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Summary.-The effect of serial passage in immune-deprived mice on certain
biological and biochemical parameters has been studied in a series of 6 human
colorectal tumour xenografts. Histological integrity is maintained for up to 10 serial
passages, together with production of epithelial mucins and carcinoembryonic
antigen. Passaged tumours retain human lactate dehydrogenase and glucose-6-
phosphate dehydrogenase isoenzyme patterns and a human chromosome constitu-
tion. The induction of a murine tumour has been identified in this system, and the
importance of routine checks for the presence of human tissue during serial passage
is stressed.

THERE have been many reports in the
literature on the successful growth and
maintenance of human colorectal tumours
in immune-deprived mice (Houghton and
Taylor, 1976; Cobb, 1973; Pickard, Cobb
and Steel, 1975) and in nude mice
(Povlsen and Rygaard, 1971). Some data
regarding the chemosensitivity of human
colorectal tumour xenografts are now
available (Houghton, Houghton and
Taylor, 1977; Kopper and Steel, 1975;
Cobb and Mitchley, 1974). However,
before the xenograft model may be re-
garded as a useful predictive screen for
new chemotherapeutic agents, or as a
relevant model for the study of the
effectiveness of existing compounds, data
are required on whether tumours, after
prolonged serial passage, retain the
characteristics of the human primary
from which they were derived. The current
report presents data on some biological
and biochemical characteristics of human
colorectal tumour xenografts during serial
passage in both male and female immune-
deprived mice.

MATERIALS AND METHODS

Immune-deprication of mice.-The techni-
que of immune-deprivation by thymectomy,
irradiation and reconstitution with syngeneic
marrow has been previously described
(Houghton et al. 1977).
Tumour implantation.-Tumour tissue, ob-

tained at operation, was transported to the
laboratory in ice-cold Medium 199 con-
taining benzyl penicillin sodium (200 u/ml)
and streptomycin sulphate (100 ,ug/ml). Pieces
,8 mm3 were cut from potentially viable
areas and bilateral implants made s.c. into
the flanks of 20 male and 20 female mice.
Passaged tumours were serially transplanted
upon reaching a diameter of 2 cm, tumour
pieces from male and female mice being re-
transplanted bilaterally into hosts of the same
sex.

Histological techniques.-Specimens of
tumour material were obtained at the time
of transplantation from peripheral tumour
areas, and subsequently stained with Ehrlich's
haematoxylin and eosin for histological
analyses. The differential demonstration of
sialic acid and sulphated mucins in specimens
was effected using the high iron diamine-
alcian blue (HID/AB) sequence, and neutral
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vs acid mucins using alcian blue at pH 2-5
followed by treatment with periodic acid-
Schiff reagent (AB pH 2-5/PAS sequence;
Spicer, 1965) the latter both with and
without preincubation in salivary diastase
for 30 min at room temperature.
Radioimmunoassay for carcinoembryonic

antigen (CEA).-For every 500 mg of tumour
tissue (previously stored as pieces > 100 mg
in weight in liquid N2) CEA was extracted
by homogenization in 2 ml of distilled water,
followed by the addition of 2 ml of 2M
perchloric acid (PCA). After centrifugation
at 2500 g for 10 min, the supernatant was
removed and dialysed against distilled water.
The solution was subsequently lyophylized,
and assayed according to the double-antibody
radioimmunoassay technique of Laurence
et al. (1972). Results were expressed as ng
CEA/mg tumour tissue.

Isoenzyme analysis.-Solutions for the
analysis of lactate dehydrogenase (LDH) and
glucose-6-phosphate dehydrogenase (G6PDH)
were prepared from tumour pieces
(>100 mg weight, previously excised and
stored in liquid N2) according to the method
of Yasin and Bergel (1965). Three- to four-,ul
samples were applied to analytical Cellogel
strips (5-7 x 14 cm, Whatman Lab. Sales,
Maidstone, Kent). Both human LDH and
G6PDH isoenzymes were separated by flat-
bed electrophoresis at 200 V for 95 min at
20C. LDH isoenzymes were visualized by
incubation in a solution consisting of 1 ml
IM lithium lactate, 10 mg nicotinamide
adenine dinucleotide (NAD), 3 mg MTT(3-
(4,5-dimethyl thiazolyl-2)-2,5-diphenyl tetra-
zolium bromide), 4-3 ml water and 0 5 mg
phenazine methosulphate (PMS) at 37°C for
5-10 min. G6PDH isoenzymes were stained
in a solution containing 30 ml 0 1M Tris-HCl
buffer (pH 8.0) 10 mg NADP, 6 mg MTT,
30 mg glucose-6-phosphate and 0 5 mg PMS
at 370C for up to 30 min. (All chemicals
were obtained from Sigma London Chemical
Co.)
Chromosome analysis.-Single-cell suspen-

sions from passaged tumour material were
prepared by trypsinization. These were in-
cubated with 0 4 ,ug/ml Colcemid (CIBA) for
3h and 18h periods. Cultures were harvested,
slides prepared and chromosomes banded
using a modified method of Reeves (1973).
Tumour lines.-The 6 human colorectal

tumour lines used in this study were estab-
lished from patients who had previously

received no chemotherapy or radiotherapy.
Details of the patients studied, the location
and histological classification of the tumours,
and the number of passages studied in both
male and female mice for each tumour line,
are shown in Table I. For ease of reference,
the common first two letters in the symbols
for each tumour (HX) will be omitted from
the rest of this paper.

RESULTS

Growth was obtained from 6 out of 9
transplanted human colorectal tumours,
and between 4 and 10 serial passages in
both male and female immune-deprived
mice were studied (Table I). Tumour lines
AC4 and HC1 were maintained only in
male and female mice respectively.

Retention of histological integrity
The human tumours and their corre-

sponding xenografts ranged from mod-
erately well to poorly differentiated.
Fibrotic material observed in sections
from the human primary tumours at
surgical resection was not observed in
xenograft tumours. Passaged tumours
contained large central necrotic areas,
although they were highly cellular toward
the tumour periphery.
Tumour line BR.-The glands within

the moderately well-differentiated human
primary tumour were in some areas lined
by single layers of epithelial cells showing
irregularly placed nuclei. In other areas
there were several layers of cells (stratified)
interspersed with smaller glands. Some
regions showed better differentiation than
others. On Passage 1 in both male and
female mice, histological integrity tended
to reflect the more poorly differentiated
areas of the human primary tumour. The
formation of cysts was evident, showing
thin bands of cells containing the glands
surrounding much larger areas of necrosis.
In some areas the cellular bands were
thicker than in others, probably due to
the outward proliferation of the thinner-
walled cysts. This type of structure then
appeared to remain for the 5 passages
studied in both host sexes.
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Ih>)
FIG. 1. (a)-The human primary tumour from HC1 showing a moderately well-differentiated struc-

ture. H. & E. x 306. (b) The histological integrity is maintained in Tumour Line HC1 on Passage
10 in female mice. H. & E. x 306.

Tumour line AC4.-The moderately on Passage I and subsequent passages,
well-differentiated human tumour was and the histological integrity of the
less well differentiated than BR. Glands human primary appeared to be main-
were small, and surrounding cells strati- tained.
fied. Few glands were lined by a single Tumour line HC1.-The selected speci-
layer of cells. Cyst formation was present men from the human primary tumour was

202



HUMAN COLORECTAL TUMOUR XENOGRAPH. I

(a)

FIG. 2. (a) The primary turmour of Line ELC2 showing densely packed "signet ring" cells. H. &
E. x 759. (b) High-power magnification of a Passage 10 tumour from Line ELC2 maintained in
female mice, showing preservation of the "signet ring" appearance. H. & E. x 759.

extremely fibrotic. The moderately well-
differentiated structure is shown in Fio.
l(a). When transplanted, tumours grew in
female mice only, and 10 passages were
studied. Cyst formation was present, and

viable areas reflected similar histological
patterns to those seen in the human
primary (Fig. 1(b)). Implantation of
freeze-thawed pieces of the human primary
tumour, previously stored in liquid N2,
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into male hosts resulted in the growth of a
single tumour with histological character-
istics differing from those observed during
the growth of the tumour line in female
hosts.
Tumour line GC3.-The human primary

was highly cellular and poorly differen-
tiated. Glands were variable in size, and
surrounding cells were densely packed.
Glandular density appeared to vary in
different tumour areas. This structure was
maintained throughout 10 serial passage
in both host sexes.
Tumour line VRC5.-The poorly differ-

entiated human primary showed a highly
cellular pattern. Glands were small and
were of more frequent occurrence in
some areas than in others. Eight passages
in male mice and 10 in female hosts were
studied. Histological integrity was pre-
served.
Tumour line ELC2.-This, the least

differentiated tumour of the series, showed
no glandular differentiation. The primary
comprised many densely packed "signet
ring" cells showing large accumulations of
mucin in the cytoplasm, with the com-
pression of the nuclei on to their cell
walls (Fig. 2(a)). The selected specimen
was highly cellular, and in some areas
cells were seen to be arranged in clusters,
surrounded by mucin lakes. For up to 10
serial passages in both male and female
mice the same histological patterns were
evident (Fig. 2(b)).

Retention of epithelial mucin secretion
A subjective assessment of the quanti-

ties of sialic acid, sulphated and neutral
mucins produced by each human primary
tumour and the corresponding xenografts
during serial passage was made. Results
are presented in Tables II and III. Table
II demonstrates the HID/AB sequence
applied for the differential demonstration
of sialic acid and sulphated mucins.
Sulphomucins were scored using the sym-
bols + to 4-+++, showing a range of
production from traces to copious amounts.
Sialic acid mucins were scored using the
symbols - to ----. A similar assessment

of acid (consisting of both sialic acid and
sulphated mucins) vs neutral mucin pro-
duction using the AB pH 2-5/PAS
sequence was made, again using - and +
respectively as symbols of grading (Table
111).
A comparison of the human primary

tumours with human normal colonic
mucosa showed that mucin secretion was
reduced in all tumours except ELC2. In
passaged tumours of each tumour line
mucin secretion was elevated, probably
due to the increased cellularity of xeno-
graft tumours compared to their human
primaries. In Tumour Lines BR, AC4 and
HC1 the secretion comprised mainly
sulphated mucin admixed with some
neutral mucosubstance during serial pas-
sage. The poorly differentiated Tumour
Lines GC3 and ELC2 produced all 3 mucins,
whereas VRC5 demonstrated only sialic
acid and neutral products. Tumour Lines
BR, AC4, HC1 and VRC5 (but not GC3 or
ELC2) all demonstrated a decrease in
intracellular staining intensity using the
AB pH 2.5/PAS sequence, after pretreat-
ment with salivary diastase, showing the
presence of glycogen deposits. Extra-
cellular secretions of mucin located within
the acini were unaffected by this proce-
dure. Tumour Lines GC3 and ELC2, in
particular, showed variations in the pattern
of mucin secretion from passage to passage
in both host sexes, and often within
different areas of the same tumour. In
Tumour Line GC3, sulphomucin not
demonstrable within the selected human
primary tumour specimen of Passage 1
tumours was present during subsequent
passages.

Production of carcinoembryonic antigen
(CEA)
Table IV demonstrates the quantity of

CEA produced by the human primary
tumours, and by xenografts on selected
passages in both male and female immune-
deprived mice, expressed as ng CEA/mg
tumour tissue. The levels of CEA observed
are dependent upon the numbers of viable
cells within the chosen specimens. Human
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CBA
mouse
skin

human
coton mixt.

-H4'LDH-1

-LDH-2

-MH3
-LDH3

-M2H2,LDH-4

-LDH-5

-M3H

origin-

ViG. 3. Electrophoretic separation of LDH isoenzymes from CBA/lac mouse skin an(1 tumour-bearing
huiman colon, dlemoinstrating species-specific patterns. Both human and murine variants may be
idtenitified from a mixture.

primary turmours contained fibrotic
material, and passaged tumours, large
centrally necrosed areas. Consequently the
data act purely as an indication of the
production or non-production of CEA.
Xenograft tumour material for the assay
was taken from peripheral and therefore
cellular areas. Assayed levels in these
tumours therefore should be higher than
those obtained for the human primary
specimens. Insufficient material was avail-
able for the assay of human primaries
AC4 and ELC2. However, CEA was
produced by all selected passaged tumours
from each tumour line, from both male
and female mice. Results for the human
primary tumours are consistent with
those of Khoo et al. (1973) who found the
concentration of CEA in adenocarcinoma
of the colon ranged from 0 23 to 2-73 ng/
mg tumour tissue. They also demonstrated

the presence of CEA in normal human
colon, although in reduced amounts (0-028
-0-086 ng/mg tissue).
Retention of human isoenzymes. LDH
and G6PDH have been found to exist in
species-specific forms. Human tissues such
as heart and skeletal muscle demonstrate
5 LDH variants (Leese, 1969) whereas
up to 15 variants have been demonstrated
in mice (Shaw and Barto, 1963), although
only 5 have been found in mouse epidermis
(Quevedo et al., 1975).

Fig. 3 shows the electrophoretic separa-
tion of the 5 LDH variants from CBA/lac
mouse skin, tumour-bearing human colon,
and a mixture of solutions prepared from
the two tissues. Human variants are
designated according to the M/H nomen-
clature (Kaplan, 1963) where the pure H4
variant is the one moving most anodically,
and pure M4 most cathodically, during

208
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mouse human
skin tumour P1 Plo P1 PlO

-LDH isoenzymes in Tumour Line ELC2, compared with those in mouise skin an(I
human tumour.

electrophoresis. The variants MH3, M2H2
and M3H are located between the two pure
tetrameric forms of LDH. Murine iso-
enzymes have been named LDH-1 to 5,
where LDH- 1 is located nearest to the
anode during electrophoresis. The mobili-
ties of murine LDH-1 and LDH-4 are
similar to those of human H4 and M2H2
variants, although murine LDH-2, LDH-3
and LDH-5 may all be identified clearly
in a mixture.

All the passaged tumours of each tumour
line maintained human LDH isoenzyme
patterns. Tumour Line ELC2 is shown
in Fig. 4. Although murine LDH-5 was

consistently present, the human variants
predominated. The single tumour which
arose in Passage 1 of Tumour Line HC1
in male hosts from the implantation of
freeze-thawed tumour material and whose
histology was found to differ from that
of the tumours maintained in female
hosts showed mouse-specific LDH only,

from analyses made on the Passage 2
generation.
The electrophoretic mobility patterns

for G6PDH are also species-specific.
Human G6PDH has been found to have a
slower mobility than that observed for the
rat (Beutler and Collins, 1965) the ham-
ster (Goldenberg, Bhan and Pavia, 1971)
or the mouse (Povlsen et al., 1973).

In each tumour line, two G6PDH
variants were present in the passaged
tumour material, consistent with the
presence of both human and murine cells.
In Tumour Line HC1 the single tumour
arising in male hosts and showing mouse-
specific LDH on Passage 2 also demon-
strated mouse-specific G6PDH from analy-
ses on the Passage 2 generation.
Retention of hurnan chromosomes
Tumours from both male and female

hosts were analysed. They were taken from
Tumour Lines HC1, GC3, VRC5 and ELC2

-origin

Fie. 4.-
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between Passages 7 and 11, and BR and
AC4 in Passages 3 and 4. Detailed karyo-
typing will be described elsewhere (Reeves
and Houghton, 1977) although prepara-
tions from all passaged tumour material
showed characteristically human meta-
phase spreads. Occasionally, murine
metaphase spreads were also observed,
although these were infrequent. Tumour
Lines AC4, GC3, VRC5 and ELC2 produced
some obvious marker chromosomes, a
feature characteristic of human colorectal
tumours (Xavier et al., 1974). Two
marker chromosomes present in later
passages of ELC2 were also present on
Passage 2 from female hosts. The tumours
of line HC1 on Passages I and 2 in male
hosts produced characteristic inuirine meta-
phase spreads.

DISCUSSION

The histological integrity observed
within each human primary tumour was
maintained during serial passage in both
male and female immune-deprived mice.
There appeared to be no preferential
treatment by either lost sex in the pre-
servation of these features. Cobb (1 973)
over the first two passages in immune-
deprived mice, and Povlsen and Rygaard
(1971) in up to 9 transplant generations
in nude mice, also found that the histo-
logical characteristics of human colorectal
tumours were retained. In this tumour
series, Line BR, although moderately well
differentiated, histologically resembled the
more poorly differentiated areas of the
human primary tumour. Similar observa-
tions were made by Cobb (1973) in one
tumour line, and Povlsen and Rygaard
(1971) found that a poorly differentiated
human colonic tumour assumed an ana-
plastic appearance upon implantation into
nude mice. It is possible that this apparent
selection was caused by the implantation
of non-representative areas of the human
primary tumour. However, as (as in this
study) tumour material was implanted
bilaterally into 40 mice on Passage 1, this
would therefore appear unlikely. Whether
or not all types of cellular arrangements

may be maintained in immune-deficient
mice remains a question to be answered.
Certainly, tumours proving to be non-
transplantable have not always been well
differentiated types in this and in other
studies (Povlsen and Rygaard, 1971). A
poorly differentiated human rectal carci-
noma in this series (PR2, Table I) in
addition to two tumours with moderate
differentiation, failed to grow in mice.

Xenograft tumours of each tumour line,
and from both male and female hosts, also
demonstrated epithelial mucins of the
type secreted by their corresponding
human primary tumours. In colorectal
carcinoma, all 3 epithelial mucin types
have been demonstrated (Gad, 1969;
Filipe, 1969; Subbuswamy, 1971; Cooper,
1974) although there appears to be no set
pattern of mucin production.
The quantity and type of mucin pro-

duced in the current xenograft tumour
series was seen to vary between different
passages of the same tumour line, and
even within different areas of the same
tumour. This was particularly evident in
GC3 and ELC2 tumours. It has previously
been shown that the mucin type changes
qualitatively between the lower and upper
crypts and the surface epithelium of
normal human colonic mucosa (Filipe,
1969). It is possible, therefore, that each
mucin-producing cell has the capacity to
produce either one or a mixture of these
mucins, where the particular mucin pro-
duced is under specific genetic regulation.
In colorectal carcinoma, both mucous and
non-mucous areas have been found to
occur within the same tumour (Cooper,
1974). In carcinoma of the stomach,
variations in sulphated and non-sulphated
acid mucin content have been identified
in different areas of the same tumour
(Goldman and Ming, 1968). It is possible
that such features reflect an instability in
genetic expression in tumours and that
the variations observed in GC3 and ELC2
human tumour xenografts would be a
feature normally observed in the clinical
situation.

Lt has been shown that immune-
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deprived mice are able to maintain the
growth of a wide range of histological
tumour types, which retain the mucin- and
CEA- producing characteristics of their
human primary tumours. In addition,
retention of human enzyme svstems and a
human chromosome constitution is parti-
cularly important, especially during the
use of antimetabolites, where blockade of
a single enzyme or activation of the
agent in a specific metabolic pathway may
be important. The two enzymes assayed,
namely LDH and G6PDH, displayed
human isoenzyme patterns on each pas-
sage of each tumour line, thus yielding
strong support for the maintenance of a
human metabolism in this system. The
presence of human chromosomes demon-
strated the continued existence of human
cells even after serial passage. The pre-
sence of murine tissue has been identified
from mouse-specific LDH and G6PDH,
and an occasional murine metaphase
spread from chromosome analyses. Al-
though the contribution of mouse tissues
to the xenografts has not been examined
in this study, it is probable that connective
tissues and adhering blood vessels may be
involved.
The induction of a murine tumour was

identified in this system in one instance
after the implantation of human primary
tumour material. Hence in the use of
xenograft systems it is necessary to
establish routinely the continued presence
of human characteristics during the serial
passage of each tumour line, using tech-
niques such as isoenzyme and/or chromo-
some analyses. This is particularly rele-
vant where anaplastic or very poorly
differentiated human tumours are in-
volved. In such cases, passaged tumours
may continue to resemble morphologi-
cally the human primary tumour, even
after the formation of a hybrid (Golden-
berg et al., 1971).
We wish to thank Dr A. Mackay, Dr R. L. Carter,

Dr C. L. Leese and Dr B. R. Reeves for helpful
discussion and advice during the current investiga-
tions, and to extend our thanks to Miss S. Clinton
for her technical assistance, and Miss S. Carter for
the assay of CEA.
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