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ABSTRACT
A highly polymtorphic locus associated with the variable tandem repetition

of a 35 bp consensus sequence was mapped to chrarosare 10, band q26.
Exatination of leukocyte DNA frcom a cancer patient revealed the twenty-fold
anmplification of one allelic fragment of this locus, while the other allelic
fragmr.ent dEr,onstrated a normal copy numrber. In another patient, Southern
blotting of leukocyte DNA detected the deletion of the 3'-flanking region frcan
one tander. repeat allele. These results indicate that variable tander, repeats
mtay mark highly unstable regions of DNA in the huran genare which can be
altered by changes mrore extensive than simrple tandem repeat variation.

INTRODUCTION
The tandar. repetition of short (14-65 bp) nucleotide sequences is an

imrportant source of huran genetic polyrrorphisrt. Variable tandert repeats

(VTRs, minisatellites) generate allelisa at the insulin (l),r -globin (2) and

Ha-rasl (3) loci. A large family of related VrRs are distributed throughout

the hunran genome and often show restriction fragrm.ent length variation (4,5).

At the Ha-rasl locus, at least twenty-four distinct alleles have been

detected; fifteen of these have thus far occurred only in cancer patients
(6,7). Given the apparent instability of these tander.ly-repetitive sequences

and the unusual behavior of the Ha-rasl VTR, we have begun to identify and

clone independent VrR loci for further studies car.paring cancer patients and

cancer-free controls. As reported here, one such locus, VTR4.l, was mrapped to

the long amr of chrcrrosome 10 (band q26) by in situ hybridization ard Southern

blot analysis of scmatic cell hybrid DNA. We have observed amplification of

VTR4.l in the leukocyte DNA of a patient with colorectal carcinoma and

rearranger.ent, by deletion of 3' sequences flanking the VTR,R in leukocyte DNA

frarc a bladder cancer patient. These findings suggest that mrinisatellite
regions can be associated with structural changes mr.ore extensive than sim.ple
tander. repeat variation. This is also the first derionstration of significant
sequence amplification in constitutional DNA.
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MATERIAlS AND METHODS
Clone Isolation

Probe was prepared by nick-translation (8) of the MspI fragmf.ent containing
the Ha-rasl tandar. repeat (3), purified frcr. the plaar.id, pEC (9). A hznan
genartic library (10) was screened by in situ plaque hybridization (11) at

500C, in buffer containing 6X SET (LX SET = .15M NaCl, lrM EDTA, lOirM Tris

HC1, pH 7.5). Filters were washed twice at rocrs tarperature in 2X SET and

twice at 370C in 2X SET. One strong signal was obtained frar 200,000 phage
screened. Restriction mapping of the purified phage and Southern blotting
(12) with the probe described above identified the region of hcruology to the

Ha-rasl VTR (Figure LA).

DNAk Sequencing
The sequencing strategy was to subclone into the BarnrI site of pBR322 a

nested set of BarII-BglII fragments spanming the VTR fran the 5' Bard-I site

(Figure LA). Five such subclones, containing increasing lengths of VTR
(pBB10, pBBll, pBBll9, pBB120 and pBB13), were then sequenced by the

Maxamr-Gilbert method (13). The sequence of both strands, proceeding toward

the 5' BardlI site of Figure 1, was determined following 5' and 3'

end-labelling at the pBR322 MspI site 12 bp frac. the 3' terminus of the VIR
insert. The 3' flanking sequence was obtained directly fracn a clone bearing
the VTR4.1 BarSd-I fragmr.ent by labelling at the temrinal BglII site of the VrR

and sequencing in the direction of the 3' BardEI site of Figure 1.
Chrcarosarfe Mapping

In situ chrar.osaral hybridization was carried out according to published
procedures (14,15).

RESULTS

A huran genomic library was screened at low stringency with purified
Ha-rasl VI'R as probe; one recarbinant phage was isolated. The fragraent of

this phage hcnologous to the Ha-rasl VTR (Figure 1A) was purified and

subcloned. It revealed considerable polyfiorphisrt in a panel of hurman
leukocyte DNAs probed at high stringency (7) (see also below). When the DNA

sequence of this region was obtained (Figure [B), we observed a tander. array

of 35 bp mroncirers, occasionally interspersed with 37-aers bearing a 'TT"
insertion. Many of the mionarers contained a BglII site (AG(WCT), as expected

frat restriction mapping which localized a BglII cluster to the

Ha-rasl-hanologous region of 4.1 (Figure IA).
We previously characterized the VTR4.1 locus in a Southern blot survey of
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HaeIII-digested leukocyte DNAs frcnr 386 unrelated caucasians, of wharo 226 were

cancer patients (7). (HaeIII sites located 80 bp upstream and approximrately
200 bp downstreamt most closely spanned VTR4.1, offering the greatest

resolution of polynmorphic fragmlents.) Probe A (Figure 1A), which contained
only 80 bp of non-tander. repeat, was used. Seven fragmr.ents, al-a7, were

detected. All fragments but a2, which mrigrated too near al, could also be

resolved with MspI and PstI, ruling out mrultiple HaeIII site polymtorphisms.

Therefore, VrR4.1 represented an insertion/deletion polymrorphism. Typical of

VTR-based polyrrorphisrr, (1,6), larger fragmlents of VTR4.1 dearonstrated miore

intense hybridization, reflecting an increased nmther of tander.ly-repetitive
sequences binding the probe. For exarmple, patient 1 (Figure 2A) possessed al

and a5 fragnments; the a5 hybridization intensity considerably exceeded that of
the shorter al fragmtent. We also noted that VTR4.1 was linked to a Bar,dI site
polymorphisi 6 kb 3' to the tander, repeat (Figure 1A). For al/al VrR

hcxrozygotes, the Bar-liI polymtorphis, yielded fragmrents of 7.2 and 8.7 kb

(Figure 3A, lane 3).

Although DNA fromr patient 1, an individual with bladder cancer and an

unrer,arkable faraily history, dEr,onstrated the al and a5 fragmrents by HaeIII

digestion (Figure 2A), BairI digestion revealed a unique fragment of 5.4 kb
with probe A (Figure 3A, lane 1). Because the intensity of hybridization of
the 5.4 kb band exceeded that of the 8.7 kb band in the same DNA, we concluded
that the shorter BardI fragment contained the larger (a5) VTR. Furthermore,
the larger BardlI fragmrent of patient 1 carxigrated with the 8.7 kb BaJidlI
fragment of the reference sar.ple frcr. an al/al VrR har,ozygote (Figure 3A,

lane 3).

To characterize the rearrangerent of VTR4.1 in this patient, we

rehybridized his BamHI-digested DNA with probe B. In this instance the

flanking sequence probe barely recognized the 5.4 kb fragmrent (Figure 3B,
lane 1. A longer exposure of this autoradiogram shows the faint 5.4 kb

fragmrent mrore clearly). This indicated that in the aberrant band, the VrR
sequences (represented by probe A) were no longer linked to the 3' flanking
sequences (represented by probe B). The simrplest explanation was that mtost,
if not all, of the 2.4 kb flanking region had been deleted. Consistent with
this interpretation, no new bands were detected by probe B in either BandlI
(Figure 3B, lane 1) or BglII digests (Figure 3C, lane 1). Hence,

rearranger.ent by translocation seer.ed less likely. Finally, the BglII digest
of DNA from patient 1 derlonstrated a 2.4 kb band of reduced intensity
(Figure 3C, lane 1), suggesting haploidy for the 3' flanking region.
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B Hd E B
probe A lkb

I I probe B

B .....aacaagaaag

1 AGO GGGAGACACCACACT CAA TGACCAAATCTC
2 AOGAGOGAGAATGCCACACT CAACTOAACACATCTC
3 AGGAcG0AGACGCCACACT CAACAACTTAcATCcA
4 AGGAGGGAGACGCCACACTTTCcACTGACCAGATCTC
5 AGOAGaOAGACACCATACT CAA TGACCAGATCTC

6 AGGAGGGAGACOCCACACT CAAC GACCAGATCTC

7 AGGAGGOAGACOCCACACT CAAC OACCAGATCTC

8 AGGAGOGAGACOCCACACT CAAC GACCAGATCTC

9 AGGAGOGAGACGCCACACTTTCcACTACCA....
10-12.. (t3 repeats) ......... CCAGATCTC

13 AGGAGGGAGACGCCACACTTTCAACTGACCAGATCTC
14 AGAAGGOAGACGCCACACT CAAC GACCAGATCTC

15 AGOAGGGAGACOCCACACT CAACTGACCAOAcCTC
16 AGGAGGGAGACGCCACACT CAACTGACCAGATCTC

17 AGGAGOGAGACOCCACACT CAACTOACCAGAcCTC
18 AGGAGGGAGACOCCACACT CAACTGACCAGAcCTC
19 AGGAOGGAGACOCCACACT CAACTOACCAGACCTC

20 AGOAGGOAGACOCCACACT CAACTGACCAGATCTC

21 AGGAGOGAGACGCCACACT CAA TGACCAGATCTC

22 AGGAcGGAGACOCCACACTTTCAACTGACCAGATCTC
23 AGGAGOGAGATGCCACACT CAACTGACCAGAcCTC
24 AGGAGOGAGACOCCACACT CAACTGACCAGACCTC

25 AGGAGGGAGACGCCACA.

26-27.. . (1-2 repeats) .
. ATAC

28 AGGAGGGAGACACCACA TT CATCacagtctgatga

Figure 1: Restriction Map (A) andl Nucleotide Sequence (B) of VIR4.1. (A)
The stippled box irarks the region related to the Ha-rasl VTR. The vertical
lines within the box represent mtrultiple BglII sites. Probe A is the 0.9 kb
HaeIII fragfr.ent of pBll9 (see below), purified by subcloning in p[C9. Probe
B was the 2.4 kb BglII fragment purified frar. the depicted BardI fragment by
low-melting-point agarose gel electrophoresis (16). B = BafHI;
BII = BglII; Ha3 = HaeIII; Hd = HindIII; E = EcoRI. The boxed BarHI site
represents a site polymrorphisr.. (B) The 35 bp repeat is evident, with
interspersed mronarers containing an additional "Tr". Sequence aligrment frar.
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overlapping clones was facilitated by the frequent occurrences of single-base
departures frmr the consensus sequence. Three repeats in the mriddle of the
VTR were not sequenced. The nurtaber of imonorlers in that portion of the VrR was
deterrtined by counting repeat units in the sequencing ladder fracl several
independent subclones. Lower case letters represent the sequence of DNA
flanking the VTR. A portion of the VTR4.1 35 bp consensus, GGAGACGCXACACIC,
was a 14/15 nucleotide mtatch with the corresponding region in the 28 bp
consensus sequence of the Ha-rasl VTR. The two VTR sequences were otherwise
entirely divergent.

Another sample frarc the population survey was that of a patient with
colorectal cancer; his HaeIII-digested DNA damonstrated a very intense al band

(Figure 2B). The patient, now deceased, had a father with testicular cancer,

a sister with "brain" cancer and a brother with carcinorLa of the jaw. He had
received three doses of 5-fluorouracil, without depression of his leukocyte

count. Lanes 2 and 3 of Figure 3A show, respectively, the DNAs of the patient
and a reference samiple, both heterozygous for the BamHI site polynrorphisrl.
The upper band in each lane was of normal intensity and served as an internal

control for the amrount of DNA blotted. The patient's highly amiplified 7.2 kb

A
k,b

1.6~~~~~~~~~~~.

Figure 2: VTR4.1 Fragments in Twio Cancer Patients. DNA was prepared frcr,
peripheral blood leukocytes as previously described (6). 5, 2.5 and 1.25 mtcg
of HaeIII-digested DNA of patient 1 (panel A) and patient 2 (panel B) were
subjected to Southern blotting. Hyb~ridization was to probe A (Figure 1A) in
6X SET at 650C. Successive washes at the samte tertperature were in 2X., lX,
0.5X and 0.lX SET. Fragmtents al (1150 bp) and aS (1750 bp) were present in
DNA of patient no. 1. The amiplified fragmient of patient no. 2 corresponded to
an al fragmfent. Markers were HindIII-digested laxMba and HincII-digested
phiXl74 DNAs.
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Figure 3: Rearrangex.ent and Amtplification of VrR4.1 in Two Cancer Patient
DNAs. Five mtcg. of DNA fraT. patient no. 1 (lane 1), patient no. 2 (lane 2)
and a reference individual hcxrozygous for the VrR4.1 al allele (lane 3) were
digested with BarMiI (panels A and B) and BglII (Panel C). The resulting
Southern blots were hybridized under the same conditions as Figure 2 to probe
A (panel A) or probe B (panels B and C). Panel B is the rehybridization of
filter in panel A with probe B. Marker was HindIII-digested larTbda DNA.

fragmrent was clearly evident. By determining the difference in filmr exposure

timre required to equalize the 7.2 kb and 8.7 kb band intensities, we estimated

that 20-fold arlplification had occurred in this patient.
Since the normal 7.2 kb BarMI fragmrrent was apparently released frar, the

mLplified region (Figure 3A, lane 2), the borders of the artplicon were outside
the Bard-I sites. Therefore, sequences distinct fram the VTR region would be

coamplified. Ib confirmr this prediction, we hybridized probe B (Figure 1A) to

the sate BJHI-digested DNA (Figure 3B). This 2.4 kb probe, representing the

3' flanking sequences, contained only 25 bp franL the VTR region and did not

recognize, under our hybridization conditions, the sate VTR-specific HaeIII

bands present in Figure 2 (data not shown). The probe B sequences were

represented in the ar.plicon (Figure 3B, lane 2). This did not result fracn
inccxrplete erasure of probe A: note the reversal of band intensities ini 3A,
lane 1 vs. 3B, lane 1. Further corroboration was obtained in the BglII
digestion of these DNAs (Figure 3C). The 2.4 kb fragment corresponding to

probe B was more intense in patient 2 than in the control.
We had chrar.osartally maapped VTR4.l prior to our population survey. In
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Figure 4: Chrarosarcal Location of VTR4. 1. Silver grain distribution along
chromosomre 10 (ideograri frr SC 1985, ref. 17). Probe A was nick-translated

3 3 7Tgsaewith [ H]dATP, [ H]dCrP and [ H]dTTP to a specific activity of 2.3 X 10
cpwr'mcg.

situ hybridization of 3H-labeled probe A to hrian chrczxosare preparations
resulted in specific labeling at band q26 of chrcitrosczrme 10. Of 178 silver

grains on 100 nretaphase spreads, 31 (17.4%) were found at 10q26 (Figure 4); no

other chrom0oscral site was labeled above background. Southern blot analysis

of DNA prepared from 15 hur.an X Chinese harlster somatic cell hybrids has

independently confir.red this chromaosomtal assigmrent. A single 14 kb EcoRI

fragment was detected in hurLan control DNA and in hybrids containing hurlan

chromtosomte 10 (data not shown). The presence of the 14 kb band was completely
concordant with the presence of human chrarosare 10. All other chrarlosares
were excluded by two or miore discordant hybrids. VrR4.1 was unlinked to

other, previously characterized, VTRs. Furthermrore, it did not mrap within
regions known to undergo rearrangaTrent during differentiation or amplification
during tumor progression.

For patient 1, 24-hr non-stimrulated, and pokeweed- and phytohemragglutinin
(PHA)-stimulated, irethotrexate-synchronized peripheral blood cultures were

processed for chrcTlosome preparations. No tretaphase spreads were found in

24-hr, non-stimrulated cultures, indicating that there were probably no

spontaneously-dividing ntalignant cells among the leukocytes of patient 1.
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Chratrosce analysis of 13 cells frart pokeweed- and PHA-stimtulated cultures

revealed a nortal karyotype. No cytological rearrangar.ent of chromosome 10

was observed at the 850-band stage when an additional 40 pairs of chrcioscarte

10 were examined. We were unable to perform. cytogenetic analysis for

patient 2.

DISCUSSION

The atplification of drug resistance mtarkers and oncogenes has been

detected in both cell lines and turior tissue. DNA deletions have been

observed in structural gene loci, m.ost often associated with some disease

phenotype. We have detected these types of large-scale structural changes
involving a VrR locus in the leukocyte DNA of two haratologically normal
cancer patients. Therefore, it is unlikely that these changes originated in

turfor cell genomes. The alterations were either inherited by the affected

patients or arose early in erfbryogenesis. We cannot say whether the new DNA

configurations were tranar.issible to progeny because family imebers were

unavailable for stuidy. It will be important to determine (1) if such

structural instability is limrited to VTR4.1 or is present in other, similar

regions of the hur.an genome; and (2) if this instability is related to cancer

predisposition. Conceivably, constitutional factors that operate to increase

cancer risk mtight also leave their mark upon germrline VTRs.
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