for case 5675
are shown in Fig. 5. This analysis confirmed HD in cases 9, 5175, and
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Fig. 2. â€œSimpleâ€•and â€œcomplexâ€•pattern of Al on chromosome 3p in cervical carci
noma. Microsatellite markers are listed in order from the telomere (3pTER) to the
centromere (3pCEN') on the left and in line with allelic ratios for each locus. Case J7
exemplifies a tumor with a simple clonal interstitial deletion, having an average allelic
ratio for loci with Al of 0.39. Tumor 6175 contains both clonal and subclonal alterations
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of the areaunderthe allelicpeaksof heterozygousId formatchednormal/tumorDNA
samples. Ni, uninfonnative; MI, microsatellite instability (21). Clonal regions of loss are
enclosed in thick-bordered open boxes; tubclonal regions are enclosed in simple open
boxes.

ity for many of the loci tested (see Fig. 3), implying that LOH was
prevalent in the CC-derived cell lines. Within individual cell lines, 6

of 16 exhibited extensive regions of 3p, where multiple contiguous
loci were found to be homozygous. For example, the DE3, ME18O,
and SKG-I cell lines displayed homozygosity at all of the loci tested
(range, 29â€”30),suggesting loss of the entire chromosomal arm. In
contrast, locus homozygosity in the other lines, 5KG-Ill, MS751, and
NCC-CC1, implied more restricted regions of LOH. We also observed
less extensive regions of contiguous homozygosity in four other cell
lines: 3pterâ€”3p25in CasKi; and 3p2lâ€”3pl4 in lines SiHa, C4-1, and
CC3. Statistical analysis of homozygosity patterns observed within
each of the cell lines are presented in Table 2. Overall, the frequency
of inferred LOH (10 of 16 cell lines; 62.5%) was slightly lower than
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5675 and was suggestive of HD in cases 7 and 243, where the DNA
samples were slightly degraded.

DISCUSSION

Although alterations of chromosome 3p in carcinoma of the uterine
cervix are well documented (8â€”11, 13, 18, 19, 28), discrepancies exist
as to the frequency of allelic losses and the inferred map positions of
commonly altered regions. In an attempt to derive a consensus dele
tion map, we have evaluated 66 primary tumors and 16 CC-derived
cell lines for LOH and inferred LOH, respectively, with a high density
of highly polymorphic loci. Evidence of Al, which we define here as
any reproducible deviation in allelic ratio from values representing
retention of heterozygosity (i.e., <0.84; see â€œMaterialsand Methodsâ€•)
was found in 83% of cases. AIs interpreted as clonal, i.e., present in
the majority of tumor cells, were seen in 7 1% of cases, with only three
tumors exhibiting loss of the entire short arm, and 33 of 44 cases
showing multiple alterations (Fig. 1). Thus, our estimates of the
frequency of LOH on 3p in CC fall in the mid-range of previous
estimates, which vary from 36 to 100% (8â€”11, I3, 18, 19, 28).
Although prior studies have implicated regions 3p25 (9), 3p2l (9),
and 3pl4 (10, 29), our initial analyses with a framework multiplex

panel of 12 loci suggested the existence of as many as five distinct
regions of allelic losses (i.e., 3pterâ€”p24.2, 3p24.2â€”p2l.l, 3p2l.2â€”
p14.2,3p14.2â€”p14.l,and3pl2.lâ€”pl1).Attemptstomorefinelymap
these putative loci of interest revealed a high level of complexity
within 3p deletion patterns, because both subclonal and clonal re
gional losses were identified within single tumors.

Interpretation of ailelic loss has generally relied on a â€œcutoffâ€•value
for the assignation of LOH (e.g., <0.65 = LOH), based on the
difference between groups of allelic ratios defined by binomial dis

tribution (30, 3 1). However, reproducibility tests with the semiauto
mated fluorescent LOH detection system used here (l4)@ have sug
gested that cutoff values based on binomial distribution may include
significant errors. It is likely that ratios indicative of LOH include
both clonal and subclonal events, and ratios representing cases with no
LOH include error variation, which is system dependent. The accu
racy of the semiautomated system has allowed us to establish criteria
that distinguish different types of genetic events present in tumor
cells, when the relative degree of neoplastic cell enrichment is known.
Because the majority of our tumor specimens contain 70â€”90%neo
plastic cells (14, l6)@and the summarized Al data represent averaged
allelic ratios from multiple, independent experimental repeats, the
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Table 2 Regions of significant intermarker homozygosityin CC-derived cell lines

Cell line Regionof homozygosityâ€• Probabilityâ€•
C4.-l D3S1313â€”D3S1480 2.2 x

SiHa D3S1295â€”D3S1481 1.3X l0@
CC3 D3SI295â€”D3SI3cK@ 7.6x l0@
CasKi D3S1307â€”D3S1304 1.4 x
NCC-CC-I D3S1307â€”D3S1611 3.0x l0@
NCC-CC-l D3S1578â€”D3S1261 9.5x I0@@
MS751 D3S1307â€”D3S1566 2.8X l0_16
5KG-Ill D3S1307â€”D3S1595 4.0 X lO21
ME18O/SKG-LFDE3 D3S1307â€”D3S1752 7.6 x lO_22

U Marker loci that define the boundaries of the regions exhibiting continuous homozy

gosity.
b Probability of contiguous loci exhibiting homozygosity by chance alone (see â€œMa

terials and Methodsâ€•).

complex deletion patterns are likely real and not due to artifactual
error (see Fig. 2). In addition, we reserved any conclusions concerning
the distinction between clonal and subclonal Al for tumors with at
least two contiguous loci exhibiting concordant allelic ratios. How
ever, the identification of such genetic complexity has not only made
it difficult to unequivocally sublocalize putative TSG loci but also to
determine which regions are integral to cervical carcinogenesis.

The complexity of 3p alterations reported here can be interpreted in
several ways:

(a) Chromosome 3p may harbor several TSGs of relevance to CC.

Their abrogation during tumorigenesis, however, may rely more pre
dominantly on the occurrence of biallelic deletion rather than point
mutation in one allele of a TSG followed by gross chromosomal loss
of the remaining wild-type allele (32). Although this would lead to
homozygous deletion for a proportion of loci in some cases, the
relative timing of each event may lead to the appearance of clonal
deletions superimposed on subclonal deletions, which is a common
finding here. In addition, the relative copy number of chromosome 3p
at the time a genetic event occurs would tend to dictate whether such
events appear clonal or not.

(b) Chromosome 3p may harbor one or at most two TSGs for which
mutations and allelic losses are selected during tumorigenesis, but
other alterations are largely a consequence of genomic instability.
Because we find generally simple patterns of LOH on certain other
chromosomes in CC (l4),@ such instability might be relatively specific
to chromosome 3. The likelihood of chromosome 3p instability is
compelling, because 3pl4.2 contains the most inducible human fragile
site, FRA3B (33). As demonstrated by studies involving aphidicolin,
an inhibitor of DNA polymerase-a, common fragile sites exhibit an
increased frequency of DNA single-strand breaks and sister chromatid
exchanges in response to interference with DNA replication (33).
When somatic cell hybrids containing a single intact human chromo
some 3 were treated with low-dose aphidicolin, every analyzed clone
showed loss of the short arm at some point distal to 3pl I (34). The
chromosomal breakages were localized to 3pl't2 in 78.3% of clones
(34), with the remaining deletions arising from 3pl4.l, 3pl3, and
3pl 1 (35). This breakage specificity is consistent with the patterns of
A! in our tumor collection (Fig. 1), because 3pl4.2 was the most
common site of unequivocal interstitial deletions, followed by 3pl3â€”
p12 (e.g., cases F47 and 5686) and 3pl 1 (e.g., cases 37 and 47).
Interestingly, several of the risk factors for CC, such as carcinogenic
tobacco constituents and sexually transmitted disease pathogens (3),
have the potential to increase the plasticity of FRA3B (33) and, at
least in tumor cells, may lead to the loss of telomeric 3p sequences.
Because cervical tumorigenesis appears to be dependent, at least in
part, upon integration of high-risk HPV subtypes into the host ge
nome, the fact that FRA3B is permissive for viral integration (33, 36,
37) becomes highly relevant. Disruption of FRA3B by exogenous
DNA results in a higher frequency of deletions, translocations (38),

and amplifications (39) within flanking genomic regions. The recent
description of a primary CC in which the integration of HPV 16 into
FRA3B resulted in deletion of 3pl4.2 sequences (40) highlights the
interaction of a risk factor for CC with localized instability. Thus, a
proportion of the tumor-specific allele losses that we have observed
here may be unselected consequences of chromosomal instability.

After observing the complexity of genetic alterations in primary
CC, we sought to simplify the situation by analyzing marker homozy
gosity in 16 CC-derived cell lines, including five which have recently
been established (23). Because corresponding normal tissue DNA was
not available for any of the lines, we inferred LOH based on statistical
analysis of marker homozygosity (Table 2 and Fig. 3) to provide
estimates for the extent of regional LOH on 3p. Overall, we found
significant differences between observed and expected heterozygosity
for many of the markers tested (see Fig. 3), implying that LOH was
prevalent in the CC-derived cell lines. With the recognition that lines
derived from adeno- and adenosquamous carcinomas showed a sig
nificantly reduced frequency of 3p loss in the primary tumors, the
results were consistent with the frequency of Al observed in primary

tumors of squamous histology. The resolution with which homozy
gosity mapping allows the delineation of regions of LOH appears to
be highly dependent on the density of markers used. In this regard, the
identification of stretches of homozygous loci at 3pl4.2 in SiHa,
C4- 1, and CC3 provides a case-in-point, because these markers
(D3S1295â€”D3S1312)definea regionof only6cMandindividually
show a significant difference between the observed and expected
frequencies of heterozygosity, whereas most of the other markers on
3p are much more widely spaced on average. Thus, regions where

single markers exhibit lower heterozygosity than expected (e.g.,
D3S1297, D3S1619, D3S1600, and D3S1276) are candidate regions
for restricted LOH events and would require higher density mapping
to define the extent of these losses.

During this analysis, we also identified homozygous deletions of
loci within 3pl4.2 in four lines; HeLa, MS751, C33As and SiHa,
similar to results recently reported by Boldog el a!. (41). Extensive
genomic mapping of the HDs in our cell lines using additional 3pl4.2
loci and newly derived sequence tagged sites from a P1-derived
artificial chromosome contig of the region5 showed that these dde
tions appear to overlap between D3SJ3Ck) and D3S1481, a region to

which the candidate TSG, FHJT, was mapped during our analyses
(22). Evaluation of the status of FHIT exonic sequences showed that
exon 5 was deleted in lines M575l, C33A, and HeLa, and that the
latter two were also deleted for exons 3 and 4. SiHa, in contrast,

Table 3 Allelic ratios deris'edfrom multiplex analysis of 3pI'&2 loci

aPeakareaof alleleI.
bp@ areaofallele 2.

c(NAlft@A2)/(TAlffA2); where N = normal, T = tumor; allelic ratios >1.0 are
converted by I/[(NA l/NA2)/(TA ITI'A2)l.

d Markers exhibiting retention of heterozygosity with an overall tumor-specific signal

reduction.
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3p ALTERATIONS IN CERVICAL CARCINOMA

Fig. 4. Apparentretentionof heterozygosityfor loci withinthe
3pl4.2 chromosomal region of tumor 5675. Left. six 3pl4.2 micro
satellite loci. Top, 3pTER; bottom, 3pCEN. Electropherogram traces
for the normal (5675 N) and tumor (5675 7) genotypes are shown.
Each panel depicts a heterozygous marker (two peaks representing the
two alleles) in the normal and tumor-specific changes for each marker
in each of the tumor panels. The relative peak height for each allele is
measured in fluorescent intensity (fii) units. For each marker, the same
range of fluorescent intensity (range. 700-1200 fu) is shown for the
normalandtumorgenotypeson the Y-axisof eachtraceto illustrate
the tumor-specific reductions at D3S1313. D3S1300. and D3S1481.
Allelic ratios (Al) were calculated as described (44) and are shown in
the top right corner of each tumor panel. Arrows, LOH for markers
D3S1592,D351313.and D3S1312.

showed no deletions for any of the FHIT exons, yet it was homozy
gously deleted for marker D3S1481. Although our results largely
agree with previous reports, we note two discrepancies:

(a) Although deletion of exons 3â€”5 was readily apparent in our

HeLa cells, Druck et a!. (42) reported amplifiable signals of these
exons in their HeLa cells, although noting a possible diminution of
signal for restriction fragments containing these exons by Southern
analysis. Such a result appears to be consistent with heterogeneity for
cells with and without deletion of these exons. This discrepancy may
be explained by our use of a clonal derivative (HeLa-Durst) of the
widely available HeLa cell line used by Druck et a!. (42).

(b) Although exon 5 deletions were observed in lines M575l,

C33A, and HeLa, we have not observed any evidence for exon 5
deletions in the C4-l or CasKi lines as reported by Boldog et a!. (41).
The lack of HD in these lines is likely real because both of these lines
also express a single FHIT transcript of the expected size using a

single-round reverse transcription-PCR approach.6 Taken together,
these results suggest that significant heterogeneity exists with respect
to FHJT gene deletions in commonly available cell lines and that in at
least some cases, such as CasKi and C4-l, alterations of the FlIT
gene may have taken place during culture. In this regard, it is notable
that no HDs of FHIT exons were observed in the 5 recently estab
lished CC-derived cell lines (23) that were analyzed at low passage
numbers, whereas HDs were found in 4 of 11 cell lines which have
been in culture for many years.

Based on the finding of HDs in the CC-derived cell lines and the
heterogeneity associated with some of these deletions, the primary
tumors were reassessed to more qualitatively evaluate 3pl4.2 as a
region of importance. In this respect, an initial curiosity of the LOH

6 R. Gordon, unpublisheddata.
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markers used and their relative informativeness. For example, the
derivation of additional polymorphic loci at 9p2l has led to the
identification of a significantly greater number of HDs than first
reported (27).

In summary, we have shown that clonal genetic alterations of 3p are
a common event in CC, occurring in more than 70% of patients.
Although the patterns of Al in primary tumors are complex, the data
suggest that four to five regions are frequently altered in CC. Delin
eation of which regions are relevant to CC will likely require: (a)
evaluation of 3p losses at earlier stages of CC, such as in dysplasia
where the effects of genetic instability/heterogeneity may be less
apparent; (b) chromosome transfer experiments to correlate regional
loss with functional suppression; and (c) higher density mapping in
CC-derived cell lines.
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patterns in the primary tumors was the identification of cases with
retention for one or more 3pl4.2 loci flanked by Al at loci both
proximal and distal to this region (e.g., cases 243, 7, 9, 5175, and
5675; Fig. 1). These LOH patterns were analogous to the deletion
patterns exhibited by closely spaced loci encompassing the INFa and
pitS genes at 9p2l in which the apparent retention of heterozygosity

arose from amplification of normal cells contaminating the tumor
specimen (26). That these apparent retention of heterozygosity events
represented homozygous deletions was confirmed both by multiplex
PCR and in some cases by Southern blotting. The degree of signal
reduction at contiguous 3pl4.2 loci using multiplex PCR in the tumors
compared to normal controls appeared to be consistent with his
topathological estimates of neoplastic cell enrichment, implying that
these events were clonal (Table 3 and Figs. 4 and 5). In contrast to the
significant heterogeneity for HDs at 3pl4.2 in the CC-derived cell
lines, the presence of clonal HDs in primary tumors suggests, a priori,
the selection of a genetic event, e.g., disruption of FHIT or other
gene(s), occurring at an early stage of tumorigenesis. Overall, the
frequency of HDs in primary tumors is likely to be underestimated

because detection of such events is dependent on both the density of
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