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Abstract

Human retinoblastoma is caused by mutational inactivation of the
retinoblastoma suppressor gene (RB). We have examined intraocular
tumorigenicity of retinoblastoma cells in which RB expression was
achieved by retroviral transduction. Retinoblastoma cells were injected
into the anterior chambers of severe combined immunodeficient mouse
eyes, and tumorigenicity was assessed, /{^-expressing retinoblastoma
cells usually failed to form progressive tumors in the anterior chamber,
whereas the parental, Ã„fi-negativeline, WERI-Rb27, was rapidly tumor-
igenic. These results support the hypothesis that inactivation of the RB
gene is critical for the growth of retinoblastoma tumors. The potential
use of Kl! reconstitution for treating human retinoblastoma is suggested
by our finding that intraocular tumor growth can be suppressed by RB
expression.

Introduction

Molecular cloning of the RB3 gene ( 1-3) and genotype analy
sis of patients and tumors (4, 5) have confirmed the "two-hit
hypothesis" of retinoblastoma formation and the recessive na

ture of retinoblastoma inheritance (6). Retinoblastoma has
become an important model for studying the effects of tumor
suppressor gene loss and replacement (7-9). In previous studies,
expression of exogenous human RB was achieved in retinoblas
toma cell line WERI-Rb27 ( 10) by infection with a recombinant
Moloney murine leukemia virus, Rb, containing RB comple
mentary DNA. It was shown that s.c. tumor formation in nude
mice was suppressed in retinoblastoma cells expressing exoge
nous RB (11, 12). Single-cell clones of Ã„Ã„-infectedWERI-

Rb27 retinoblastoma cells have been generated that stably
express RB protein in continuous culture in the absence of
selection.4

Human retinoblastoma and other tumor cells injected into
the anterior chamber (AC) of the eyes of nude (T-cell deficient)
mice form tumors with histolÃ³gica! features similar to those of
the original neoplasm (13, 14). In fact, some cancer cells,
incapable of forming a tumor when injected s.c., are able to do
so when grafted into the eye (15). Since intraocular tumori
genicity may be different, particularly for retinoblastoma cells,
we have examined the effect of RB gene reconstitution on
intraocular retinoblastoma formation.
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Materials and Methods

Cell Culture. Retinoblastoma cell line WERI-RÃ’27 (10) and clonal
Ã„ÃŸ-expressingderivatives 2E3 and 3G24 were grown in Dulbecco's
modified Eagle's medium supplemented with 10% fetal calf serum and

sodium pyruvate (110 mg/ml).
Ocular Injections. Anterior chamber injections were modified from a

previous method (16). Concentrated retinoblastoma cells in Hanks1

balanced salt solution were drawn into a 100-^1 Hamilton syringe
connected to a glass needle by plastic tubing. Subsequent steps were
performed under a dissecting microscope. Right-eye ACs of ketamine-
anesthetized mice were entered with a 30-gauge needle. The glass needle
(approximately 32 gauge) was introduced into the eye through the
corneal wound and 4 ^1 injected in two 2-^1 increments. The iris plugged
the corneal puncture wound and prevented leakage of injected material
from the AC.

Histology and Immunocytochemistry. Mice were sacrificed under
ether anesthesia and the eyes were immediately removed and frozen in
OCT under liquid nitrogen. Eight-jutti cryostat sections were cut and
dried onto slides. For routine histology, quick Giemsa staining was
performed. For immunocytochemistry, cells in suspension were con
centrated by centrifugation and dried onto slides. Cryostat sections of
eyes were prepared as above. After 10% formalin fixation and permea
tion with 0.1% Triton X-100, endogenous peroxidases were blocked
with 2% H2O2. Normal horse serum was used to block nonspecific sites
and monoclonal antibody 245 (17) (2 ng/v\) was added. Biotinylated
anti-mouse IgG and ABC were used as directed (Vector, Burlingame,
CA). Antigen was detected with aminoethylcarbazole in dimethyl sulf-
oxide and 0.01% H2O2.

Results

SCID mice lacking T- and B-cell function (18) were tested
for their utility in tumorigenicity assays. Different numbers of
parental WERI-Rb27 cells were injected over a 3-log range into
the AC of SCID mice (Table 1). Tumors formed reliably within
40 days at doses above 1 x ICF-IO" cells, in contrast to a
minimum of 1 x IO7of the same cells required in s.c. injections

(11). To determine the effect of RB expression on intraocular
tumorigenicity, equal numbers of parental RB-negative (WERI-
Rb27) or clonal RB+ cells (2E3 or 3G2) were injected into AC

in two independent experiments (using nude or SCID mice),
and tumor formation was scored at approximately 3 weeks
(Table 1). Parental cells invariably formed large tumors, visible
filling the AC (Figs, la and 2a). In some cases tumor invasion
of contiguous structures was observed (not shown). In contrast,
11 of 14 eyes injected with RB+ cells were without detectable

tumors by histologie examination at the same time point. In
the remaining three RB+ eyes, only a thin layer was visible in

the inferior AC (Fig. \b) that by microscopic examination
proved to be a small collection of retinoblastoma cells (Fig.
2b). These data suggested that expression of exogenous RB
significantly retarded the growth of retinoblastoma cells in the
SCID mouse AC.

4 P-L. Chen et al., submitted for publication.
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Table 1 Tumor formation after injection of parental cell line WERI-RÃ’27or RB-reconstituted cell lines 2EÃŒor 3G2

Experiment Celltype1

WERI-Rb27
2E3

3G22

WERI-Rb272E33

WERl-Rb27
WERI-Rb27
WERI-Rb27

WERI-Rb274

2E3
3G2Mouse

strain CellsinjectedSCI

D
SCIO
SCIONude

NudeSCIO

SCIO
SCIO
SCIO.4

x IO5
.4x IO5
.4 xIO5.0

x IO5
.0 xIO5.0

x 10*
.0 x 10"
.0 x IO3
.0 xIO2SCIO

1.0 x IO5
SCIO l.Ox IO5Days

ofgrowth24

24
24222240

40
40
408484Eyes

withtumors"5/5

1/5Â»

0/46/62/5*5/6

4/5
3/5
1/51/61/6

Â°Except where noted, only tumors filling at least one-half of the anterior chamber were counted.
* Only a small layer of cells was present in the inferior anterior chamber.

Fig. 1. Tumor formation in SCID mouse eyes, (a) Three weeks after infection of 1 x IO5WERI-Rb27 (A/f-negative) cells. A large tumor is present in the anterior
chamber. Extensive vasularization of the cornea (arrow) is present. (6) Three weeks after injection of 1 x 10' 2E3 (Ã„Ã„-positive)cells. A small collection of cells forms
a layer in the inferior anterior chamber (double arrow).

In a third experiment, mice undergoing AC injections with s.c. injections, we occasionally observed the prolonged intra-
RB* cells were observed for tumor formation over an extended

time period. Of 12 eyes injected none had large tumors by 24
days, but in two a thin layer of cells was detectable. Large
tumors developed in these two eyes by 50 days but the remaining
eyes remained without detectable tumors through 84 days (Ta
ble 1). We used immunocytochemistry to compare the fraction
of cells expressing RB in RB* clonal cell lines prior to injection,

to that in histolÃ³gica! sections of the tumors that eventually
formed after injection of these cells (Fig. 3). Whereas 90% of
the cultured cells prior to injection had detectable RB expres
sion, less than 5% of cells were similarly stained in the tumor.
The increased fraction of Ã„Ã„-nonexpressing cells in these tu
mors suggested that the tumors were formed predominantly by
outgrowth of the Ã„Ã„-nonexpressingcells initially present in the
injected cell suspension.

Discussion

A clear difference in intraocular neoplastic phenotype was
observed between Ã„Ã„-negativeparental WERI-Rb27 cells and
Ã„Ã„-reconstituted subclones as assayed in the immunodeficient
mouse AC. Combining data from individual experiments, 16 of
17 eyes treated by injection of 1.0-1.4 x IO5of the former cells

versus 0 of 26 eyes receiving injections of the same number of
the latter cells contained large (filling >50% of the AC) tumors
at 3 weeks. Unlike the previous studies of tumorigenicity after

ocular survival of RB* retinoblastoma cells, suggesting that RB

reconstitution of tumor cells can result in cytostasis without
cytotoxicity in the anterior chamber. Our data show the infre
quent tumors that did form after injection of RB* WERI-Rb27
cells were composed of predominantly #ÃŸ-nonexpressing cells
but that some RB* cells (5%) are present in tumors. Small
tumors that formed after s.c. injection of /{^-reconstituted
tumor cells were previously found to lack detectable exogenous
RB expression by Western blotting (19). One possibility is that
paracrine factors secreted by a threshold number of/?/?-negative
cells are sufficient to support the survival or relative slow growth
of RB* cells in the AC. In this way, the suppression of tumor

igenicity by reconstitution of RB would not be effected entirely
at the level of individual tumor cells but rather would be
determined in part by a relative balance of growth tendencies
among /?5-expressing and -nonexpressing cells.

Xu et al. (20) described the effects of RB expression on
anterior chamber tumor formation by retrovirus-infected
WERI-Rb27 cells. They observed decreased tumorigenicity but
reported tumor formation by their /^-reconstituted cells and
concluded that the Ã„Ã„-positivecells were tumorigenic in the
AC. Unfortunately this conclusion is not well founded because
primarily infected, nonclonal lines were used in their studies
and no quantitative information regarding the fraction of RB-
positive cells in these cultures was provided. Furthermore, the
tumors were expanded in culture prior to being analyzed for
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RB expression and the fractions of AÃŸ-positive cells in the

tumors were not determined. As we have shown, reliable tumor
formation can occur with AC injections of only 1 x lO'-lO4

parental WERI-Rb27 cells. Therefore, the fraction of AÃŸ-neg
ative cells present in retrovirus-infected cultures prior to AC
injection is likely to be critical in determining tumorigenicity.
We show here that the fraction of AÃŸ-positivecells is markedly

decreased in tumors that form after injection of these cells
suggesting that such tumor formation is determined primarily
by the AÃŸ-negativepopulation. These data suggest that the
difference between the s.c. and intraocular environments is not
that AÃŸ-positivecells are tumorigenic in the AC but that small
numbers of AÃŸ-negativecells are capable of forming tumors
there and that some AÃŸ-positivecells can survive when such

tumor formation occurs.
There remains no proven chemotherapeutic regimen for ret-

inoblastoma. Diseases caused by recessive mutations are ideally
suited for gene therapy. Previous studies showed suppression
of s.c. tumor formation after RB reconstitution. Together with
the demonstration of intraocular tumor suppression after in
vitro RB reconstitution of retinoblastoma cells, these data sug
gest that treatment of human retinoblastoma by RB gene trans-

Â«*

Fig. 2. Intraocular tumor histology, (a) Three weeks after injection of I x 10*
WERI-Rb27 (AÃŸ-negative)cells. A dense cellular mass fills the anterior chamber.
The iris is entrapped in tumor and is not distinguishable, (ft) Three weeks after
injection of 2E3 (AB-positive) cells. A small layer of cells is present. C cornea;
L, lens: 7".tumor. Original magnification, x75.

f.v~'V<V-'

Fig. 3. Immunocytochemical detection of the Kit gene product in cell line 3G2.
Monoclonal antibody 245 (17) was used to detect the RB gene product in cultured
cells (a) and in frozen sections or a tumor that formed SOdays after injection of
I x 10* 3G2 cells. (b) Positive (red) staining was detected in approximately 90%
of cultured cells (a) but in less than 5% of cells in the tumor ih\.

duction may be possible. For this to occur, a safe and efficient
vector for delivering RB to intraocular tumor cells must be
generated.
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