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Abstract DNA heterogeneity of colorectal carcinomagtroduction
has been investigated by flow cytometry; most studies

have focused on the clinical usefulness of DNA ploidyyatymour heterogeneity in DNA content has been
analysis. Since cancers consist of predominant subcloiggonstrated in colorectal carcinoma [12, 26]. Carcino-
with proliferative advantage due to clona_l expansion, of the colorectum is characterized by homogeneous
attempted to analyse the clonal expansion of coloregiglis|ogical appearances in different areas of the tumour,
carcinomas within a tumour by measuring DNA ploidy,;+ yrimary malignant tumours are not always uniform,

The DNA ploidy and heterogeneity of multiple freseing composed of different subpopulations with differ-
samples obtained from 164 colorectal adenocarcino properties [21].

were analysed by flow cytometry. Each tumour was di- pecent molecular genetic data indicate that most neo-

vided into an average of six specimens, whichowere andhisms arise from a single altered cell, which expands as
ysed separately. For 146 of the tumours (89%) at le Sﬁeoplastic “clone” within a tumour mass [3, 16, 21,

one DNA aneuploid population was found within th8>) The clone evolves into variant subclones with addi-
cancer tissue exa})mlned. DNA multiploidy was detectgd o genetic alteration, and these subclones possess
in 26 cases (17.8%) among the cancers with aneuploig, ang different characteristics that enable local inva-
Based on the DNA index (DI), hypertriploid aneuploidyjsn and metastasis. The presence of multiple subclones

(1.7<DI<1.8) was found most frequently in the aneyiiin the neoplasm results in intratumour heterogeneity
ploid colorectal cancers examined. DNA ploidy hete%

. ) 1, 22], since a tumour mass consists of multiple ex-
geneity was seen in 75 (51.4%) of the DNA aneuplaiflhged subclones derived from the original clone. The
tumours. There were only 3 cases with more than th

; . A clones may have different DNA content and may ac-
subclones including a diploid line. The present results fjire 4 growth advantage. Consequently, these dominant
dicate that colorectal carcinomas consist of a few do

bel d h h ol Jbclones occupy the whole tumour. Intratumour DNA
nant subclones and have a DNA content (hypertriplqigierogeneity may result from the selection of predomi-
aneuploid) that confers a proliferative advantage.

nant subclones, and the phenomenon may represent the
expansion of multiple subclones in individual tumours.
Intratumour DNA heterogeneity has had a substantial
impact on the study of DNA ploidy, as information ob-
tained from a single part of the tumours may not be rep-
resentative of the entire specimen [24]. DNA heterogene-
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Materials and methods Results

A total of 164 patients with colonic cancer who had undergone ¢g- ; ; ; _
lectomy at the Iwate Medical University Hospital, Japan, betwe(aOW cytometric analysis of DNA content in the 164 car

1994 and 1997 were examined. They included 107 men andC#fomas showed that 146 were aneuploid (89%) and 18
women, with an age range of 35-92 years (mean age, 61.6 yeawre diploid/near-diploid (11%). Among the aneuploid
Of the 164 tumours evaluated, 68 were located in the recttumours, 26 (17.8%) were classified as multiploid: 24

and the remainder (96 cases) in the colon. Because no differenﬁ%?mpbid tumours each contained two aneuploid stem-
in the clinicopathological variables examined in this study weye

observed between the rectal and colonic carcinomas, both groipeS: and 2 each had three different aneuploid stemlines
were analysed together. in the one specimen. The DI of the co-existing second or
Tumor location was classified as right-sided (proximal third DNA aneuploid stemlines (higher DI) were less

splenic flexture;n=130) and left-sidednE34) colon. Each histo- than twice the DI of the first tumour aneuploid stemlines
pathological diagnosis was made according to the criteria pﬁ?)

posed by the Japanese Research Society for Cancer of the C er DI) on the same histogram in .24 of the 26 cases

and Rectum [13], and tumour stage was determined accordindéd- ;L)- The co-existing second or third DNA_ aneuploid

the modified Dukes’ classification system [30]. stemlines showed random DIs on the same histogram.
Histological analysis revealed that all tumour samples were Clinicopathological differences between diploid and

from adenocarcinomas. Histological grading of the differentiati ; ;
revealed that 64 cases were well differentiated, 92 moderately%}heUpIOId tumours are shown in Table 1. The two groups

ferentiated and 5 poorly differentiated, and that the remainingltfl not differ with respect to age, tumour location, histo-

were mucinous carcinomas. Application of the Dukes’ classificpgical grade or tumour stage. The clinicopathological

tion system for the evaluation of tumour stage revealed that fg¢htures did not differ between diploid and aneuploid

carcinomas were in stage A, 56 in stage B, 55 in stage C and 224 cers

stage D. L . .
Three to nine tumour samples were taken from the central an_dThe distribution of the Dls of all samples is shown in

peripheral parts of a freshly resected tumour specimen for Dk#g. 2. Two peaks of DI values were found between 1.0

flow cytometry (mean: 6 samples). Normal colonic mucosa takamd 1.70 to 1.80. Aneuploid DIs ranged from 1.05 to

from the oral surgical margin of the resected colon was used foB5 (mean 1.72+0.25). There were only 4 tumours in

the control samples. Every tumour sample analysed was confir ich the DIs exceeded 2.3

as cancerous by histology. To correlate flow cytometric resu | of . = o . fi

with histological assessment, the paraffin-embedded tissue used total of 75 carcinomas (51.4%) consisted of intratu-

for histology was obtained from regions adjacent to the fresh sameur heterogeneous clones of DNA ploidy, and 56 of

ples. these each contained two different subclones: 29 cases

The samples were minced with a scalpel into minute piez%a tained aneuploid and diploid subclones and 27 con-

and then suspended in ice-cold phosphate-buffered saline (P - : . L
containing 0.1% Triton X-100 to isolate nuclei from the cytdAined aneuploid subclones showing different Dis within

plasm. The samples were filtered through a nylon mesh (37 @ntumour. Sixteen tumours each contained three different
Tokyo screen, Tokyo). After treatment with RNAase (0.1 pg/ml,
Sigma, St. Louis, Mo.), isolated nuclei were stained with prop-
idium iodide (PI; Calbiochem, La Jolla, Calif.) at a final concen- Al
tration of 50 pug/ml. The samples were analysed using a flow cy-
tometer (EPICS XL, Coulter, Fla).

For each sample, 10000 cells were analysed. Normal stromal
cells such as lymphocytes and fibroblasts present in each sample
served as the internal standard. The DNA index (DI) was calculat-
ed as the ratio of the mode of the aneuploid peak to that of the nor-
mal peak in the DNA histogram. DNA diploid/near-diploid tu-
mours were characterized by the presence of one GO/G1 peak, and D
their DIs were equal to 1.00. If there was a distinct shoulder on the
slope of the diploid peak but no split extra peak, the case was con-
sidered to be near-diploid. Tumours that had at least one GO/G1
peak separate from a diploid peak were defined as DNA aneu-
ploid. DNA multiploidy was regarded as the presence of two or
more distinct aneuploid GO/G1 peaks. To confirm the presence of
the near-diploid aneuploid peak, a mixture of tumour and normal A2
isolated nuclei was measured. An appropriate mixture ratio some- J

Cell number

times identified two distinct peaks in near-diploid aneuploid cases.
For confirmation of the accuracy of DNA measurement, the coeffi-
cient of variation (CV) was calculated for the tumour GO/G1 peak
of each DNA histogram. Tumours with a CV greater than 5.0%
were excluded from subsequent analysis.

When DNA indices of different samples in the same tumour
differed by more than 10%, it was considered to be composed of
heterogenous clones [31].

The data were analysed using the Chi-square test, with the aid ]
of StatView-Il software (Abacus Concepts, Berkeley, Calif.). Sta- Relative DNA content
tistical significance was acceptedRat0.05.

Fig. 1 Multiple DNA aneuploid &) subclones in a specimen (an-
euploid G1 peaks indicated layrows Al, DNA index 1.32; A2,
1.78; A3, 2.25). Neither the A2 nor the A3 subclone has a DNA
index twice that of the A1 subclonB (iploid)
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Table 1 Clinicopathological features in diploid and aneuploid coFable 2 Number of subclones within individual tumous gneu-
lorectal cancersWDA well-differentiated adenocarcinom®|DA  ploid stem lineD diploid stem lineA, A1, A2, A3 A4 DNA aneu-
moderately differentiated adenocarcinoR®A poorly differenti- ploidies with different DNA indices)

ated adenocarcinomi&lC mucinous carcinom::)

Number of Number Total
Diploid (%) Aneuploid (%) subclones of cases cases

Age One D 18 89
50> 2(11.1) 14 (9.6) A 71
=50 16 (88.9) 132 (90.4) Two A D 29

Location
Left-sided colon 15 (83.3) 115 (78.8) Al, A2 27

Right-sided colon 3(16.7) 31 (21.2) Three Al,A2,D 6 16
. . Al, A2, A3 10
Histological grade
WDA 7(38.9) 57 (39.0) Four Al, A2, A3, D
MDA 11 (61.1) 81 (55.5) Al, A2, A3, A4
PDA 0 5(3.4) Five Al, A2, A3, A4, D
MC 0 3(2.1) Al, A2, A3, A4, A5
Dukes’ stage

56

PR OpR

6 (33.3) 25 (17.1)
5 (27.8) 51 (34.9)

g((ﬂ%) 28 ((fg% No correlation existed between histological differenti-

ation and DNA content for heterogeneous and homoge-
Total cases 18 (100) 146 (100) neous tumours. With random selection of one sample
from each tumour the probability of finding an aneuploid
clone was 82%; to achieve a probability of 100% at least
5 samples were required.

oOw>

150

Discussion

The DNA ploidy heterogeneity of colorectal carcinomas
was 51.4% in the present study, a higher frequency than
has been found in any previous study of colorectal carci-
100 - nomas [12, 14, 25, 26, 32, 33]. Presumably this is the re-
m sult of the large number of samples examined and also of
the use of fresh surgical samples for the detection of
near-diploid aneuploidy. Intratumour DNA heterogeneity
_ — has been demonstrated by flow cytometry in other solid
tumours, including lung carcinomas [2], breast cacino-
mas [7], gastric carcinomas [8], renal cell carcinomas
[18], and ovarian carcinomas [6]. If only a single sample
is investigated, the presence of aneuploid clones of the
tumour can easily be overlooked with consequent false
assignment of aneuploid tumours to the diploid tumour
group. Thus, multiple samples should be taken for accu-
rate ascertainment of a tumour’s ploidy status. Our study
has demonstrated that at least five samples are required
for accurate determinations of tumour DNA ploidy sta-
tus.

DNA aneuploidy is frequently observed and may be a
characteristic finding in colorectal carcinoma [4, 11, 17].
Fig. 2 Distribution of DNA indices in the 972 samples. The histol NiS_phenomenon is thought to favour tumour growth
gram indicates all detectable DNA stemlires and invasion. A previous study has indicated that aneu-

ploid tumours may have higher proliferative activity than

diploid tumours [1]. Moreover, mutation of tip®3gene
subclones: 6 tumours contained two different aneuplagdassociated with loss of wild-tyg&3 function, includ-
and one diploid subclones and 10 tumours contained growth suppression [19]. Thus, cells that have ac-
three different aneuploid subclones. Three tumours t@dred ap53 mutation may have a selective growth ad-
more than three different subclones (including a diploigntage. Inactivation of p53 has been reported to be as-
subclone). No more than five different subclones weseciated with the development of genomic instability and
observed in any one tumor (Table 2). DNA aneuploidy [19, 23].

Number of samples
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Recently, hereditary nonpolyposis colonic canc®NA analysis. Compared with crypt isolation, our meth-
(HNPCC), which frequently demonstrates microsatellitel is an easy and simple technique for analysis of DNA
instability (MSI), has been the focus of attention becauseeuploid status.
of its clinicopathological features. These include a young Twenty-six of our the 164 tumours (17.8%) had at
age at onset, right-sided predominance, and a tendeleagt one DNA multiploid sublcone (more than one dif-
to a mucinous or poorly differentiated histological paterent aneuploid subclone). Hiddemann et al. [12] found
tern [27]. Furthermore, this syndrome has generally bdbat the DI of the second DNA aneuploid stemline was
associated with a diploid pattern [27, 29]. In the presdmtice that of the first in one-third of the multiploid cases
study, the incidence of these features in sporadic dipleximined on the same histogram. However, in the pres-
colorectal carcinomas was similar to that in aneuploét study, in most multiploid cases the DI of the second
colorectal cancers. MSI was found in 9-17% of seewmmeuploid lines was not twice that of the first aneuploid
ingly sporadic colorectal carcinomas, and thus constitlitee, and the DIs were variable. This indicates that selec-
only a small fraction of sporadic colorectal cancerson of DNA aneuploid clones occurs randomly. Further-
However, DNA ploidy data may explain the observatianore, we also detected three cell lines with different
that colonic MSI-positive carcinomas are associated witNA aneuploidies in each of 2 carcinomas. Thus, it is
a better prognosis than tumours without MSI. not possible for many aneuploid subclones to coexist in

We have shown that most colorectal carcinomas cahe small area of the tumour.
sist of a few neoplastic subclones. However, more thanThe present study demonstrates a high incidence of
three different heterogeneous aneuploid subclones waneuploidy and a high degree of intratumour ploidy het-
found in only three cases, indicating that many tumowsogeneity in colorectal cancers. We suggest that DNA
do not contain multiple dominant subclones. Interestingreuploidy represents a secondary chromosome aberra-
ly, we found that an advanced colorectal carcinoma s and that DNA ploidy heterogeneity reflects increas-
five subclones at most. Consequently, these results iage DNA instability [10, 11, 28]. In addition to its clini-
consistent with the histology of colorectal carcinomasal significance, flow-cytometric DNA analysis may
which show a homologous appearance. identify the basic aspects of tumour clonal development

On the basis of the distribution of DIs in human cafB]. Our results suggest that the biological characteristics
cer, which usually shows a peak in the hypertriploid ref malignant cell populations are variable.
gion, doubling of the nuclear DNA content is thought to
be the first event in the development of DNA aneuploidy
[10, 15]. Tumours with a high DI (more than 2.2) wer,

rare in our study, suggesting that high-DI subclones m%t)%/ferences

not acquire a proliferative advantage and therefore cap-askensten UG, von Rosen, Nilsson RS, Auer GU (1989) Intra-
not be selected as dominant subclones. Our findings suptumoral variations in DNA distribution patterns in mammary
port the hypothesis that a decrease in genetic material iradenocarcinomas. Cytometry 10:326-333

; ; . Carey FA, Lamb D, Bird CC (1990) Intratumoral heterogene-
tumour cells with a tetraploid DNA content appears to bé ity of DNA content in lung cancer. Cancer 65:2266-2269

related to more pronounced anaplasia and enhanced r§apexter pL, Spremulli EN, Fligiel Z, Barbosa JA, Vogel R, Van
lignant potential [9, 10, 11]. We believe that hypertrip- Voorhees A, Calabresi P (1981) Heterogeneity of cancer cells
loid subclones acquire a selective proliferation advan- from a single human colon carcinoma. Am J Med 71:949—
tage, resulting in predominance as subclones in a tumop®>6

. . . . Emdin SO, Stenling R, Roos G (1987) Prognostic value of
mass. These subclones comprise different regions a CENA content in colorectal carcinoma. Cancer 60:1282-1287

expand within a single tumour. Flow-cytometric analysis, Fischbach W, Zidianakis Z, Like G, Kirchner T, Mossner J
using multiple sampling is a useful method to study such (1993) DNA mapping of colorectal neoplasms: a flow cyto-
subclonal expansion in tumours. metric study of DNA abnormalities and proliferation. Gastro-

g : enterology 105:1126-1133
We used the contaminating nonneoplastic cells as t}%(.aFriedIander ML, Taylor IW, Russel P, Tattersall MHN (1984)

internal diploid standard. If the sample examined con- celiular DNA contents a stable feature in epithelial ovarian
tains a tumour diploid stemline, discrimination between cancer. Br J Cancer 49:173-179
the tumour diploid stemline and the nonneoplastic one fs Fuhr JE, Ashley FBS, Kattine AA, Meter SV (1991) Flow

difficult on a DNA histogram. Nakamura et al. resolved cytometric determination of breast tumor heterogeneity. Can-
’ ) cer 67:1401-1405

this problem by using the crypt isolation technique [20]g F(jimaki E, Sasaki K, Nakano O, Chiba S, Tazawa H,
The crypt isolation technique allows easy separation of Yamashiki H, Orii S, Sugai T (1996) DNA ploidy heterogene-
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sue [20], thus enabling easy recognition of a tumour dip- 136

loid stemline. Most colorectal cancers contain diploi -,‘j{;’;‘;ﬁﬁﬁ;‘é‘gl(jr%ifglﬁgﬂggﬁ'gbt’,ﬁ@eg{‘ ?5’%‘81?_‘3?%0” and evo-

and aneuploid stemlines [20]. However, the diploid tde. Giaretti W, Santi L (1990) Tumor progression by DNA flow
mour stemline cannot be analysed with our previous cytometry in human colorectal cancer. Int J Cancer 45:597—
methods, since the tumour and nontumour diploid stem-603
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lines are mixed. The present study emphasizes mtra&ﬁ-H’ Scivetti P, Riccardi A, Marsano B, Merlo F. d’Amore ESG
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vidual tumour, and we did not use crypt isolation in this rectal cancer. Cancer 67:1921-1927
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