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Cell kinetics and in vitro clonogenicity of primary
colorectal cancer: clinicopathological relationships and
the implications for chemotherapy
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SUMMARY Cells with the capacity for clonogenic growth in vitro can be isolated from primary
human colorectal carcinomas. In this study colonies were grown, composed of cells which
expressed epithelial membrane antigen and CEA, confirming their neoplastic character.
Adequate growth for assessing the cytotoxicity of drugs for use in clinical chemotherapy regimes
was obtained from 64% of the specimens. Colony forming efficiency of the tumour cells was not
related to clinical stage or pathological grade of the parent tumour. The S-Phase fraction of the
tumour was established in vitro using pulse thymidine labelling. The thymidine labelling index for
Dukes' stage A and B tumours was significantly higher (median 15.7%, range 10. 1-23*6%) than
for Dukes' stages C and D (median 11P7%, range 0 1-13.6%). Colony forming efficiency in vitro
was independent of the thymidine labelling index of the tumour. These findings are discussed
with reference to the known heterogeneity of colorectal adenocarcinomas.

The stem cell model of human tumours proposes
that a limited number of self-renewing cells are
present in the tumour. These cells are responsible
for repopulation of a tumour after therapy, and for
metastatic spread.' They are therefore the most
important target for cytotoxic therapy.

Direct measurement of the stem cell population of
tumours in vivo is not yet possible. It has been
shown, however, that cells with the capacity for
clonogenic growth in vitro can be isolated from most
human tumours.2 For several reasons these are
thought to be the stem cells.3 4

A variety of methods have been described for the
culture of these cells.i7 A common factor is the
addition of agar or methylcellulose to the medium,
as a means of selecting cells capable of anchorage
independent growth, thus resolving the problem of
fibroblast overgrowth, which is so common in
monolayer culture.
The capacity of a cytotoxic drug to reduce or

eliminate clonogenic growth of the tumour cells in
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vitro has been used to predict the likely effect of the
drug in vivo.8 The introduction of a routine drug
screening programme for patients with cancer is
hampered, however, by the inconsistent results
obtained by different laboratories, and by the small
percentage of tumours that actually grow in vitro. A
number of attempts have been made to improve
both the number of tumours growing and their
colony forming efficiency.9 Little is known,
however, of the properties of the colony forming
cell. An interaction between neoplastic and normal
elements of the tumour has been describedl and it
has also been reported that the colony forming
efficiency for a tumour in vitro is related to its
malignant potential.2
As part of a programme to evaluate chemo-

therapy for use in advanced disease, and as a
surgical adjuvant in colorectal cancer, we have
investigated the relationship between clinical
features of the disease and in vtiro colony forming
efficiency of the tumour cells. Such a relationship
might permit the identification of individual patients
at a high risk of recurrence, and as a corollary it
should be possible to clarify some aspects of tumour
biology pertaining to those tumours which grow in
vitro. This will extend our knowledge of the
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clonogenic cells and the conditions necessary for
their growth.

Methods

COLLECTION OF EXPERIMENTAL MATERIAL
Biopsies were obtained immediately after surgical
resection of the primary tumour. The specimen was
washed thoroughly in tap water and representative
samples taken from all areas by a standardised
sampling technique. Two centimetre square biopsies
were transported in Ca++ and Mg++ free Hank's
salt solution (to which penicillin, streptomycin, and
amphotericin B were added), (GIBCO).
Appropriate sterility precautions were taken
throughout.

IN VITRO THYMIDINE LABELLING
Tumour tissue was labelled according to the method
of Meyer,11 except that 5-fluoro-2'-deoxyuridine
(FUdR) was omitted. The tumour was diced into
1 mm3 fragments, washed, and incubated at 37°C in
tritiated thymidine (3HTdR, 25 gCi/ml, specific
activity 25 Ci/mmol).

Samples were pressurised to 3 atmospheres with
5% C02:95% 02 and incubated in a shaking water
bath for two hours. Residual 3HTdR was then
removed by washing, and autoradiographs (Kodak
AR 10) were prepared. After seven to 10 days
exposure, autoradiographs were processed and the
thymidine labelling index calculated from the
formula:

Number of labelled cells x 100 = LI%
Total number of cells

A minimum of 4000 tumour cells (range 4000-
8000) were counted from a minimum of 20 random
fragments of tumour tissue, and the thymidine
labelling index calculated was the mean for each
tumour.

PREPARATION OF SOFT AGAR CULTURES
Preparation of cell suspensionsfrom solid tissue
The tumour tissue for in vitro culture was rinsed
vigorously with at least five changes of transport
medium and once with McCoy's 5A containing 10%
horse serum and 5% fetal calf serum (= E McCoy's)
(all sera heat inactivated, GIBCO).

Necrotic tissue, fat, and normal mucosa were
dissected from tumour, which was then finely
minced. Cells liberated into the supernatant
medium were aspirated through a 25 g needle,
collected by centrifugation and washed. The
medium containing cells was then filtered through
BP gauze until a single cell suspension was obtained.
This single cell suspension was designated

mechanically disaggregated.
The tumour mince remaining after mechanical

disaggregation was added to 20 ml of an enzyme
digestion mixture containing: collagenase, 400 IU/
ml (Worthington type II), hyaluronidase, 300 IU/ml
(Worthington HSE), DNAase, 350 U/ml
(Worthington DP).
The suspension was agitated with a magnetic flea

for two to three hours at room temperature. Cells
were collected from the supernatant by centrifuga-
tion, washed, and filtered to remove cell clumps.
The single cell suspension obtained in this way was
designated enzyme dissociated.
The percentage of viable cells in both

mechanically disaggregated and enzyme dissociated
suspensions was determined by trypan blue
exclusion, at a final concentration of 0-1%, in serum
free medium.

Preparation of soft agar cultures
The cultures were prepared according to the method
described by Hamburger et al. 1) Briefly, 35 mm
culture dishes were coated with 1 ml of 0 5% agar
(Bactoagar, Difco) in E-McCoy's. Cells were
resuspended and diluted appropriately in E-CMRL
(CMRL+ 15% horse serum and insulin 2 IU/ml
(Lilly, Iletin 100 IU/ml)), and molten agar added to
a final concentration of 0.3%. One millilitre aliquots
of the cell suspension (5x 105 cells, 'viable' + 'non
viable' cells) were pipetted onto the 0.5% agar base.
A minimum of five dishes were prepared for each
tumour and replicate dishes were prepared when
sufficient cells were available. The dishes were
screened for contaminating cell clumps immediately
before incubation, and contained predominantly
single cells. Groups of two or three cells could not
entirely be excluded, and typically these clumps
comprised 0-0001-0-005% of the total. There was no
difference between the proportion of such clumps
when enzyme dissociated prepared cells were
compared with mechanically disaggregated
prepared cells. Dishes containing >5 clumps of >10
cells were discarded. Otherwise the number of such
clumps was recorded and subtracted from the total
number of colonies present after incubation. The
dishes were incubated in 5% CO2 for 14-21 days,
then colonies were scored using an inverted micro-
scope at x40 and x 160 magnification (Fig. 1).

COLONY CHARACTERISATION
Immunoperoxidase staining for CEA was
performed (Dako PAP Kit, Mercia Brocades)
according to the method of Sternberger.12 Staining
was performed on fixed paraffin embedded sections,
or cytocentrifuge preparations of colonies removed
from agar with a micropipette.
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Fig. 1 Human colorectal cancer cell colony in agar (original magnification x 450).

Additionally colonies were stained for the
presence of epithelial membrane antigen (SERA-
LAB), an antiserum raised to human milk fat
globulin, and which cross reacts with epithelial cells
of gastrointestinal origin.'3

COLONY GROWTH IN VITRO
For the purpose of these experiments a tumour was
considered to have grown in vitro if five or more
colonies were obtained from 500 000 cells plated (a
colony fotming efficiency 0¢1 x 10-4). A colony
was defined as an aggregation of more than 30 cells
to allow for suboptimal growth in the standard
culture conditions. Formation of 30 cell colonies in
14 days requires an average cell cycle time of 67
hours. A distinction was made between tumours
that grew according to the above definition and
those which would permit of a cytotoxic drug assay -
that is, >30 colonies from 500 000 cells plated, =
colony forming efficiency >0*6x 10-4.

Results

Tissue for analysis was obtained from 28 primary
colorectal adenocarcinomas. Preoperative radio-
therapy or chemotherapy excluded patients from
this study. The Dukes' stage distribution was found

to be representative of that expected for colorectal
tumours. (A=14.25%, B=21*5%, C&D=64%.)

CHARACTERISATION OF COLONY FORMING CELLS
The identity of colony forming cells was established
by immunoperoxidase staining for CEA and
epithelial membrane antigen. All colonies sampled
from eight consecutive tumours which grew,
expressed CEA and epithelial membrane antigen,
indicating the epithelial and neoplastic nature of the
cells.

CLONOGENIC GROWTH
It was possible to assess clonogenic growth in 25 of
the 28 tumours. The remainder were technical
failures, because the cultures became contaminated
in two cases, and in the third (a colloid carcinoma) a
single cell suspension could not be obtained for
plating into agar.

'INFLUENCE OF DISAGGREGATION PROCEDURE ON
COLONY GROWTH IN VITRO
Mechanical and enzymatic disaggregation tech-
niques were compared on 11 specimens. The
percentage of cells able to exclude trypan blue dye
was found to be lower in the cell suspensions
prepared by mechanical disaggregation (Fig. 2).
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Fig. 2 Comparison ofcell viability (trypan blue exclusion)
with mechanical and enzymatic disaggregation.

When the colony forming efficiencies of
mechanically disaggregated and enzyme dissociated
prepared cell suspensions were compared,
mechanically disaggregated suspensions had a lower
colony forming efficiency, although this difference
was not statistically significant (Mean colony
forming efficiency x 10-4, mechanically
disaggregated = 0O78±0-25, enzyme dissociated =

0.93±0.4) (Table 1).

COLONY FORMING EFFICIENCY IN VITRO AND

CLINICAL STAGE
The proportion of tumours that grew in vitro was not
influenced by the clinical stage of the disease (Table
2). In addition the colony forming efficiency of
tumours in vitro was found to be independent of the
extent of the disease when correlated with Dukes'
stage. Although the mean colony forming efficiency
of stage D tumours - that is, those primary tumours
which were associated with liver metastases tended
to be lower than that of the remainder, statistical
significance was not shown.

Table 1 Primary colorectal tumours: comparison of
dissociation methods by clonogenicity in vitro

Dissociation method

MD ED

Specimens (no) 11 11
Cloned in vitro (no) 4 (36%) 7 (63%)
Mean (+SD) CFE x 10-4 in vitro 0-78+0-25 0-93+0-4
Range of CFE xlO-4 02-0 0-10
Technical failures 3 (27%) 3 (27%)

MD = mechanically disaggregated.
ED = enzyme dissociated.
CFE = colony forming efficiency.

Table 2 Relationship between cloning efficiency in vitro
and Dukes' stage

Median colony
forming efficiency

Dukes' stage No in vitro Range

A 4 1-9 03-2-0
B 6 1-1 0-46
C 12 1-1 0-52
D 6 0-75 0-17

COLONY FORMING EFFICIENCY AND TUMOUR
GRADE
The histology of all specimens was reviewed by an
independent pathologist and the tumours were
graded into three categories using the criteria
described by Dukes and Bussey.14 This was done
with no prior knowledge of the results from cloning
and labelling experiments.
Tumour grade was compared with in vitro growth

with Fisher's exact probability test. There was no
significant difference in the frequency of growth of
the colony forming efficiency between different
grades (Table 3).

THYMIDINE LABELLING INDEX OF PRIMARY
COLORECTAL TUMOURS IN VITRO
The mean thymidine labelling index of tumours
ranged from 0X1-23X6%, (median 12.8%). The
thymidine labelling index was found to be the same
at seven and 10 days exposure, although longer
exposure times (>14 days) resulted in an apparent
reduction in thymidine labelling index because
heavy labelling rendered it difficult to discriminate
individual labelled nuclei.

THYMIDINE LABELLING INDEX AND CLINICAL
STAGE
The relationship between thymidine labelling index

Table 3 Relationship between histological grade and
cloning efficiency

CFEt>OJl CFEt>06
Grade No TFw No growth x10-4 (%) xJO-4 (%)

I 6 0 0 6(100) 6(100)
II 16 3 4 9 (69) 7 (54)
III 6 0 1 5 (83) 3(60)
Total 28 3 5 20 (80) 16 (64)

Fisher's exact probability test. I vs II vs III NS.
* Technical failure (excluded from analysis).
t Colony forming efficiency.
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and clinical stage is shown in Table 4. The median
thymidine labelling index for Dukes' stage A and B
tumours was significantly higher than for Dukes'
stages C and D (A vs C or D p<O01, B vs C or D
p<O-05). To reduce possible errors because of small
numbers in the groups, Dukes' stages A and B were
combined to represent locally confined disease
(median 15-7% range 10.1-23.6%), and this was
compared with Dukes' stages C and D, - that is,
advanced disease (median 11.7%, range 0-1-
13.6%). The median thymidine labelling index of
local disease remained significantly higher than that
of advanced disease (p<0.01).

THYMIDINE LABELLING INDEX AND CLONOGENIC
GROWTH IN VITRO
There was no correlation between thymidine
labelling index and whether or not a tumour grew in
vitro; furthermore, if colonies were generated, the
thymidine labelling index was not related to the
colony forming efficiency (Table 5). It must be
noted, however, that the range of thymidine
labelling index was normally distributed, and as the
sample was small and few tumours had labelling
indices at the extremes, a possible association
between labelling index and growth and/or colony
forming efficiency cannot definitely be excluded.

Discussion

Adequate growth for a cytotoxic assay was obtained
in 64% of the primary colorectal tumour cultures.
Similar growth rates have been reported for
colorectal and other tumour types,'5 16 from several
other centres, although the results for colorectal
tumours tend to vary considerably.'7 18 The failure
to adopt a standard method for the presentation of
results may be partly responsible for the apparent
differences, amalgamation of primary tumours and

Table 4 Relationship between Dukes' stage and thymidine
labelling index

Median thymidine
Dukes' stage No labelling index Range

A 4 15-6 143-16-5
B 6 16-0 10-1-23-6
C 12 10-6 0-1-13-6
D 6 10-2 6-7-13-4
A+B 10 15-7 10-1-23 6
C+D 18 11-7 0-1-13-6

A vs C p<0-01. A vs D p<001. B vs C p<005.
BvsDp<005. AvsBNS. CvsDNS.
A+B vs C+D p<0-01. (Mann Whitney U Test).

Table 5 Relationship between thymidine labelling index
and extent ofgrowth in vitro

Colony forming
efficiency in vitro

Thymidine (xlO-4)
labelling
index (%) No >0-1 >0-6

0-5 1 0 0
6-10 8 6 5
11-15 14 10 8
16-20 4 3 2
21-25 1 1 1
Total 28 20 16

metastatic deposits as 'solid tumours' leading to
higher success rates than could be obtained for
primary tumours alone.5 The lack of a single
standardised method for solid tumour disaggrega-
tion may also be a contributory factor. In common
with other workerst6 we found that an enzyme
dissociation method, based on collagenase, gave
superior results to mechanical disaggregation alone.
The colony forming cells have been independently

identified as tumour cells by morphological, histo-
chemical, immunological, and karyotypic criteria in
a number of laboratories,2 4 and by tumour growth
from colonies injected into nude mice.4 In our study
the cell colonies were found to express epithelial
membrane antigen and CEA confirming the
epithelial and neoplastic origin.
The ability to obtain growth from a large

proportion of primary tumours is important if the
method is to be used for predicting the value of
subsequent planned chemotherapy. For certain
tumour types a correlation between tumour
clonogenicity and histological grade - for example,
breast,'9 lymphoma2 ( and gastric carcinoma,2t has
been observed, where the more anaplastic tumours
are associated with a higher colony forming
efficiency. Additionally where serial samples can be
obtained for assay, when the disease progresses, the
colony forming efficiency increases.2
Frequency of in vitro growth and colony forming

efficiency of the primary colorectal tumours in this
study was independent of the clinical and
pathological features of the parent tumour. Wide
variations were seen between different areas of the
same tumour, and the grade thus assigned to a
particular tumour is a generalisation based on the
predominant histopathological features. It is
feasible therefore that variations in colony forming
efficiency result from the growth of cells from areas
which do not conform to the predominant
histological grade.
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The kinetics of tumour cells were also investigated
to establish whether there was a relationship with in
vitro growth. Such a relationship has been claimed
in the case of myeloma for exam le, but has not
been reported for any solid tumour. A more recent
report from Durrie et a123 has shown a relationship
between labelling index, in vitro growth, and patient
survival. In addition, the labelling index used in
conjunction with in vitro chemosensitivity data was a
good discriminant of prognosis.

Several factors influenced the choice of technique
used. For ethical and practical reasons,
stathmokinetic and fraction labelled mitosis tech-
niques were deemed unsuitable.24 In vitro pulse
labelling using tritiated thymidine involved no
increased risk to the patient, and within the context
of the study consistent results were obtainable.
Our initial observations confirmed the findings of

Lieb and Lisco,25 in that the labelling index varied in
different areas of the same tumour. Consequently a
large number of tumour fragments from all areas of
the tumour were examined and at least 4000 tumour
cell nuclei were counted in an attempt to minimise
the counting errors.
The observed statistical relationship between

thymidine labelling index and Dukes' Stage was
maintained not only as numbers accumulated, but
also when stage A and B tumours (local disease)
were compared with stages C and D (advanced
disease).

In contrast to our labelling results, the work of
Meyer26 failed to show any correlation between
thymidine labelling index and clinical stage,
although in his study more advanced tumours
showed a trend toward higher labelling indices. We
feel that this disparity is because of the different
sampling techniques used, as we were careful to
include tissue from all viable areas of the tumour
and not just the advancing edge. Less well
vascularised areas of tumour are associated with
lower labelling indices as a greater proportion of the
cells are in the Go (non-proliferating) phase of the
cell cycle. This results in a relative lowering of the
mean thymidine labelling index. It is possible that
the ratio of stem cells to non-stem cells - that is,
differentiated cells, in ischaemic tissue is altered. As
the total stem cell component of a tumour is
estimated at less than 11%, however, it is unlikely
that variations in stem cell kinetic activity materially
affect the labelling index. Nevertheless, it is
important for the purpose of this study to include
areas which may have a high stem cell component,
because they are determinants of clonogenic
growth, and may materially affect the colony
forming efficiency by reversion into the proliferative
phase of the cell cycle.

Colony forming efficiency was found to be
independent of the proliferative activity of the
colorectal tumours. Although a distinction can be
made on the basis of morphology between normal
and tumour cells, it is not possible to discriminate
between those tumour cells with unlimited
proliferative potential (stem cells), and committed
cells with restricted capacity for division. Where a
tumour is relatively homogenous, as in myeloma, a
proliferative index such as the thymidine labelling
index may adequately represent the kinetic potential
of the whole tumour cell population. As already
stated, colorectal tumours are heterogenous, and
the thymidine labelling index varies in different
areas of the same tumour. Thus the possibility that
the colony forming cells derive from regions of high
proliferative activity cannot be excluded.

In conclusion therefore this soft-agar culture
system could be used to screen colorectal tumours
for cytotoxic drug sensitivity, and we are conducting
a pilot study at present. The population of cells with
the capacity for colony formation in vitro does not
appear identifiable by any clinical or pathological
features of the parent tumour, or by its proliferative
activity. This, however, may be a consequence of
the heterogeneity of colorectal adenocarcinoma.
We feel that further research to establish the

origin of the colony forming cell and its
requirements for growth in vitro is warranted.

This research is funded by grants from the Cancer
Research Campaign and the Wessex Medical School
Research Trust.
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