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The common fragile site at 3p14.2 (FRA3B) is the most
sensitive site on normal human chromosomes for the
formation of gaps and breaks when DNA replication is
perturbed by aphidicolin or folate stress. Although rare
fragile sites are known to arise through the expansion
of CCG repeats, the mechanism responsible for com-
mon fragile sites is unknown. Beyond being a basic
component of chromosome structure, no biological ef-
fects of common fragile sites have been convincingly
shown, although suggestions have been made that
breakage and recombination at these sites may some-
times be mechanistically involved in deletions ob-
served in many tumors and in constitutional deletions.
In an observation related to the high rate of recombina-
tion at fragile sites, a number of studies have shown a
statistical association between the integration of
transforming DNA viruses and chromosomal fragile
sites. Using FISH analysis we recently identified a 1.3
Mb YAC spanning both FRA3B and the t(3;8) transloca-
tion associated with hereditary RCC. Here we report
the further localization of FRA3B within this YAC.
Using lambda subclones of the YAC as FISH probes,
gaps and breaks were found to occur over a broad re-
gion of at least 50 kb. Neither CCG nor CAG repeats
were found in this region suggesting a different mech-
anism for fragility than seen with rare fragile sites. We
further show that an area of frequent gaps and breaks
within FRA3B, defined by a lambda contig, coincides
with a previously characterized site of HPV16 integra-
tion in a primary cervical carcinoma. The HPV16 in-
tegration event gave rise to a short chromosomal
deletion limited to the local FRA3B region within

3p14.2. Interestingly, 3p14.2 lies within the smallest
commonly deleted region of 3p in cervical cancers,
which are often HPV16 associated. To our knowledge
this is the first molecular characterization of an in vivo
viral integration event within a confirmed fragile site re-
gion, supporting previous cytogenetic observations
linking viral integration sites and fragile sites. 

INTRODUCTION

Chromosomal fragile sites are loci which show gaps or breaks on
metaphase spreads of cells that have been grown in the presence
of inhibitors of DNA replication (1). Following induction, these
sites show increased sister chromatid exchange (2,3), a high rate
of translocation and deletion in somatic cell hybrid systems (4–6)
and an increased rate of recombination with pSV2neo DNA
artificially introduced into cells (7). It has also been suggested that
fragile sites may play a mechanistic role in chromosome breakage
and rearrangements involved in cancer (8,9).

The sequences of five ‘rare’ fragile sites have been cloned and
characterized and in all cases the mutation leading to the
expression of fragility is the expansion of a CCG trinucleotide
repeat (10–14). The rare fragile site mutations therefore represent
a subclass of the recently discovered repeat expansion mutations
involved in a number of human diseases. In the case of rare fragile
sites, the molecular instability observed at the nucleotide level is
translated through an apparent change in chromatin structure to
a higher-order instability observed at the level of the chromo-
some. This change in chromatin structure can give rise to disease
by modifying the expression of neighboring genes, as in the case
of FMR1 (15), or by mediating chromosome deletion as is
suggested in the 11q- (Jacobsen) syndrome (14).

Common fragile sites, on the other hand, have not been
convincingly implicated in disease processes. Even though these
sites make up the vast majority of fragile sites, little is known
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about their structure or biological role. While the rare fragile sites
arise via expansion of normally occurring CCG repeats and
represent aberrations in nucleotide and chromatin structure, the
large number of common fragile sites are a constant feature of the
genome. This constancy of common fragile sites suggests that
their overall nucleotide and/or chromatin structure is also
unvarying and implies a conservation of function. Fragile sites in
general are thought to represent genomic regions that replicate
late in S phase of the cell cycle (16) and this has been
demonstrated in the case of the FRAXA locus (17). Common
fragile sites are induced by agents that perturb DNA replication.
Therefore a greater understanding of common fragile sites may
lead to a greater understanding of the basic processes of DNA
replication and repair and how these may relate to chromatin
structure.

A number of cytogenetic studies have demonstrated an
association between common chromosomal fragile sites and the
sites of integration of human papillomaviruses (18–20). Recently,
human papillomavirus infection has been confirmed to be the
causative transforming factor in over 90% of cervical cancers
worldwide (21). A key step in the progression of benign cervical
tumors to invasive carcinomas is the integration of the normal
episomally-replicating HPV DNA into the cellular genome. It is
therefore possible that common fragile sites could play an
important role in the progression of cervical and other cancers, by
providing targets for viral integration. However, the actual
importance of common fragile sites in facilitating tumor pro-
gression through this process has not been established.

Using FISH analysis we recently identified a 1.3 Mb YAC
spanning both the t(3;8) translocation associated with hereditary
renal cell carcinoma (hRCC) and the common fragile site FRA3B
(22,23). Here we report the further localization of FRA3B to a
broad region within this YAC and show that a region of frequent
breakage within FRA3B coincides with a previously character-
ized site of HPV16 integration in a primary cervical carcinoma
(24). Furthermore, we show that the HPV16 integration event
gave rise to a short chromosomal deletion limited to the local
FRA3B region within 3p14.2. Interestingly, 3p14.2 lies within the
smallest commonly deleted region of 3p LOH in cervical cancers
(25). To our knowledge this is the first molecular characterization
of an in vivo viral integration event within a confirmed fragile site
region, supporting previous cytogenetic observations linking
viral integration sites and fragile sites.

RESULTS

In our previous experiments, we used FISH analysis on meta-
phase spreads expressing the common fragile site, FRA3B to
determine that YAC850A6 spanned this fragile site (23). Here we
extended this approach to sublocalize FRA3B within
YAC850A6. In this case, lambda subclones of the YAC were used
as FISH probes against aphidicolin treated metaphase spreads to
determine the relative positions of the probes to the fragile site.

First, YAC850A6 was subcloned into Lambda FIXII (Strata-
gene, La Jolla, CA). Hybridization of random lambda subclones
to pulsed field blots of MluI digested YAC DNA was then used
to determine the general position of several anchor subclones
within YAC850A6. DNA from these subclones was then
hybridized to the gridded library to extend small contigs. This 1.3
mb YAC is cleaved five times by MluI. Several lambda subclones
were positioned within the two most telomeric MluI fragments,

Figure 1. A schematic representation of YAC850A6. Above the map are
indicated the positions MluI sites, along with the position of the t(3;8)
translocation associated with hereditary renal cell carcinoma (22). The overall
FRA3B region is indicated by the extent of the two stippled lines. The MluI
fragments are labeled from largest to smallest A–G, with the sizes in kilobases
shown below each fragment designation. The numbers below the line indicate
the general position of relevant lambda clones determined as described in the
text. The overall size of the YAC is shown to the left of the map and the L and
R indicate the left and right pYAC4 arms, respectively. The distal (telomeric)
to proximal (centromeric) orientation of the YAC is indicated.

D and A (Fig. 1). The initial FISH experiments with three lambda
clones from these two regions (L48, L98 and L72) indicated that
the general position of FRA3B, as defined by gaps or breaks on
aphidicolin treated spreads, is within the MluI D and A regions.
The position of the FISH signals from lambda 48, which spans the
MluI site dividing fragments F from D, was nearly always
proximal to the fragile site gaps. Lambda 72, located in fragment
A, generally hybridized distal to the breakage. While lambda 98
was more frequently proximal, but also crossed giving FISH
signals on both sides and sometimes hybridized distal to the
fragile site.

A large region of frequent breakage is defined by FISH
analysis with lambda subclones 

Based on these preliminary data a 50 kb lambda contig was
extended from lambda 98 (Figs 1 and 2a). This contig contains the
MluI site dividing fragments D and A (Fig. 1) and therefore
defines its position as being approximately 365 kb from the
telomeric end of the YAC.

Table 1.  FISH data for individual lambda clones relative to aphidicolin
induced breakage

Clones N %Prox %Dist %Crossing (%Prox - % Dist)

48 21 95.2 4.8 0 90.4

263 28 75 7.1 10.7 67.9

98 31 41.9 29 6.4 12.9

89 77 33.8 27.3 18.2 6.5

247 33 33.3 27.3 18.2 6.0

270 51 37.3 37.3 17.6 0

16 62 16.1 46.8 21 –30.7

106 60 18.3 50 21.7 –31.7

72 29 3.4 72.4 20.7 –69

N = The number of metaphase spreads scored.
The %Prox, %Dist and %Crossing refer to the percentage of the time that signals
were seen proximal, distal or crossing the aphidicolin induced breakage, re-
spectively. Note that these values do not sum to 100%, because the percentage
of the time that FISH signals were observed directly in the middle of the break-
age was not included in this calculation.
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Figure 2. (a) The graphical results are expressed in terms of the absolute value of the difference between the percentage of time that a clone was distal or was proximal
to the fragile site. The lower the value, the more often a hybridization signal was seen equally on both sides of the fragile site. The lambda contig (phage clones 106–263,
represented by overlapping lines) spanning the MluI site dividing the A and D fragments and defining the region of aphidicolin induced breakage is shown below the
graph. This contig spans 50 kb. The distance between this contig and clone 72 is unknown. (b) The three photographs show partial metaphase spreads from a single
experiment in which the fragile site was induced with aphidicolin and lambda 247 used as a FISH probe. From left to right the hybridization signals indicated by the
arrows can be seen to occur proximal, on both sides and distal to the fragile site, respectively.

In order to better localize the region of gaps and breaks defining
FRA3B, individual members of this lambda contig were used in
FISH experiments on metaphase spreads expressing the fragile site.
Interestingly, we found that chromosomal breakage associated with
the fragile site extended over this entire 50 kb region. More than one
non-overlapping phage clone crossed the fragile site on some
metaphases. That is, more than one clone in this region was found
to sometimes lie proximal, sometimes distal and sometimes to cross
the fragile site on different metaphase spreads from the same
preparation. However, the distribution of these events differed for
individual clones and generally correlated with their position within
the contig. Results of the FISH experiments are summarized in Table
1 and represented graphically in Figure 2a, and an example of a
single clone (lambda 247) showing variable hybridization with
respect to the fragile site is shown in Figure 2b.

One possible explanation for the appearance of FISH signals on
both sides of the fragile site breakage is that the lambda clones in
this region contain repetitive elements capable of hybridizing
throughout an extended portion of chromosome 3. The hybridiza-
tion of these lambda clones to a gridded phage library did not
suggest that they contain dispersed repeated elements, as the
number of hybridizing clones on the grids was limited and the
hybridization signals themselves were clearly positive and
negative (data not shown). Throughout the course of these

studies, the lambda clones from this contig were used as probes
in Southern blot analyses of 1, pulsed field gels of 850A6 (Fig.
3a); 2, total human DNA and DNA from hamster–human hybrids
containing only chromosome 3 (Fig. 3b); and 3, gels containing
restriction digested DNA of the individual lambda clones (Fig.
3c). These Southern hybridizations were carried out under
normally stringent conditions using Cot1 and human placental
DNA as blocking agents and closely correspond to the hybridiza-
tion conditions used in the FISH analyses. Furthermore, DNA
blot analysis is generally a much more sensitive method than
FISH analysis for discerning short regions (500 bp or less) of
dispersed repetitive homology. In all of these cases, the DNA
from these lambda clones showed no evidence of containing
repetitive DNA that would cross-hybridize to sequences through-
out the fragile site region. Taken together, the data from the FISH
and Southern analyses indicate that the position of the fragile site
breakage is truly variable and that we have defined a region of at
least 50 kb of frequent breakage associated with FRA3B.

Lambda 247 corresponds to an HPV16 integration site
from a previously characterized cervical carcinoma

In an initial effort to gain an understanding of the molecular basis
of fragility of FRA3B, we selected lambda clone 247 for sequence
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Figure 3. Hybridization of lambda 247 insert DNA to various types of Southern
blots. (a) A pulsed field gel DNA blot. A lambda size marker ladder is shown on
the left (l). The lane on the right (MluI) shows hybridization of the probe to a 365 kb
MluI band in a digest of total yeast DNA from YAC strain 850A6. The 350 kb
lambda oligomer marker band is indicated on the left by the arrow. (b) A Southern
blot of EcoRI digested DNAs run on a 0.7% agarose gel. The left lane contains total
human DNA (TH) and the right lane contains DNA from a hamster–human hybrid
(HH) with only human chromosome 3. The hybridizing bands in these lanes are
the 6.7 and 4.2 kb EcoRI restriction fragments (see Fig. 4). (c) This blot contains
NotI/EcoRI digested DNA from the lambda clones in the lambda 247 contig.
Hybridization occurs with only those bands that overlap the 247 clone.

analysis, because of its central location within the region of
aphidicolin induced gaps and breaks. Lambda 247 was subcloned
into pBluescript or pUC18 and subjected to automated fluorescence
sequence analysis on an ABI 373A sequencer (Pharmacia).
Approximately 9.5 kb of sequence from the 12.5 kb lambda clone
was obtained (Fig. 4a). No large or small repeat sequences that could
be potentially involved in fragile site formation were detected.
Several interesting findings were revealed by BLAST (26) and
FASTA (27) searches of the GenBank and EMBL sequence
databases. Lambda 247 shares a large region of identity with a
human papillomavirus type 16 (HPV16) integration site, character-
ized in the tissues of a primary cervical carcinoma (24). Bestfit
analysis showed 98.03% identity of the two sequences over 936 bp
starting at a KpnI site at position 199 of the H705 sequences reported
by Wagatsuma et al. (24) (Fig. 4b). The first 198 bp of the H705
sequence are derived from the M13mp18 cloning vector, so the
genomic sequence initiates at the KpnI site at position 199. The lack
of complete identity over the 936 bp is likely to be attributable to
sequencing errors, as much of our sequence was characterized on
only one strand. Interestingly, the homology of lambda 247 and the
HPV16 integration site sequences occurs on only the proximal side
of the integration site (Fig. 4b). The sequences reported by
Wagatsuma et al. (24) distal to the integration site do not correspond
to those in the next 2000 bp of lambda 247, which is the extent of
the sequence gathered here.

To confirm that the arrangement of sequences in lambda 247
represent the normal genomic structure, PCR primers were
designed on either side of the integration site based on the lambda
247 sequence. These were used to successfully amplify a 386 bp
sequence from total human, YAC850A6 and lambda 247 DNA
(Fig. 4c). The sequence of the 386 bp PCR amplification-target

in lambda 247, compared with the published sequence (24) is
shown in Figure 4b and the PCR results are shown in Figure 4c.
This result confirms that lambda 247 represents the normal
genomic structure across the HPV16 integration site. It also
indicates that the sequences proximal and distal to the HPV16
DNA at the integration site, as reported in (24), are not contiguous
in normal DNA. Therefore the HPV16 integration event in this
cervical carcinoma is associated with a genomic rearrangement.

To investigate the type of rearrangement, we designed an
oligonucleotide probe based on the sequences distal to the
integration site from the published sequence. This probe was
hybridized to Southern blots containing DNA from the lambda
247 contig, in case the rearrangement consisted of a short deletion
within the region, as well as to the gridded lambda FIX II
subclone library of YAC850A6. No hybridization was observed
with the nearby members of the lambda 247 contig, which
contains approximately 20 kb of sequences distal to the integra-
tion site. However, the oligonucleotide probe identified three
lambda clones from the YAC850A6 library. The insert DNA from
one of these lambda clones was used as a probe on a pulsed field
Southern of YAC850A6 and showed clear hybridization to the
365 kb MluIA fragment (unpublished data). These data indicate
that the genomic sequences juxtaposed to the distal edge of the
HPV16 DNA (24), are derived from the MluI A region.
Hybridization data from a partial cosmid contig developed in the
FRA3B region places the three lambda clones homologous to the
distal oligonucleotide probe approximately 100 kb from lambda
247 (W. Paradee, C. M. Wilke, T. G. Glover and D. I. Smith, in
preparation).

Several other features of the lambda 247 sequence were revealed
by the data base searches. Two full length Alu repeats in the vicinity
of the integration site were located using a BLAST (26) search of
the Alu subset database within REPBASE (NCBI BLAST network
server) (Fig. 4). The first has 80% identity over 290 bases to the
human Alu-Sx subfamily consensus sequence and is located
approximately 1400 bases distal to the HPV16 integration site (Fig.
4a). The second Alu has between 97 and 100% identity to an Alu-J
sequence over a length of 278 bases. The 3′ end of this element ends
just eight bases distal to the HPV16 integration site and also extends
in a distal direction. A portion of this Alu homology was previously
described (24).

Forty-nine bp from the 3′ end of the more telomeric Alu repeat and
in the same transcriptional orientation is a nearly complete processed
cyclophilin pseudogene. This pseudogene shows 88.1% identity to
the T-cell cyclophilin cDNA (709 bp) over 488 bp by FASTA
analysis and includes sequences from all five of the cyclophilin
exons (28). The homology to the first exon begins at base 4 of the
normal cyclophilin cDNA and the homology to the fifth exon is
truncated at base 468 by cloning into Lambda FIX II (Fig. 4).

We used several simple analyses to investigate the potential role
that local sequence structure may have played in the position of
the HPV16 integration. The overall base content of the 3535 base
sequence containing the HPV16 integration site is 57.1% A/T,
with some short stretches of approximately 20 bases of up to
100% A/T. Using the Hitachi DNASIS sequence analysis
program, G/C content (counting window sizes from 10 to 40
bases), we found that the HPV16 integration site falls asymmetri-
cally within a trough of one of these regions of low G/C content
(0–20%) surrounded by short regions (40–60 bases) of relatively
higher G/C content (50–70%). No stemloop or direct repeat
sequences greater than 7 bp are found within 50 bases of the
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Figure 4. Sequence analysis of lambda clone 247. (a) The 12.5 kb of lambda 247 is shown by the bold line. The thin lines indicate the sequenced regions. The positions
of Alu repeats, the 936 bp of homology to the HPV16 integration site (24) and the 488 bp of the cyclophilin pseudogene are indicated by further thin lines. The arrow
indicates the position of the HPV16 integration. The sizes are indicated in kb above the map and N and R correspond to NotI and EcoRI sites, respectively. The 3535
bp segment discussed at length in the text is represented by the large continuous line at the right end of this figure. (b) Sequence homology to the H705 sequence
surrounding the HPV16 integration site from Wagatsuma et al. (24). The alignment from the bestfit analysis is shown starting from the KpnI site at the 5′ end. The Alu
homology in this area is indicated by the line above the lambda 247 sequences. The positions of the lambda 247 PCR primers and the oligonucleotide probe from the
3′ HPV16 integration sequences are underlined and shown in italics. The site of the integration event is indicated. (c) PCR analysis of the integration site. The amplification
of the 386 bp target site in lambda 247 is shown in total human (TH), YAC850A6 (Y850A6) and lambda 247 (L247) template DNAs. PCR products were run on a 2%
agarose gel and stained with ethidium bromide. The 123 bp ladder (BRL) was used as a marker (M). The arrow indicates the position of the 369 bp marker band.

integration site. The Findpatterns searching tool from the
Wisconsin GCG package (29) was used to locate a number of
short sequence motifs that have been implicated in recombination
including, the Chi-like octomers (GC[A/T]GG[A/T]GG)
(30,31); immunoglobulin heptamers (GATAGTG) (32); alpha
protein recognition sites (AAATATC) and (TTAATTC) (31); the
consensus Topoisomerase II recognition sites (topoIIv:
[A/G]N[T/C]NNCNNG[T/C]NG[G/T]TN[T/C]N[T/C] topoIId:
(GTN[T/A]A[C/T] ATTNATNN[A/G] and topoIIi: ([T/C] [T/C]

CNTA[C/G][C/T]CC[T/G][T/C][T/C]TNNC) (33); and three
consensus core VNTR sequences (34). We also searched for two
sequences of particular interest here, one of which is identified as
a consensus common hotspot for gene deletions and transloca-
tions (T G A/G A/G G/T A/C) (35) and the second (T/A G G AG)
represents a subset of the first and sometimes acts as an arrest site
for DNA polymerase alpha (35).

Of the first 10 motifs, the Chi-like sequence was present only
one time approximately 600 bp distal to the HPV16 integration
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site and the other nine sequences were not present. For the last two
motifs, the deletion related consensus sequence, (TG[A/G]
[A/G][G/T][A/C]), occurs 12 times on the upper strand and 19
times on the lower strand. The DNA polymerase alpha arrest
sequence ([T/A]GGAG) occurs five times on the upper and 10
times on the lower strand. These two short motifs should occur in
DNA by chance once every 256 bases (13.8× in 3535 bases) or
512 bases (6.9×), respectively. Therefore, these sequence motifs
do not appear to be over represented in the 3535 bases containing
the HPV16 integration site. In addition to the computer searches
for repeated DNA, Southern blots containing DNA from the
lambda clones of the lambda 247 contig were screened for the
presence of CAG and CCG trinucleotide repeats by oligomer
hybridization. No strong positive signals were observed.

DISCUSSION

By using a FISH mapping approach with available probes we
have successfully localized FRA3B to a fairly broad region of
YAC850A6. The findings that the fragility of FRA3B extends
over a large region and does not involve the expansion of CCG
trinucleotide repeats underscores the basic differences between
common fragile sites and rare heritable fragile sites. The
molecular mechanisms responsible for these two types of fragile
sites are likely to be distinct and this is not surprising considering
the differences in both the frequencies with which they occur in
populations and in the methods used in their induction. Contem-
porary with our studies, Rassool et al. (7; F. V. Rassool, M. M. Le
Beau M-L. Shen, M. E. Neilly, S. T. Ong, F. Boldog, H. Drabkin
and T. W. McKeithan, in preparation) used a direct cloning
strategy, based on integration of transfected pSV2neo DNA into
the FRA3B region, to isolate sequences from FRA3B. They too
have defined the same general region of YAC850A as containing
the fragile site. Furthermore, the detailed mapping of aphidicolin-
induced breakpoints in chromosome 3 containing hamster–
human hybrids has revealed a distribution of breaks in 3p14.2 that
encompasses this same region (6) (W. Paradee, C. M. Wilke, T.
W. Glover and D. I. Smith, in preparation). Although the
molecular basis for chromosome fragility is not yet apparent from
simple sequence analysis of the clones characterized so far, the
mapping of the region will allow for further studies into the
mechanisms underlying common fragile site expression.

It is significant that the region we have defined as FRA3B
coincides with the integration site of a human papillomavirus in
a primary cervical carcinoma. The existence and position of
common fragile sites have been defined through the use of stress
inducing agents in an artificial cell culture environment. Their
identification in this way does not point to biological significance.
However, our positioning of FRA3B by in vitro methods and the
subsequent finding of an in vivo generated HPV16 integration site
within the region provides the first direct evidence that common
fragile sites, as they have been defined, have biological relevance.
These direct molecular data support the earlier statistical
association of these two entities observed at a cytogenetic level.

Common chromosomal fragile sites are present in all individ-
uals and therefore can be assumed to constitute a macromolecular
manifestation of some conserved feature of chromatin structure
or DNA replication and repair, or perhaps gene expression. Two
characteristics of fragile sites that may be relevant to viral
integration are that most occur in G-light bands, leading to
suggestions that they may be associated with active gene regions

(8,36) and that they are thought to be late replicating regions (16).
That they are late replicating has recently been verified for
FRAXA, the only fragile site in which the time of replication has
been characterized (17). Several studies point to a possible
mechanistic connection between the integration of DNA viruses
and these two characteristics of fragile sites.

Caporossi et al. (37) observed that adenovirus type 5 infection
and aphidicolin treatment, both of which when used alone induce
common fragile sites, have a synergistic effect on the production
of fragile sites when used together. Aphidicolin is an inhibitor of
both DNA polymerase α and δ (38) and may induce fragile sites
by further delaying DNA replication in regions that are already
late replicating or slow to replicate. This synergism with
aphidicolin and virus suggests that the fragile sites induced by the
two different agents are the same and that the viral induction of
fragile sites also involves delay in DNA replication. In another
study (39), it was found that the latest replicating G-negative
bands were selectively targeted by HPV16 in virus-immortalized
human keratinocyte cell lines. Finally, Smith et al. (40), directly
demonstrated that an HPV18 integration spanned a gap like a
fragile site in a cell line infected in vitro. These in vitro studies
have suggested a direct association between DNA tumor virus
integration and fragile sites, or portions of the genome showing
characteristics of fragile sites and support previous FISH studies
correlating HPV integration sites in tumors or tumor cell lines
with chromosomal bands known to contain fragile sites and
protooncogenes (19,41). This type of data also suggests that the
viral infection may play some direct role in the induction of
fragile sites and the eventual site of viral integration (37).

Most DNA tumor viruses encode proteins that inhibit p53 or
pRb or both. The initial infection therefore results in a relaxation
of normal cell cycle controls on DNA replication and repair,
establishing a favorable cellular environment for the occurrence
and fixation of the multiple mutations seen in tumor progression,
including increased DNA instability. Double-stranded transform-
ing DNA viruses normally replicate extrachromosomally and
only rarely integrate into the host genome. Because integration of
these viruses is not a normal part of their replication cycle, it is
likely that the integration events themselves are passive and
signal a change in DNA metabolism to a more recombinogenic
state. However, if the integration of the virus results in a selective
growth advantage to the cell, then these will be the events
observed in cancers and may point to regions important to tumor
progression. In this way, the initial viral infection can be viewed
as the first step in this series of events leading to its own
integration and the integration itself is an important later step in
the evolution of the cancer. Such a view is not novel and has been
proposed previously (19,42,43).

Consistent with this selection perspective, is the actual small
number of different chromosomal locations containing HPV16 or
18 integrations that have been characterized in primary cervical
tumors or cervical cancer cell lines and the number of times that
several of these locations have been repeatedly targeted in these
tissues. In a summary of these integration sites Lazo et al. (42 and
references therein) found that the 8q24 region, which contains
both a fragile site and the c-myc gene, was targeted five of 15
times and the 2p24 region containing the N-myc gene was also
targeted once. The 12q13 region, rearrangements of which are
associated with a number of cancers was also found to be multiply
targeted. By extension these authors argue that other sites found
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to contain HPV16/18 integrations are likely to indicate the
position of tumorogenic genes.

Several studies have implicated the 3p14 region in the develop-
ment of cancer (44). In one study (45) loss of heterozygosity of 3p14
was found in 90% of cervical cancers and in several others (25,46)
the most commonly deleted region of 3p in cervical cancer was
between 3p13 and 3p21.1. The transfection of a malignant renal cell
carcinoma cell line with the 3p12–3p14 region was shown to
suppress tumor growth in nude mice (47). Also, both loss of
heterozygosity (48) and amplification (49) of 3p14 have been
observed in breast tumors. Interestingly, Wagatsuma et al. (24)
found that H705 sequences represented the only HPV16 integration
in their primary cervical tumor and that the viral and neighboring
genomic DNAs were amplified five to 10 times. Similar amplifica-
tions of HPV DNAs and the c-myc and N-myc genes, sometimes
associated with increased expression of these loci, have been found
in a number of cervical cancer cell lines (50). The coincidence of a
fragile site and an HPV16 integration/deletion event within a region
commonly deleted in cervical cancers suggests that, at least in some
instances, viral integration events within fragile sites may play a
mechanistic role in the evolution of cancers (20). Furthermore, it
suggests that the 3p14.2 region in particular may be important in
cervical carcinoma progression.

MATERIALS AND METHODS

Subcloning of YAC850A6 in lambda vectors and
identification of human clones

Subcloning of YAC850A6 into the Lambda FIXII vector and
production of a gridded, human specific subclone library was carried
out as previously described (51). Initially, random human lambda
clones were hybridized to MluI digested YAC850A6 pulsed field gel
blots to assign anchor clones to each of the MluI fragments. Also,
the 850A6 MluI fragments themselves were 32P-labeled and
hybridized to the grids to assign some of the lambda clones. After
the initial FISH results (below) indicating the position of the fragile
region, the lambda contigs were expanded by hybridizing lambda
insert DNA, to the gridded phage library.

Production of metaphase spreads and aphidicolin
induction of FRA3B

PHA-stimulated whole blood lymphocyte cultures were grown in
RPMI 1640 medium (Irvine Scientific) containing 10% fetal calf
serum, 4 mM glutamine and penicillin/streptomycin (200 units/
ml, 200 µg/ml). Fragile sites were induced with 0.4 µM
aphidicolin (Sigma) for 26 h prior to harvesting. Harvesting was
carried out conventionally and consisted of 45–60 min of
colcemid treatment (0.07 µg/ml) followed by 15–20 min
hypotonic treatment (0.075 M KCl) and multiple changes of
fixative (3:1 methanol–acetic acid) before preparing slides.

FISH analysis

Total lambda DNA was biotin labeled (biotin-14-dATP) using the
BioNick Labeling System (BRL, Gaithersburg, MD). One
hundred to 200 ng of labeled lambda DNA and 25 µg of Cot1
(BRL) were denatured at 75�C in 10 µl of 2× SSC, 10% dextran
sulfate, 50% formamide, 1% tween 20 and preannealed at 37�C
for at least 1 h prior to application to denatured slides. Slides were
denatured at 70�C for 2 min in 70% formamide, 2× SSC, pH 7.0

and put through a standard dehydrating ethanol series. Hybridiza-
tion was carried out overnight. Washes consisted of 50%
formamide, 2× SSC at 42�C followed by 0.1× SSC at 60�C.
Signals were visualized after incubations with two layers of FITC
conjugated avidin-DCS and biotinylated goat anti-avidin IgG
(Vector, Burlingame, CA), followed by counterstaining with
propidium iodide alone or with both DAPI and propidium iodide.
The chromosomes were viewed with either a Nikon or Zeiss
Axioskop epifluorescence microscope equipped with FITC and
DAPI filters. Metaphase spreads were photographed on Kodak
ASA 400 or 100 Gold film. For the published picture, the color
negatives were digitally scanned to a Kodak PhotoCD Master
Disc using a Kodak PCD Film Scanner 2000 controlled by a
Kodak PCD Imaging Workstation 2200/2400. The digital image
was converted to gray scale using Adobe Photoshop software and
printed on a Kodak PCD Printer 200.

Subcloning and sequence analysis of lambda 247

Lambda 247 DNA was singly digested with NotI, EcoRI, PstI, KpnI,
SalI, XbaI, HindIII and doubly cut with NotI/EcoRI and shotgun
cloned into appropriately digested pUC18 or pBluescript. None of
these enzymes cleave within the Lambda Fix II vector and therefore
allow the cloning of only insert DNA. DNA from individual clones
from each shotgun ligation was prepared using the miniprep alkaline
lysis procedure (52), digested and run on agarose gels to identify
clones of various sizes. Clones with different size inserts were
subjected to automated fluorescence sequence analysis using vector
sequencing primers on an ABI 373A sequencer (Pharmacia). The
above approach was used in an effort to maximize the amount of
sequence obtained with the least number of runs. Our goal was to
acquire enough sequence information to discern interesting or
important characteristics of lambda 247. Most of the sequence has
been obtained on one strand only. A few gaps were filled in using
specific synthetic oligosequencing primers. The sequences were
assembled and analyzed using the Wisconsin Genetics Computer
Group DNA-analysis programs FASTA, Lineup, Bestfit, Findpat-
terns, Repeats and Stemloop (29), as well as the BLAST (26) and
Grail servers (27) and the DNASIS program G/C Content (Hitachi).
The GenBank accession numbers for the 9.5 kb of sequence
characterized here are U39793–U39801 and U39804.

Southern hybridization

Southern hybridization probes were 32P-labeled by the random
priming technique (52). Five to 50 ng of probe was denatured and
preanealed for 1 h in Church’s phosphate buffer (53) in the
presence of the following sheared DNAs: 10 µg/ml Cot1 DNA
(BRL), 25 µg/ml human placental DNA, 100 µg/ml salmon
sperm DNA and 2.5 µg/ml lambda DNA. Hybridizations were
carried out at 65�C overnight in Church’s phosphate buffer. The
filters were then washed to a stringency of 0.1× SSC, 0.1% SDS
at 65�C for 10–15 min. DNA oligomer probes were 32P-end
labeled with T4-kinase (52), hybridized for at least 4 h at 50�C
in Church’s phosphate buffer and washed to a stringency of at
least 2× SSC, 0.1% SDS at 50�C for 30 min and sometimes to 1×
SSC, 0.1% SDS at 50�C for 30 min.

PCR across the HPV16 integration site in lambda 247

The two 20-mer PCR primers SA5mfp′(GCATGAGAGCTGAAG-
ATCCT) and SA4mfp1 (ACAGAGATTGAGGCCA GG TG) were

D
ow

nloaded from
 https://academ

ic.oup.com
/hm

g/article/5/2/187/2568695 by guest on 20 August 2022



 

Human Molecular Genetics, 1996, Vol. 5, No. 2194

derived from the lambda 247 sequence and give rise to a 386 bp
PCR product spanning the HPV16 integration site of Wagatsuma
et al. (24). Template DNA amounts in 100 µl reactions were 100
ng total human DNA, 10 ng total yeast DNA containing
YAC850A6 and 5 ng lambda DNA. Each 100 µl reaction
contained 20 pmol (0.2 µM) of each primer, 200 µM of each
dNTP, 1×PCR buffer (Amersham), 1.5 mM MgCl2 and 2.5 U Taq
DNA polymerase (Amersham). The reactions were subjected to
30 cycles of 1 min denaturation at 94�C, 1 min annealing at 62�C,
2 min extension at 72�C, followed by a final extension at 72�C
for 10 min. The PCR products were electrophoresed on a 2%
Nusieve GTG (FMC, Rockland ME) agarose gel and then stained
with ethidium bromide.
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