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We investigated the possibility of growing primary retinoblastoma tumour tissue in SCID mice. In 
preliminary experiments with the WERI retinoblastoma cell line injected subcutaneously in SCID 
mice, tumours arose at only 25% of the inoculation sites. After mixing these cells with a reconsti- 
tuted basement membrane extracellular matrix (Matrigel) prior to inoculation, tumours arose at 
100% of inoculated sites. When primary retinoblastoma cells were injected subcutaneously into 
SCID mice in the presence of Matrigel, tumours arose in 518 cases. On average, the latency period 
was 4 months before the tumours were palpable. Histopathological examination of the tumours 
showed that they resembled surgically resected human retinoblastomas and one of the tumours 
formed pseudo-rosettes which is a characteristic of these tumours. Unfortunately, when these xeno- 
grafted tumours were introduced into tissue culture, it was not possible to establish cell lines 
directly and the cultures were soon overgrown by mouse cells which could clearly be shown to be 
infiltrating the tumour. The ability to grow retinoblastoma cell lines and primary tissue subcu- 
taneously in SCID mice offers a convenient model system to study the genetics of tumorigenesis in 
this tumour type and possibly an opportunity to study the role of chemotherapy in the treatment 
and progression of the disease. 0 1997 Elsevier Science Ltd. 
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INTRODUCTION 
ALTHOUGH THE analysis of in vitro characteristics of the 
malignant phenotype, such as loss of contact inhibition and 
growth in soft agar, have been useful in assessing tumori- 
genicity, the ability to investigate the mechanisms respon- 
sible for suppression of the malignant phenotype ultimately 
depends on the availability of in vivo models to test the 
effects of manipulating the cellular phenotype on tumour 
development. A number of animal models have been estab- 
lished but, for human tumours and cell lines, the nu/nu 
“nude” mouse system has been the most frequently used. 
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This mutation causes the failure of thymic development, an 
absence of mature T-cells and impaired thymus-dependent 
antibody response [l]. However, despite being athymic, 
nude mice still demonstrate some immune competence as a 
result of extrathymic production of T-cells. This residual 
competent immune system has cast some doubt about their 
suitability as a host for growing primary human tumours es- 
pecially for analysing suppression of the malignant pheno- 
type. The severe combined immunodeficiency (SCID) 
mouse has been shown to be incapable of producing a cell- 
mediated immune response because of the absence of func- 
tional B and T cells [2]. Mice homozygous for the SCID 
mutation cannot undergo productive rearrangement of their 
immunoglobulin and T-cell receptor genes, which has been 
shown to be due to a deficiency in repairing double-strand 
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DNA breaks [3, 41. This feature has made the SCID mouse sion of the cells in Matrigel, the cell suspension was kept on 
an important in viva model for the growth of human leukae- ice prior to injection. The flanks of the mice were palpated 

mias [5-g], which consistently fail to engraft in the nude weekly to monitor tumour growth and tumours were 

mouse. This system also offers the opportunity to expand removed before the mice showed any evidence of stress. 
other types of tumours, which are difficult to culture in The tumours were excised with a scalpel blade and fixed in 
viva. This is particularly true for retinoblastomas which Bouin’s solution and embedded in paraffin. 0.6 urn sections 
often fail to proliferate in tissue culture. were cut and stained with haematoxylin and eosin. 

Retinoblastoma (Rb) is a paediatric eye tumour and has 
been an important model system for the study of human 
cancer since it has been shown that the malignant pheno- 
type results from the inactivation of a single gene in a pre- 
cursor retinal cell [lo-l:!]. Thus, with the availability of an 
in viva tumorigenicity a.ssay, the ability of wild-type and 

mutant forms of the gene to reverse the malignant pheno- 
type can be analysed. At present, there is some controversy 
about the suitability of the nu/nu mouse as a host for the 
Rb cells and cell lines which, some reports suggest, depends 
on the site of inoculation [13-151. Thus, it appears that 

intra-ocular injection has a better chance of engraftment 
than a subcutaneous route. This is true whether nude or 
SCID mice are used [14-171. However, this approach 
requires a high degree of skill to establish engraftment. 
Clearly a more simple approach, which generates successful 
and consistent engraftment, would be a more convenient 
and desirable alternative. It has been reported that primary 

retinoblastomas do not grow after subcutaneous injection of 
primary cells into nude mice [ 16, 171. However, as 
suggested by Kleinman and associates [ 181, co-injection of 
cells with Matrigel, which includes extracts of EHS tumour 
cells containing laminin, type IV collagen and heparan sul- 
phate proteoglycan promotes tumour cell growth in viva 
[ 191, although its mode of action is unknown. We demon- 
strate here a simple method of establishing turnout-s from 

primary retinoblastoma cells and cell lines at subcutaneous 
sites in SCID mice by injecting the cells in the presence of 
Matrigel. 

RESULTS 

MATERIAILS AND METHODS 
Cell culture 

All cells were maintamed in minimal essential medium 
(MEM) supplemented with 10% fetal calf serum and 2 mM 
glutamine. The WERI cells (a retinoblastoma cell line) only 
attach loosely to the tissue culture dish and were transferred 

by rapidly pipetting over the surface of the cells with a pip- 
ette. Human tumours grown in mice were surgically 
removed and chopped into small explants with curved scis- 
sors as described by Surnmerhayes and Franks [20]. These 
explants were seeded into 25 cm3 culture flasks in MEM 
and transferred using trypsin. 

The main aim of these experiments was to determine 
whether we could consistently grow primary retinoblastoma 
cells, injected subcutaneously, in SCID mice. However, 
before using frozen human cells for which only small 

samples were available, we first tested whether the WERI 
retinoblastoma cell line [21], which is known to carry a 
homozygous inactivation of the RBl gene [22], would pro- 
duce turnouts in individuals from our SCID mouse colony. 
There have been reports that nude mice will support the 

growth of WERI subcutaneously when large (>107) inocula 
are used. In our hands, we were unable to generate tumours 
in nude mice consistently, regardless of the number of cells 
inoculated. In the series of experiments described here, the 
SCID mice were all tested for human immunoglobulin pro- 
duction prior to inoculation and only those showing no ac- 
tivity were used. In a pilot study, 4 mice were inoculated on 
both flanks with 5 x 106, 107, 2 x lo7 and 4 x lo7 WERI 
cells, respectively. The cells used in the inoculum were 
replated into fresh tissue culture medium 36 h prior to in- 
oculation and, at the time of harvesting, were subconfluent 
to ensure maximum viability of the cells. Methylene blue 
exclusion tests indicated that more than 70% of the cells 

were viable at the time of inoculation. Over a 4 month ob- 
servation period, only two animals developed tumours. The 
first tumour arose after 4 weeks at one site receiving 5 x lo6 
WERI cells which was approximately 2.4 x 1.5 x 1 cm in 
size. The second tumour arose after 7 weeks at a site receiv- 
ing 2x lo7 WERI cells and was 2.6x 1 x 1 cm. The 
tumours grew progressively until the mice were sacrificed. 

Both tumours were processed for histopathology (see 
below). A small sample was also tested for their ability to 
grow in tissue culture. The turnouts were soft and easy to 
disaggregate and progressively growing cell cultures were 
established after only 2 days. These cells formed a loosely 
attached monolayer of cells with the same in vitro mor- 

phology as the original WERI cells used for the inoculation. 
DNA was isolated from the re-established cell line and the 
cells were shown to be human (data not shown) by ampli- 
fying DNA sequences using PCR and oligonucleotides 
specific for the human Alu agent following the procedure 
described by Michalski and associates [23]. 

Tumorigenicity testing 
WERI cells were washed twice in an excess of phosphate- 

buffered saline (PBS) and counted using a haemocytometer. 
The appropriate number of cells were resuspended in 
0.25 ml of PBS and injemcted subcutaneously into the flanks 
of the mice using a gauge 19 needle. Both flanks of the 
mice were used. Primary retinoblastoma tissue was collected 
within 2 h of removal from the patient, disaggregated by 
gentle pipetting and then frozen in MEM + 10% DMSO in 
liquid nitrogen. Prior to inoculation, the cells were washed 
in PBS and resuspended in Matrigel in a final volume of 
0.25 ml. The Matrigel was stored at -20 “C, and thawed at 
+4”C approximately 24 h before being used. Afer resuspen- 

The incidence of engraftment of WERI, subcutaneously, 

in SCID mice under these conditions, was disappointingly 
low, although it was better than that seen with the nu/nu 
mouse colony available at the ICRF (London, U.K.) where 
we were repeatedly unable to establish tumours using a 
range of innoculum sizes. The reason why only certain 
SCID mice developed tumours is hard to explain since all 
the mice used were litter mates and had all been shown to 
be deficient in immunoglobulin production. One possibility 
was that the normal, loose association of the WERI cells 
seen on culture means that these cells are unable to aggre- 
gate sufficiently to produce a tumour subcutaneously and so 
attract the appropriate blood vessels and innervation from 
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the host. Alternatively, the subcutaneous site may not be 
altogether suitable for this type of cell in terms of the 
micro-environment which have prompted others to inocu- 
late Rb tumour cells intra-ocularly [16]. To test whether 
that was important, we decided to inject the cells in the pre- 
sence of an artificial extracellular matrix, Matrigel, which 
would presumably promote cell contact during the early 
part of their growth in the animal host. 

Albini and associates [24] had previously demonstrated 
that Rb tumour cell lines can grow subcutaneously in nu/nu 
mice when injected in the presence of Matrigel. At 4°C the 
gel is liquid, but at 37°C it is solid and creates a support for 
cells during the early stages of tumour development. Thus, 
we repeated the original experiment with the WERI cell line 
using different inoculation sizes. Both flanks of 4 SCID 
mice were injected with lo7 WERI cells and resuspended in 
0.25 ml of Matrigel. After 2 weeks tumours were palpable at 
all eight injection sites and the tumours then proceeded to 
grow progressively until sacrifice of the mice after 50 days. 
Representative samples from three of the tumours were 
returned to culture and all grew progressively from the out- 
set and showed the same in vitro morphology of the parental 
WERI cell line. Histopathological examination of the 
tumours showed that they were identical to those produced 
by WERI cells injected without Matrigel (Figure 1). Thus, 
in the presence of Matrigel, we have demonstrated that it is 
possible to achieve a highly reproducible tumorigenicity 
assay subcutaneously in SCID mice using a retinoblastoma 
cell line which grows well in vitro. 

Many cell lines, however, are highly selected subpopu- 
lations of cells which have adapted to growth in vitro. To 
determine whether Rb cells, isolated directly from patients, 
would engraft in SCID mice, we inoculated uncultured 
tumour samples in the presence of Matrigel using the same 
conditions We have been collecting Rb tumours over the 
past 10 years as part of our analysis of the nature of the cau- 
sative mutations in the RBl gene in Rb tumours [l 11. 
However, since the vast majority of tumours are treated suc- 
cessfully in situ, especially from hereditary cases where early 
screening detects relatively small tumours, it is often diffi- 
cult to obtain sufficient tissue samples to attempt to estab- 
lish cell lines directly in vitro. The problem is compounded 
by the fact that the number of viable tumour cells may be 
small since the centre of the tumours are often necrotic. In 
our series of turnours, all the cells were collected from enu- 
cleated eyes, within hours of their removal, and cells were 
frozen in 10% DMSO in liquid nitrogen, some over 10 
years ago. Given the low frequency of engraftment of the 
WERI cells in the initial experiments, and because of the 
limited number of cells available for each tumour, we did 
not attempt to grow these cells on SCID mice without 
Matrigel. Single aliquots of Rb tumour cells were inoculated 
in the flanks of SCID mice after mixing in Matrigel. Due to 
lack of material in these tumour samples, cell number, or 
viability could not be tested. From five of the eight tumours 
injected, palpable tumours arose at the site of injection. 
After 14-20 weeks, the tumours were removed and repre- 
sentative samples processed for histopathology. Tumour 
samples which did not show evidence of necrosis were 
chopped into explants and put into tissue culture. Within 
most of these tumours were areas with a “cottage cheese” 
appearance which is typical of human retinoblastoma and 
results from calcification within the tumour. 

After 4 days in culture, monolayers of cells grew but had 
a well-attached spindle-like morphology, presumably orig- 
inating from the infiltrating mouse cells. On the surface of 
these cells, small round cells attached loosely which could 
be transferred with the fibroblast-like cells, but eventually 
they were overgrown by the mouse cells. 

HISTOPATHOLOGICAL ANALYSIS OF TUMOURS 
When the tumours from the WERI cell line, which had 

been injected without Matrigel, were analysed they showed 
undifferentiated pleomorphic cells consistent with retino- 
blastoma, but with no evidence of Flexner-Wintersteiner 
rosette formation. Also, there was evidence of necrosis 
within the tumour, a common feature of human retinoblas- 
tomas. Although the incidence of tumour formation for 
WERI cells injected with Matrigel was more consistent, the 
histology was similar to that seen in the WERI tumours 
without Matrigel (Figure 1). In both of these types of 
tumour, the cells showed large nucleoli with only a moder- 
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Figure 1. H & E sections of tumours arising in SCID mice 
following injection with (a) WERI cells in the absence of 
Matrigel (x400); (b)WERI cells in the presence of Matrigel 
(x400); (c) low-power (x100) and (d) high-power (x400) view 
of the tumour which arose following injection of GOS 14 cells 
in the presence of Matrigel. In this tumour the presence of 

Flexner-Wintersteiner rosettes can be clearly seen. 
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ate amount of cytoplasm. In four of the human tumours, 
484, 769, 2147 and 45, tlhe histology was very similar with 

undifferentiated pleomorphic cells (data not shown) but 
they were smaller and darker than WERI cells and more 
closely resembled surgcally resected retinoblastomas, 
although there was no evidence of rosette formation. The 
fifth tumour, however, GOS 14, although resembling surgi- 
cally resected tumours like the others, also showed evidence 
of rosettes (Figure 1). This demonstrates that the tumours 
formed by these Rb samples mimic the development of 

tumours seen in human eyes even though they were grown 
subcutaneously in mice. 

DISCUSSION 
In this study we have shown that the SCID mouse is an 

efficient host for primary retinoblastoma tumour cells. The 
tumours, if inoculated subcutaneously in Matrigel, arise 
consistently and within a 3-6 month period, which is im- 

portant if this system is to be used in the analysis of the 
malignant phenotype of Rb cells. The pathology of these 
tumours closely resembles that seen in the human eye with 
rosette formation in some cases and frequent calcification. 
Cell lines are easier to manipulate than primary tumours 
because it is easier to control for cell viability and size of the 
inoculum. However, it is clear that injecting more than lo7 
cells does not significantly alter the incidence of tumorigeni- 

city. However, the cryopreservation procedure used for the 
tumour samples was successful, but the parameters sur- 
rounding the preparation of these primary cells are harder 
to control. It is possible that the cells which did not grow in 
the SCID mice were probably not viable from the outset 
and examination of the inoculation site showed no evidence 
of tumours at all. The frequency of tumour establishment 
(6570%) is comparable to that of Gallie and associates 
[25] who inoculated the cells intra-ocularly in nu/nu mice in 
order to establish growing cultures before explanting them 
into tissue culture. Culturing Rb cells in the eye has techni- 
cal difficulties and problems with assessing tumour growth. 
We feel that the subcutaneous route of inoculation is far 

more practical. In addition, it is possible to establish far lar- 
ger tumours subcutaneously which provides more material 
for subsequent analysis. If necessary, these primary tumours 
could be transplanted to increase cell numbers and with a 
small lag time. Albini and. associates [24] showed that trans- 
planting Y79 cells from mouse to mouse did not produce 
tumours in the new host in the absence of Matrigel, and so 
there had been no ‘conditioning’ of the cells during their in 
viva passage. We have made a preliminary attempt to trans- 
fer these tumours into culture although, at present, it 
appears that it is the mouse cells which establish in the first 
instance and are probably derived from endothelial cells 
which are present in the infiltrating blood vessels of the 
tumours. It may be that including Matrigel in the cultures 

of the primary Rb tumours may assist in the establishment 
of cell lines. 

Matrigel is a reconstituted basement membrane extra- 
cellular matrix extract [26]. It has been shown that co-injec- 
tion of tumour cell types, including Rb, which are 
traditionally difficult to grow in host animals, more success- 
fully engraft when co-injected with Matrigel. Albini and as- 
sociates [24] demonstrated the growth of two established 
cell lines, Y79 and WERI, in nude mice using Matrigel. As 
with our experience, this group showed that, in the absence 

of Matrigel, lo7 cells did not produce tumours after 3 

months, whereas, in the presence of Matrigel, as few as lo6 

cells produce tumours in nude mice after only a short 
latency period. We have extended these studies to show that 
Matrigel has the same effect on tumorigenicity in SCID 
mice, but, more significantly, that primary Rb tumour tissue 
also produces progressively growing tumours subcu- 
taneously in this animal model. One of these tumours (GOS 
45) was derived from a patient with a germ line deletion on 
chromosome 13 involving bands ql2-q14 [27]. In sum- 

mary, the main advantage of the Matrigel-SCID system is 
its reproducibility, not only using cell lines such as WERI 
but also for primary cells which appears to recapitulate their 
malignant phenotype in the mouse host. After cloning of the 
RBl gene, a critical series of experiments was designed to 

reverse the malignant phenotype by reintroducing the wild- 
type gene back into appropriate cell lines. In these exper- 
iments, the general impression was that the normal RBl 
gene could suppress the malignant phenotype, although 
there was much discussion about the suitability of the in 
viva test systems [13-l 51. In some of these experiments, the 
ability to grow in vitro was not affected, whereas in others 

the cells were inhibited completely. Other suggestions in 
these early experiments was that the site of inoculation was 
important for being able to grow inside the eye but not sub- 
cutaneously. It is posible that the SCID mouse model 
described here may eliminate some of the variables encoun- 

tered during these studies. 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

Pantelouris E. Observations on the immunology of nude mice. 
Immunology 1971, 20, 247. 
Bosma G, Custer R, Bosma M. A severe combined immunode- 
ficiency mutation in the mice. Nature 1983, 301, 527. 
Fulop G, Phillips R. The scid mutation in mice causes a gen- 
eral defect in DNA repair. Nature 1990, 347, 479. 
Chang C, Biedermann K, Mezzina M, Brown J. 
Characterisation of the double strand break repair defect in 
scid mice. Cancer Res 1993, 53, 1244. 
Kamel-Reid S, Letarte M, Sirard C, et el. The scid mutation in 
mice causes a general defect in DNA repair. Nature 1989, 347, 
479. 
Kamel-Reid S, Letarte M, Doedens M, et al. Bone marrow 
from children in relapse with pre-acute lymphoblastic leukemia 
proliferates and disseminates rapidly in scid mice. Blood 
1991, 78, 2973. 
Cesano A, O’Connor R, Lange B, Finan J, Rovera G, Santoli 
D. Homing and progression patterns of childhood acute lym- 
phoblastic leukemias in severe combined immunodeficiency 
mice. Blood 1991, 77, 2463. 
Kobayashi R, Picchio G, Kirven M, et al. Transfer of human 
chronic lymphocytic leukemia to mice with severe combined 
immunodeficiency. Leukaemia Res 1992, 16, 1013. 
Uckun F, Downing J, Chelstrom L, et al. Human 
t(4;l l)(q21;q23) acute lymphoblastic leukemia in mice with 
severe combined immunodeficiency. BZood 1994, 84, 859. 
Knudson AG. Mutation and cancer: statistical study of retino- 
blastoma. Proc Nat1 Acad Sci USA 1971, 8, 820. 
Hogg A, Bia B, Onadim Z, Cowell JK. Molecular mechanisms 
of oncogenic mutations in tumours from patients with bilateral 
and unilateral retinoblastoma. Proc Natl Acad Sci USA 
1993,90,7351. 
Liu Z, Song Y, Bia B, Cowell JK. Germline mutations in the 
RI31 gene in patients with hereditary retinoblastoma. Genes 
Chroms Cancer 1995, 14, 277. 
Xu HJ, Sumegi J, Hu SX, et al. Intraocular tumor formation of 
RB reconstituted retinoblastoma cells. Cancer Res 1991, 51, 
4481. 
Madreperla SA, Whittum-Hudson JA, Prendergast RA, Chen 
P-L, Lee W-H. Intraocular tumor suppression of retinoblas- 



1074 J.K. Cowell et al. 

15. 

16. 

17. 

18. 

19. 

20. 

21. 

22. 

toma gene-reconstituted retinoblastoma cells. Cancer Res 
1991, 51, 6381. 
Muncaster MM, Cohen BL, Phillips RA, Gallie BL. Failure of 
RBl to reverse the malignant phenotype of human tumor cell 
lines. Cancer Res 1992, 52, 654. 
Gallie BL, Albert DM, Wong JJY, Buyukmichi N, Puliafito 
CA, Heterotransplantation of retinoblastoma into the athymic 
“nude” mouse. Invest Ophthalmol 1977, 16, 256. 
Griegel S, Hong C, Frotschl R, et al. Newly established human 
retinoblastoma cell lines exhibit an immortalised but not an 
invasive phenotype in vitro. Int J Cancer 1990, 46, 125. 
Kleinman HK, McGarvey ML, Hassel JR, et al. Basement 
membranes complexes with biological activity. Biochemistry 
1986, 25, 312. 
Kleiman HK, Graf J, Iwamoto Y, et al. Role of basement mem- 
branes in cell differentiation. Ann NY Acad Sci 1987, 13, 134. 
Summerhayes IC, Franks LM. Effect of donor age on neoplas- 
tic transformation of adult mouse bladder epithelium in v&o. 
J Nat1 Cancer Inst 1979, 62, 1017. 
Reid TW, Albert TM, Rabson AS, et al. Characteristics of an 
established cell line of retinoblastoma. J Nut1 Cancer Znst 
1974, 53, 347. 
Friend SH, Bemards R, Rogelj S, et al. A human DNA seg- 
ment with properties of the gene that predisposes to retinoblas- 
toma and osteosarcoma. Nature 1986, 323, 643. 

23. Michalski AJ, Cotter FE, Cowell JK. Isolation of chromosome 
specific DNA sequences from an Alu PCR library to define the 
breakpoint in a patient with a constitutional translocation 
t(l;l3)(q22;ql2) and ganglioneuroblastoma. Oncogae 1992, 7, 
1595. 

24. Albini A, Melchiori A, Garofalo A, er al. Matrigel promotes 
retinoblastoma cell growth in vitro and in z&o. Int J Cancer 
1992, 52, 234. 

25. Gallie B, Holmes W, Phillips RA. Reproducible growth in tis- 
sue culture of retinoblastoma tumor specimens. Cancer Res 
1982, 42, 301. 

26. Fridman R, Giaccone G, Kanemoto T, Martin GR, Gazdar 
AF, Mulshine JL. Reconstituted basement membrane 
(Matrigel) and laminin can enhance the tumorigenicity and the 
drug resistance of small cell lung cancer cell lines. Proc Nut1 
Acad Sci USA 1990,87, 6698. 

27. Cowell JK, Hungerford J, Rutland P, Jay M. Genetic and cyto- 
genetic analysis of patients showing reduced esterase-D levels 
and mental retardation from a survey of 500 individuals with 
retinoblastoma. Ophthal Ped Genet 1989, 110, 117. 

Acknowledgement-We are grateful to the staff of the ICRF 
(London, U.K.) animal facility for their help in the tumorigenicity 
assays in nude mice. 


