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Abstract

DNAfingerprinting with three different probes (33.15, 33.6,
and a-globin 3'HVR) was investigated as a method for the
determination of clonality in gastrointestinal tumors. In 29/44
carcinomas the tumor DNAshowed clonal somatic mutations
that were not seen in the corresponding peripheral blood and
normal mucosa samples. The changes consisted of either novel
fingerprint bands, losses of bands, or both. The probe 33.15
yielded the highest rate of abnormal DNAfingerprints (21/44
carcinomas). Sequential use of the probes increased the num-
ber of cases where clonal fingerprint markers could be de-
tected. One out of five colorectal adenomas also showed a
clonal loss of a fingerprint band. In two cases of gastric cancer,
DNAfrom the metastatic tumor had a different DNAfinger-
print from that found in the primary carcinoma. DNAfinger-
printing offers a novel approach to determining clonality in
tumors and may prove useful for the study of tumor pro-
gression.

Introduction

The determination of clonality of human tumors has impor-
tant implications for the mechanisms of carcinogenesis. The
discovery that a tumor has a monoclonal composition is con-
sistent with a mutational theory of carcinogenesis: a mutation
occurring within a single cell results in a tumor composed
entirely of the progeny of that cell (1, 2). Most human tumors
investigated to date have been shown to be monoclonal (3-6).
However, hereditary tumors such as hereditary neurofibromas
may be of multiclonal origin since all the cells from which they
originate have the potential to develop into tumors (7, 8).
Other mechanisms, for example aberrant differentiation pro-
cesses, may also result in neoplasms with a polyclonal compo-
sition (9). The practical value of clonality determination is well
illustrated by the lymphoproliferative disorders where the dis-
tinction can be made between a reactive process (polyclonal)
and a neoplastic process (monoclonal) (10, 11).

The assessment of clonality in tumor cell populations has
traditionally depended on one of three approaches: the ex-
pression of a single allele of glucose-6-phosphate dehydroge-
nase within the tumor of a female patient heterozygous for an
enzyme polymorphism (12); the determination that only a
single Ig light chain (either lambda or kappa) is expressed on
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the surface of neoplastic B cells in lymphoproliferative dis-
orders (13); and the demonstration of a specific cytogenetic
abnormality (14). More recently, the techniques of molecular
genetics have enlarged the scope of these methods. For exam-
ple, X-linked restriction fragment length polymorphisms can
be used to study the clonality of tumors in a higher percentage
of female patients than is feasible using the glucose-6-phos-
phate dehydrogenase isoenzymes (6). The use of DNAprobes
for Ig and T cell receptor genes has permitted clonality to be
assessed in a wide variety of lymphoid neoplasms including T
cell tumors not expressing Ig light chains. Nevertheless, X-
linked restriction fragment length polymorphisms are limited
to tumors of female patients, while Ig and T cell receptor gene
probes are limited to lymphopoietic tumors.

DNA fingerprinting enables the detection of many un-
linked autosomal hypervariable region (HVR)' loci simulta-
neously (15-17). These loci have a particularly high mutation
rate, possibly because they are hotspots for meiotic or mitotic
recombination or sister chromatid exchange (15). The combi-
nation of these two properties makes DNAfingerprint analysis
an attractive approach for the detection of clonal somatic mu-
tations in tumors. In a preliminary study of DNAfingerprints
in a variety of human cancers, 10 of 35 cases (29%) screened by
the probe 33.15 showed somatic DNAfingerprint mutations,
including three of eight gastrointestinal cancers with novel
bands (18). These mutations must be present in clonal cell
populations since otherwise they would not be detectable by
Southern blotting. Wedecided to explore the value of DNA
fingerprinting as a new technique to assess clonality in human
tumors by studying gastrointestinal tumors, since they have
been demonstrated to be clonal neoplasms (5). Wenow
present a detailed analysis of gastric and colonic cancers, com-
paring the DNAfingerprints of peripheral blood, normal mu-
cosa, and corresponding tumor samples from 42 patients using
three DNA fingerprint probes, 33.15, 33.6, and a-globin
3'HVR. A clonal abnormality was detected in two-thirds of all
the cases, suggesting that DNAfingerprinting may prove to be
a valuable new approach for determining clonality in human
tumors.

Methods

Patients. 42 patients (26 males and 16 females) with gastrointestinal
carcinomas were studied. Two patients each had two separate colorec-
tal carcinomas, making the total number of tumors 44 (Table I). The
cases included 10 gastric carcinomas and 34 colorectal adenocarci-
nomas. Amongthe gastric cancers material from regional lymph node
metastases was available in two cases. In four patients with colorectal
carcinomas, adenomas were also studied. Wealso collected samples
from five resected ileocecal segments involved with Crohn's disease as
additional controls.

1. Abbreviation used in this paper: HVR, hypervariable region.
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Table I. Somatic Changes in DNAFingerprints of Gastrointestinal Cancers

Probes

33.6 33.15 a-Globin 3'HVR

Patient Tumor Dukes NC NB LB NC NB LB NC NB LB

I AC stomach, mucinous 1 1 0

2a ACstomach, primary 0 0 0

b metastasis 0
0

3a ACstomach, primary 0 X 1 0

b metastasis 1 X 1

4 ACstomach 0 1 0

5 CAstomach, scirrhous 0 0 0

6 ACstomach 0 1 0

7 AC stomach 1 I 0

8 CA stomach, scirrhous 1 0 0

9 CAstomach, scirrhous 0 X 1 0

10 ACstomach, mucinous 1 1 0

11 ACcecum C 0 0 0

12a ACsigmoid colon B 0 1 0

b ACcecum B 0 0 0

13 ACcecum A 1 0

14 ACcecum C 0 0 0

15a ACcecum B 1 0 0

b Adenoma, tubular 1 0 0

16 ACcecum B 1 2

17 ACascend colon B 1 1 0

18a ACascend colon B 0 1 0

b Adenoma, tubular 0 0 0

19 ACascendcolon C 1
2

20 AC transverse colon C 0 0 0

21a ACsigmoid colon B 0 0 0

b Adenoma, tubular 0 0 0

c Adenoma, tubular 0 0 0

22 ACsigmoid colon C 1 0 0

23 ACsigmoid colon B 0 0 0

24 ACsigmoid colon B 1 0 0

25 ACsigmoid colon C 0 1 0

26a ACsigmoid colon A 0 0 0

b Adenoma, adenovillous 0 0 0

27 ACsigmoid colon D 0 0 0

28 ACsigmoid colon B 0 1 0

29 ACsigmoid colon B 0 0 0

30 ACsigmoid colon C 0 1 1 0

31 ACsigmoid colon B 0 0 0

32 ACrectum B 0 0 0

33 AC rectum B 0 0 0

34 AC rectum B 0 0

35 AC rectum B 0 1 0

36 AC rectum C 1 1 1 0

37a AC rectum B 1

b ACsigmoid colon A 0 0

38 AC rectum C 0 0
0

39 AC rectum B X 1 2 0

40 AC rectum C 1 1 +

41 AC rectum C 0 1 0

42 ACcolon (liver metastasis) D 1 0 0

AC, adenocarcinoma; CA, carcinoma; NC, no change in tumor DNAfingerprint; NB, novel band in tumor DNAfingerprint; LB, lost band in

tumor DNAfingerprint. +, tumor DNAfingerprint shows gain in intensity of a band present in constitutional DNA; X, intensity shifts between

bands in tumor DNAfingerprint.
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All specimens were obtained fresh at surgery and the regions of
tissue where tumor material was taken for DNAextraction were also
subjected to microscopical study. The diagnoses of the tumors were
made by histological examination of paraffin-embedded tissue sections
and were classified according to the World Health Organization Inter-
national Reference Center (19). In the five cases of Crohn's disease,
specimens of inflammatory lesions (confirmed by histological exami-
nation) were collected. In each case samples of peripheral venous blood
and normal gastric or colorectal mucosa were collected for compari-
son. Specimens of normal mucosa were taken as far away as possible
(at least 5 cm) from the nearest adenoma or carcinoma.

DNAanalysis. High molecular weight DNAwas extracted by rou-
tine methods from peripheral blood leukocytes and from tissue mate-
rial that had been ground to powder in liquid nitrogen (20). Equivalent
amounts (10 ,g) of DNAfrom peripheral blood, normal mucosa, and
tumors or inflammatory lesions in the case of Crohn's disease were
digested with the restriction enzyme Hinf I (Boehringer-Mannheim
GmbH, Mannheim, FRG; and Anglian Biotechnology Ltd., Colches-
ter, Essex, UK) according to the manufacturer's guidelines. The di-
gested DNAsamples of each case were electrophoresed in adjacent
tracks in 22-cm-long 1.0% (wt/vol) agarose gels at 2.0 V/cm for 16 or
40 h. The fragments were then denatured in alkali and transferred to
nylon filters (Hybond-N; Amersham International, Amersham, UK)
as described (21).

DNA probes and hybridization procedures. The minisatellite
probes (both M13 recombinants containing the respective minisatellite
plus flanking human DNA) were 33.6, a 720-nucleotide Hae III frag-
ment subcloned into the SmaI site of MI 3mp8, and 33.15, a 592-nu-
cleotide Pst I/Aha III fragment subcloned into Ml3mp19 DNAdi-
gested with Pst I and SmaI (16). The a-globin 3'HVR probe was a 4-kb
Hinf I fragment from the recombinant pSEAI which includes an HVR
3' of the a-globin gene cluster (22). Under hybridization conditions of
low stringency this probe has also been shown to provide an individ-
ual-specific DNA fingerprint unrelated to the patterns revealed by
probes 33.6 and 33.15 (Thein, S. L., unpublished results).

The minisatellite probes 33.6 and 33.15 were labeled with [32p]_
deoxycytidine triphosphate as described previously (15, 16). The a-
globin 3'HVR probe was labeled with [32P]deoxycytidine triphosphate
by the random-hexamer-primer method (23). For hybridization with
the Ml 3 recombinant probes filters were prehybridized in 50% form-
amide, 3X standard saline citrate (SSC) (150 mMsodium chloride, 15
mMsodium citrate, pH 7.0), 0.2% SDS, and 50 ,ug/ml heparin and
hybridized at 37°C in the same buffer with the addition of 5%dextran
sulfate and 200 sg/ml heparin. They were washed in I X SSCand 0.1%
SDSat 61 'C. For DNAfingerprinting with the a-globin 3' HVRprobe
filters were prehybridized and hybridized at 61 °C in 1.5X SSPE (270
mMsodium chloride, 15 mMsodium phosphate, pH 7.7, and 150 mM
EDTA), 0.5% Cadbury's marvel milk powder, 1% SDS, and 6%poly-
ethylene glycol 8,000. The washes were done in I X SSCand 0.1% SDS
at 500C. The filters were subjected to autoradiography at -700C for
2-7 d with and without intensifying screens. Losses of fingerprint
bands in tumor DNAwere ascertained by overexposure of the filters
with respect to the other bands.

Statistical methods used included Fisher's exact test (two-tailed)
and the Poissonian distribution as appropriate.

Results

In each case the DNA fingerprints detected in DNAfrom
peripheral blood leukocytes and normal gastrointestinal mu-
cosa were indistinguishable. Similarly, no differences were ob-
served between the DNAfingerprints of the normal DNAand
the DNAsamples extracted from inflammatory lesions in five
cases of Crohn's disease. The abnormalities observed in the
tumor DNAfingerprints chiefly included novel bands, loss of
bands seen in the corresponding normal DNA, and shifts in

hybridization intensity between bands in the tumor DNA
compared with normal DNA(Table I and Fig. 1). The abnor-
malities were confirmed with repeat experiments using a gross
excess of restriction enzyme (50 U enzyme per gg of DNA).

The overall rates of somatic DNAfingerprint mutations in
colorectal carcinomas classified by Dukes staging were as fol-
lows: stage A, 2/3; stage B, 11/18; stage C, 7/11; stage D, 1/2.
Tumors in Dukes' stages A and B do not show a higher fre-
quency of abnormal fingerprints than tumors in stages C and
D(P> 0.20).

The probes 33.15, 33.6, and a-globin 3'HVR detected, re-
spectively, the following mean number of bands in constitu-
tional DNA: 18, 23, and 11. The probe 33.15 detected a
slightly greater number of changes in the primary carcinomas
(12 novel bands, 11 lost bands) than 33.6 (10 novel bands, 8
lost bands) but this is not statistically significant. However,
both these probes detected a greater number of changes than
the a-globin 3'HVR probe (two novel bands, six lost bands, P
< 0.005), which partly relates to the increased number of
bands they detect. To determine whether the sequential use of
several probes significantly increases the proportion of cases
with abnormal tumor DNAfingerprints the cases were ana-
lyzed as shown in Fig. 2. The first probe used was 33.15, fol-
lowed by 33.6 and a-globin 3'HVR. 21/44 carcinomas (48%)
were abnormal on investigation with 33.15. 6/23 tumors with
normal 33.15 fingerprints and 10/21 tumors with abnormal
33.15 fingerprints were found to be abnormal on sequential
analysis with the probe 33.6. There was no statistically signifi-
cant difference between these two groups (P > 0.02). The a-
globin 3'HVR probe detected two more cases with abnormali-
ties that had previously been found to be normal with both
33.6 and 33.15. There were 15 carcinomas (34%) that did not
show any changes with the three probes.

Table II provides a more detailed breakdown of the ob-
served numbers of changes in the tumors compared with the
number of expected changes. The number of cases observed
with zero, one, or two novel bands or losses did not differ
significantly from the numbers expected conforming to a
Poissonian distribution. Thus these results are compatible with
the hypothesis that each fingerprint band in a tumor has an
independent chance of being affected.

Four of the five adenomas showed normal DNA finger-
prints. However, one adenoma showed a loss of a band that
was present both in the constitutional DNAand the DNAof
the colonic carcinoma (case 15). Two patients (Table I, 12 and
37) had two separate colorectal tumors. In case 12 one tumor
(12b) showed a normal DNA fingerprint, whereas the other
(12a) had a novel band. Case 37 showed losses of bands with all
three probes in one tumor (37a) and with the a-globin 3'HVR
only in the other (37b). In two gastric cancers (Table 1,2 and 3)
DNAextracted from metastatic tumor in lymph nodes could
be studied. In case 2 the primary carcinoma had a normal
fingerprint, whereas the metastasis had a novel band. In case 3
the metastasis had novel bands with all three probes, none of
which were shared by the primary tumor, which in turn
showed a novel band detected by 33.15.

Discussion

Wehave shown that screening the DNAof gastrointestinal
cancers with a panel of three fingerprint probes provides clonal
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Figure 1. Autoradiograph of DNAfingerprints in colo-
rectal tumors. In each case DNAfrom peripheral blood
(Bl), normal mucosa (M), and tumor (T) were di-
gested with Hinf I. The Southern blot filters were hy-
bridized to the probe 33.15. The fragment sizes of the
molecular marker are indicated in kilobases. Patients:
A, case 16, adenocarcinoma of cecum; B, case 28, ade-
nocarcinoma of sigmoid colon; C, case 40, adenocarci-
noma of rectum; D, case 20, adenocarcinoma of trans-
verse colon. Clonal markers are indicated by arrows.

Note that A (case 16) shows two novel bands in the
tumor fingerprint while B (case 28) shows a loss of a

band. C (case 40) shows increased intensity of a finger-
print band in the tumor and D (case 20) shows the nor-

mal fingerprint of the carcinoma.

markers in a high proportion (66%) of these tumors. The find-
ing that none of our cases showed any differences between the
DNAfingerprints of peripheral blood leukocytes and normal

44 caranomas

First probe:
33.15

Second Probe:
33.6

N
23

N Ab
17 6

Third Probe: N Ab N Ab
a globin 3'HVR 15 2 5 1

Figure 2. Detection of clonal markers in gastrointi
DNAfingerprinting. Cumulative analysis using thi
probes. N, normal DNAfingerprint in tumor DN)
fingerprint in tumor DNA. For comments and sta
Results.

mucosa further confirms that these changes seen in the carci-
nomas are somatic mutations. As expected, none of the cases

of Crohn's disease was found to show any mutations in DNA
extracted from inflammatory lesions. Interestingly, sequential
screening of tumors with several probes does increase the pro-
portion of cases in which clonal markers can be defined. The
search for clonal markers in a given case might best be begun
by using the probes 33.15 or 33.6, since the chances of finding
clonal markers on Southern blots are greater with these two

Ab probes than with the a-globin 3'HVR probe. An advantage of
21 DNAfingerprinting in the assessment of clonality in tumors is
\ that a particular blot can be probed sequentially with several

probes, thus increasing the rate of detection of clonal markers.

N1 Ab Also, studies of clonality can be performed irrespective of the
/ \ \ patient's sex. Other methods for the determination of clonality

/ \ / \ are all associated with some difficulties, such as the technical
N Ab N Ab problems of cytogenetics in solid tumors and the limitation of
11 0 6 4 the methods based on X-linked protein or gene mosaicisms to

estinal tumors by females (6, 12); therefore, we hope that DNAfingerprinting of
ree fingerprint human tumors will become a valuable additional technique.

A; Ab, abnormal The precise mechanisms responsible for the alterations in
tistical analysis see the tumor DNAfingerprints are unknown. Unequal mitotic

exchange of genetic material as well as DNAslippage during
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Table II. Distribution of Novel Bands and Losses ofBands in 44
Tumors Detected by Three Fingerprint Probes

No. of changes in tumor fingerprints observed and
expected* with three different probes

33.15 33.6 a-Globin
Change in No. of 3'HVR

tumor lost/new
fingerprint bands Obs. Exp.* Obs. Exp.* Obs. Exp.*

Novel bands 0 33 34.5 34 35.0 42 42.0
1 10 9.1 10 8.0 2 1.9
2 1 1.2 0 0.9 0 0.04
3 0 0.1 0 0.07 0 0

44 44 44

Lost bands 0 34 34.0 36 36.7 39 38.4
1 9 8.6 8 6.7 4 5.2
2 1 1.1 0 0.6 1 0.36
3 0 0.09 0 0.04 0 0.02

44 44 44

* The expected number of bands lost or gained in the tumors was
calculated according to the Poissonian distribution for the observed
frequencies.

replication could result in novel bands or losses of bands (24).
Changes in DNAmethylation patterns have been shown to
occur in colorectal cancer (25), which may alter Hinf I cleav-
age sites. However, abnormal tumor DNAfingerprints were
confirmed in both our previous (18) and present reports (data
not shown) using restriction enzymes such as Alu I or Hae III,
which are not methylation sensitive (26). For future studies we
recommend that Alu I be used as the enzyme of first choice.
Humantumors have been found to show clonal losses of chro-
mosomal regions (5), which might account for band losses in
the fingerprint. Wesuspect that in most cases DNA finger-
prints detect widespread loss of relatively small chromosomal
regions, since otherwise we would have observed a consider-
ably higher number of cases with loss of more than one band.

Comparison of DNA fingerprints from primary carci-
nomas and metastatic tumors is particularly interesting. In our
cases the DNAfrom metastatic tumors showed new bands that
were present neither in the constitutional DNAnor in the
primary tumor, with the implication that the metastatic tumor
cells underwent clonal somatic mutations not present in the
original tumor. Changes in the clonal composition of tumors
have been thought to represent changes in the growth charac-
teristics of particular subpopulations of tumor cells, for exam-
ple dormant cells in primary tumors which grow rapidly in
metastases (9, 27). These observations suggest DNA finger-
printing would be useful in studying tumor progression and
relapse at a molecular level. Similarly, genetic changes could
be followed by serial DNAanalysis of tumor cells propagated
in culture.

Although we report the use of DNAfingerprints here as
clonal markers in gastrointestinal carcinomas, we have found
such markers in a variety of other neoplasias, for example
acute myeloblastic leukemias (unpublished observations), ma-
lignant lymphomas, and breast carcinomas (18). Unlike Ig or
T cell receptor gene rearrangements, clonal changes in DNA

fingerprints of tumors do not seem to be associated with par-
ticular types of cancers, and their use in benign and malignant
neoplasms of different tissue origins warrants further study.
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