
&p.1:Abstract DNA heterogeneity of colorectal carcinomas
has been investigated by flow cytometry; most studies
have focused on the clinical usefulness of DNA ploidy
analysis. Since cancers consist of predominant subclones
with proliferative advantage due to clonal expansion, we
attempted to analyse the clonal expansion of colorectal
carcinomas within a tumour by measuring DNA ploidy.
The DNA ploidy and heterogeneity of multiple fresh
samples obtained from 164 colorectal adenocarcinomas
were analysed by flow cytometry. Each tumour was di-
vided into an average of six specimens, which were anal-
ysed separately. For 146 of the tumours (89%) at least
one DNA aneuploid population was found within the
cancer tissue examined. DNA multiploidy was detected
in 26 cases (17.8%) among the cancers with aneuploidy.
Based on the DNA index (DI), hypertriploid aneuploidy
(1.7<DI<1.8) was found most frequently in the aneu-
ploid colorectal cancers examined. DNA ploidy hetero-
geneity was seen in 75 (51.4%) of the DNA aneuploid
tumours. There were only 3 cases with more than three
subclones including a diploid line. The present results in-
dicate that colorectal carcinomas consist of a few domi-
nant subclones and have a DNA content (hypertriploid
aneuploid) that confers a proliferative advantage.
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Introduction

Intratumour heterogeneity in DNA content has been
demonstrated in colorectal carcinoma [12, 26]. Carcino-
ma of the colorectum is characterized by homogeneous
histological appearances in different areas of the tumour,
but primary malignant tumours are not always uniform,
being composed of different subpopulations with differ-
ent properties [21].

Recent molecular genetic data indicate that most neo-
plasms arise from a single altered cell, which expands as
a neoplastic “clone” within a tumour mass [3, 16, 21,
22]. The clone evolves into variant subclones with addi-
tional genetic alteration, and these subclones possess
new and different characteristics that enable local inva-
sion and metastasis. The presence of multiple subclones
within the neoplasm results in intratumour heterogeneity
[21, 22], since a tumour mass consists of multiple ex-
panded subclones derived from the original clone. The
subclones may have different DNA content and may ac-
quire a growth advantage. Consequently, these dominant
subclones occupy the whole tumour. Intratumour DNA
heterogeneity may result from the selection of predomi-
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-
ity may provide valuable information regarding not only
the clinical behaviour, but also the biological features of
the tumour, such as clonal expansion. Because recent
studies have focused on the clinical usefulness of intera-
tumour DNA heterogeneity [12, 26] in prognosis, the bi-
ological aspects of this phenomenon have not been fully
delineated. Therefore, using DNA ploidy as an indicator
of tumour clonal expansion, we studied DNA heteroge-
neity in multiple fresh tissue samples from colorectal
carcinomas.
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Materials and methods

A total of 164 patients with colonic cancer who had undergone co-
lectomy at the Iwate Medical University Hospital, Japan, between
1994 and 1997 were examined. They included 107 men and 57
women, with an age range of 35–92 years (mean age, 61.6 years).

Of the 164 tumours evaluated, 68 were located in the rectum
and the remainder (96 cases) in the colon. Because no differences
in the clinicopathological variables examined in this study were
observed between the rectal and colonic carcinomas, both groups
were analysed together.

Tumor location was classified as right-sided (proximal to
splenic flexture; n=130) and left-sided (n=34) colon. Each histo-
pathological diagnosis was made according to the criteria pro-
posed by the Japanese Research Society for Cancer of the Colon
and Rectum [13], and tumour stage was determined according to
the modified Dukes’ classification system [30].

Histological analysis revealed that all tumour samples were
from adenocarcinomas. Histological grading of the differentiation
revealed that 64 cases were well differentiated, 92 moderately dif-
ferentiated and 5 poorly differentiated, and that the remaining 3
were mucinous carcinomas. Application of the Dukes’ classifica-
tion system for the evaluation of tumour stage revealed that 31
carcinomas were in stage A, 56 in stage B, 55 in stage C and 22 in
stage D.

Three to nine tumour samples were taken from the central and
peripheral parts of a freshly resected tumour specimen for DNA
flow cytometry (mean: 6 samples). Normal colonic mucosa taken
from the oral surgical margin of the resected colon was used for
the control samples. Every tumour sample analysed was confirmed
as cancerous by histology. To correlate flow cytometric results
with histological assessment, the paraffin-embedded tissue used
for histology was obtained from regions adjacent to the fresh sam-
ples.

The samples were minced with a scalpel into minute pieces,
and then suspended in ice-cold phosphate-buffered saline (PBS)
containing 0.1% Triton X-100 to isolate nuclei from the cyto-
plasm. The samples were filtered through a nylon mesh (37 µm,
Tokyo screen, Tokyo). After treatment with RNAase (0.1 µg/ml,
Sigma, St. Louis, Mo.), isolated nuclei were stained with prop-
idium iodide (PI; Calbiochem, La Jolla, Calif.) at a final concen-
tration of 50 µg/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 G0/G1 peak, and
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 G0/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 G0/G1 peaks. To confirm the presence of
the near-diploid aneuploid peak, a mixture of tumour and normal
isolated nuclei was measured. An appropriate mixture ratio some-
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 G0/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-II software (Abacus Concepts, Berkeley, Calif.). Sta-
tistical significance was accepted at P<0.05.

Results

Flow cytometric analysis of DNA content in the 164 car-
cinomas showed that 146 were aneuploid (89%) and 18
were diploid/near-diploid (11%). Among the aneuploid
tumours, 26 (17.8%) were classified as multiploid: 24
multiploid tumours each contained two aneuploid stem-
lines, and 2 each had three different aneuploid stemlines
in the one specimen. The DI of the co-existing second or
third DNA aneuploid stemlines (higher DI) were less
than twice the DI of the first tumour aneuploid stemlines
(lower DI) on the same histogram in 24 of the 26 cases
(Fig. 1). The co-existing second or third DNA aneuploid
stemlines showed random DIs on the same histogram.

Clinicopathological differences between diploid and
aneuploid tumours are shown in Table 1. The two groups
did not differ with respect to age, tumour location, histo-
logical grade or tumour stage. The clinicopathological
features did not differ between diploid and aneuploid
cancers.

The distribution of the DIs of all samples is shown in
Fig. 2. Two peaks of DI values were found between 1.0
and 1.70 to 1.80. Aneuploid DIs ranged from 1.05 to
3.35 (mean 1.72±0.25). There were only 4 tumours in
which the DIs exceeded 2.3.

A total of 75 carcinomas (51.4%) consisted of intratu-
mour heterogeneous clones of DNA ploidy, and 56 of
these each contained two different subclones: 29 cases
contained aneuploid and diploid subclones and 27 con-
tained aneuploid subclones showing different DIs within
a tumour. Sixteen tumours each contained three different
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Fig. 1 Multiple DNA aneuploid (A) subclones in a specimen (an-
euploid G1 peaks indicated by arrows, A1, 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 subclone (D diploid)&/fig.c:



subclones: 6 tumours contained two different aneuploid
and one diploid subclones and 10 tumours contained
three different aneuploid subclones. Three tumours had
more than three different subclones (including a diploid
subclone). No more than five different subclones were
observed in any one tumor (Table 2).

No correlation existed between histological differenti-
ation and DNA content for heterogeneous and homoge-
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.

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-
nomas [12, 14, 25, 26, 32, 33]. Presumably this is the re-
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].
This phenomenon is thought to favour tumour growth
and invasion. A previous study has indicated that aneu-
ploid tumours may have higher proliferative activity than
diploid tumours [1]. Moreover, mutation of the p53gene
is associated with loss of wild-type p53 function, includ-
ing growth suppression [19]. Thus, cells that have ac-
quired a p53 mutation may have a selective growth ad-
vantage. Inactivation of p53 has been reported to be as-
sociated with the development of genomic instability and
DNA aneuploidy [19, 23].
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Table 1 Clinicopathological features in diploid and aneuploid co-
lorectal cancers (WDA well-differentiated adenocarcinoma, MDA
moderately differentiated adenocarcinoma, PDA poorly differenti-
ated adenocarcinoma, MC mucinous carcinoma)&/tbl.c:&tbl.b:

Diploid (%) Aneuploid (%)

Age
50> 2 (11.1) 14 (9.6)
≥50 16 (88.9) 132 (90.4)

Location
Left-sided colon 15 (83.3) 115 (78.8)
Right-sided colon 3 (16.7) 31 (21.2)

Histological grade
WDA 7 (38.9) 57 (39.0)
MDA 11 (61.1) 81 (55.5)
PDA 0 5 (3.4)
MC 0 3 (2.1)

Dukes’ stage
A 6 (33.3) 25 (17.1)
B 5 (27.8) 51 (34.9)
C 5 (27.8) 50 (34.3)
D 2 (11.1) 20 (13.7)

Total cases 18 (100) 146 (100)
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Fig. 2 Distribution of DNA indices in the 972 samples. The histo-
gram indicates all detectable DNA stemlines&/fig.c:

Table 2 Number of subclones within individual tumours (A aneu-
ploid stem line, D diploid stem line, A, A1, A2, A3, A4 DNA aneu-
ploidies with different DNA indices)&/tbl.c:&tbl.b:

Number of Number Total 
subclones of cases cases

One D 18 89
A 71

Two A, D 29 56
A1, A2 27

Three A1, A2, D 6 16
A1, A2, A3 10

Four A1, A2, A3, D 1 1
A1, A2, A3, A4 0

Five A1, A2, A3, A4, D 1 2
A1, A2, A3, A4, A5 1

&/tbl.b:



Recently, hereditary nonpolyposis colonic cancer
(HNPCC), which frequently demonstrates microsatellite
instability (MSI), has been the focus of attention because
of its clinicopathological features. These include a young
age at onset, right-sided predominance, and a tendency
to a mucinous or poorly differentiated histological pat-
tern [27]. Furthermore, this syndrome has generally been
associated with a diploid pattern [27, 29]. In the present
study, the incidence of these features in sporadic diploid
colorectal carcinomas was similar to that in aneuploid
colorectal cancers. MSI was found in 9–17% of seem-
ingly sporadic colorectal carcinomas, and thus constitute
only a small fraction of sporadic colorectal cancers.
However, DNA ploidy data may explain the observation
that colonic MSI-positive carcinomas are associated with
a better prognosis than tumours without MSI.

We have shown that most colorectal carcinomas con-
sist of a few neoplastic subclones. However, more than
three different heterogeneous aneuploid subclones were
found in only three cases, indicating that many tumours
do not contain multiple dominant subclones. Interesting-
ly, we found that an advanced colorectal carcinoma has
five subclones at most. Consequently, these results are
consistent with the histology of colorectal carcinomas,
which show a homologous appearance.

On the basis of the distribution of DIs in human can-
cer, which usually shows a peak in the hypertriploid re-
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) were
rare in our study, suggesting that high-DI subclones may
not acquire a proliferative advantage and therefore can-
not be selected as dominant subclones. Our findings sup-
port the hypothesis that a decrease in genetic material in
tumour cells with a tetraploid DNA content appears to be
related to more pronounced anaplasia and enhanced ma-
lignant potential [9, 10, 11]. We believe that hypertrip-
loid subclones acquire a selective proliferation advan-
tage, resulting in predominance as subclones in a tumour
mass. These subclones comprise different regions and
expand within a single tumour. Flow-cytometric analysis
using multiple sampling is a useful method to study such
subclonal expansion in tumours.

We used the contaminating nonneoplastic cells as the
internal diploid standard. If the sample examined con-
tains a tumour diploid stemline, discrimination between
the tumour diploid stemline and the nonneoplastic one is
difficult on a DNA histogram. Nakamura et al. resolved
this problem by using the crypt isolation technique [20].
The crypt isolation technique allows easy separation of
the cancerous crypts from stroma in colorectal cancer tis-
sue [20], thus enabling easy recognition of a tumour dip-
loid stemline. Most colorectal cancers contain diploid
and aneuploid stemlines [20]. However, the diploid tu-
mour stemline cannot be analysed with our previous
methods, since the tumour and nontumour diploid stem-
lines are mixed. The present study emphasizes intratu-
mour expansion of aneuploid subclones within an indi-
vidual tumour, and we did not use crypt isolation in this

DNA analysis. Compared with crypt isolation, our meth-
od is an easy and simple technique for analysis of DNA
aneuploid status.

Twenty-six of our the 164 tumours (17.8%) had at
least one DNA multiploid sublcone (more than one dif-
ferent aneuploid subclone). Hiddemann et al. [12] found
that the DI of the second DNA aneuploid stemline was
twice that of the first in one-third of the multiploid cases
examined on the same histogram. However, in the pres-
ent study, in most multiploid cases the DI of the second
aneuploid lines was not twice that of the first aneuploid
line, and the DIs were variable. This indicates that selec-
tion of DNA aneuploid clones occurs randomly. Further-
more, we also detected three cell lines with different
DNA aneuploidies in each of 2 carcinomas. Thus, it is
not possible for many aneuploid subclones to coexist in
the small area of the tumour.

The present study demonstrates a high incidence of
aneuploidy and a high degree of intratumour ploidy het-
erogeneity in colorectal cancers. We suggest that DNA
aneuploidy represents a secondary chromosome aberra-
tion and that DNA ploidy heterogeneity reflects increas-
ing DNA instability [10, 11, 28]. In addition to its clini-
cal significance, flow-cytometric DNA analysis may
identify the basic aspects of tumour clonal development
[5]. Our results suggest that the biological characteristics
of malignant cell populations are variable.
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