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A transgenic mouse model for retinoblastoma was produced previously by directing SV40 T antigen expression 

to retinal photoreceptor cells using the promoter of the interstitial retinol-binding protein (IRBP) gene. This 
gene becomes active prior to the terminal differentiation of photoreceptors. Because T antigen-transforming 
activity is attributable, at least in part, to the inactivation of the retinoblastoma (pRb) and p53 tumor 

suppressor proteins, we addressed the role of p53 in the development of retinoblastoma in mice. Transgenic 
mice expressing HPV-16 E7 under the control of the IRBP promoter were generated to inactivate pRb in 

photoreceptors while leaving p53 intact. Rather than developing retinoblastomas, the retinas of these mice 

degenerate due to photoreceptor cell death at a time in development when photoreceptors are normally 
undergoing terminal differentiation. The dying cells exhibit the histological and ultrastructural features of 
apoptosis and contain fragmented DNA. p53 is required for the induction of apoptosis in this model, because 
mice expressing E7 in a p53 nullizygous background develop retinal tumors instead of undergoing retinal 

degeneration. 
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The human ocular malignancy, retinoblastoma, has been 
widely studied as a model for genetic predisposition to 
cancer. Retinoblastoma arises from cells in which both 
alleles of the retinoblastoma susceptibility gene (RB} 
have been mutated (Friend et al. 1986; Fing et al. 1987; 
Lee et al. 1987; Dunn et al. 1988; Horowitz et al. 1989). 
RB is therefore designated as a tumor suppressor gene, as 
loss of function of this gene is tumorigenic (Cavenee et 
al. 1985). RB inactivation is involved in the development 
of other carcinomas as well, including bone, soft tissue, 
lung, prostate, breast, and bladder cancers (Harbour et al. 
1988; Lee et al. 1988; Yokota et al. 1988; Varley et al. 
1989; Bookstein et al. 1990; Hensel et al. 1990). 

The first animal model for heritable retinoblastoma 
was generated from the retinal-specific expression of 
simian virus 40 T antigen (SV40 Tag), a transforming 
gene that has been reproducibly used to induce tumors in 
transgenic mice (e.g., Hanahan 1985; Mellon et al. 1990; 
Windle et al. 1990). This transgenic mouse model re- 
sulted from the integration of a luteinizing hormone 

SCorzesponding author. 

[3-subunit-Tag transgene presumably near a retinal-spe- 
cific gene that targeted Tag expression specifically to 
cells within the inner nuclear layer of the retina (Windle 
et al. 1990). Mice of this transgenic line, LT3, heritably 
develop retinal tumors with features of human retino- 
blastoma. Additional transgenic mouse models for reti- 
noblastoma have been produced by directing Tag expres- 
sion specifically to cells of the photoreceptor lineage us- 
ing the promoter region of the human or murine 
interstitial retinol-binding protein {IRBP) gene (A1- 
Ubaidi et al. 1992; Howes et al. 1994). The IRBP-Tag 
mice rapidly develop ocular and pineal tumors with his- 
topathological features of human trilateral retinoblasto- 

ma. 
SV40 Tag (DeCaprio et al. 1988} complexes with and 

functionally inactivates the retinoblastoma tumor sus- 
ceptibility protein, pRb, through a domain that is also 
essential for its transforming activity {Nevins 1992). In 
addition to pRb, SV40 Tag binds and disrupts the func- 
tion of another tumor suppressor protein, p53 [Lane and 
Crawford 1979; Linzer and Levine 1979; Mietz et al. 
19921. Although disruption of the p53 gene is the most 
common genetic lesion identified in human tumors 
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(Hollstein et al. 1991; Levine et al. 1991; Oren 1992), p53 
mutations have rarely been identified in retinoblastomas 
(Hamel et al. 1993). 

Thus, to clarify the involvement of p53 inactivation in 
retinoblastoma development in the transgenic mouse 
system, we produced mice in which the IRBP promoter 
directs expression of the human papillomavirus type 16 
(HPV-16) E7 protein. Like SV40, the HPV-16-transform- 
ing activity in several cell types is mediated, at least in 
part, by the inactivation of both pRb and p53, although 
by two separate proteins, pRb is functionally inactivated 
by the E7 protein (Dyson et al. 1989; Munger et al. 1989) 
while p53 is inactivated by E6 (Scheffner et al. 1990). The 
IRBP-E7 transgene therefore is expected to result in the 
inactivation of pRb in the photoreceptor cells of trans- 
genic mice while leaving p53 activity intact. 

In contrast to IRBP-Tag transgenic mice, IRBP-E7 
mice do not develop retinal photoreceptor tumors. In- 
stead, during the period of maximal photoreceptor cell 
differentiation in normal mice, photoreceptor precursors 
undergo massive apoptosis, resulting eventually in the 
total loss of the photoreceptor layer. Furthermore, the 
induction of apoptosis in these mice is mediated by p53, 
as the expression of IRBP-E7 in mice that are nullizy- 
gous for the p53 gene results in the development of ret- 
inal tumors rather than apoptosis. 

R e s u l t s  

Generation of IRBP-E7 transgenic mice 

To determine whether pRb inactivation in the presence 
of wild-type p53 can induce retinoblastoma in mice, we 
produced six IRBP-E7 transgenic mice with the trans- 
gene shown in Figure 1. The IRBP promoter has been 
shown to direct expression specifically to photoreceptor 
cells of the retina and to the pineal gland (Liou et al. 
1990; Yokoyama et al. 1992). HPV-16 E7 binds pRb as 
well as other cell cycle regulatory proteins (Dyson et al. 
1992; Arroyo et al. 1993) but does not inactivate p53. 
Five of the six founder mice exhibited retinal degenera- 
tion upon histological analysis. Transgenic mouse lines 
were established from three of these founders, IRBP-E7- 
1, IRBP-E7-4, and IRBP-E7-6, but we were unsuccessful 
in establishing lines from IRB-P-E7-3 and IRBP-E7-5. 
Southern analysis of DNA from IRBP-E7-1, IRBP-E7-4, 

and IRBP-E7-6 revealed that they contained -~ 10, 7, and 

1 copies of the transgene, respectively (data not shown). 
IRBP-E7 transgenic pups from each line are usually 
smaller than their nontransgenic littermates for reasons 
that have not yet been explored. In addition, they often 
exhibit narrowed ocular fissures from the day that their 
eyes open (P12) through adulthood. The remaining 
founder (IRBP-E7-2) and his offspring exhibited normal 
retinal development, presumably because of failure to 
express the transgene, and were therefore not studied 

further. 

IRBP-E7 mice undergo retinal degeneration 

All offspring from the three established IRBP-E7 lines 
heritably develop retinal degeneration because of the 
specific loss of photoreceptor cells during retinal devel- 
opment. All subsequent analyses were performed with 
mice from the IRBP-E7-1 line. Figure 2 compares the 
retina of a 4-week-old IRBP-E7-1 mouse (Fig. 2c) to ret- 
inas from a normal 4-week-old mouse {Fig. 2a) and a 
2-week-old IRBP-Tag [IT-2) mouse {Fig. 2b). The IRBP- 
E7-1 retina shows neither normal retinal architecture 
nor the transformed phenotype observed in the IT-2 line. 
Rather, the photoreceptor cell layer is completely absent 
and the inner nuclear layer directly abuts the retinal pig- 

mented epithelium (RPE). 
A more extensive analysis of the early stages of retinal 

development in IRBP-E7-1 mice was therefore con- 
ducted to better characterize the onset of photoreceptor 
loss in these mice. IRBP-E7-1 mice ranging in age from 
embryonic day 16 (E16) to postnatal day 10 (P10) were 
sacrificed, and eyes were collected for histological anal- 
ysis [Fig. 3). On E16, no differences between the retinas 
of control and transgenic mice are observed. Comparable 
mitotic activity is present in the outermost row of the 
ventricular cell stratum {Fig. 3a, b). By P1, the overall 
appearance of the transgenic mouse retina appears sim- 
ilar to the control retina, but subtle changes within the 
ventricular layer become visible. The outermost cell 
layer of the ventricular stratum exhibits an increase in 
the number of dying cells [Fig. 3c, d). By P4, there is an 
obvious population of dying cells {some of which appear 
in clusters) within this layer in the transgenic retinas. 
This developmental stage shows the greatest difference 
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Figure 1. Schematic representation of the 
IRBP-E7 transgene. Approximately 1.9 kb 
of the murine IRBP promoter (including the 

transcription start site) was inserted 5' to 
the HPV-16 E7 open reading frame. Polya- 
denylation and splicing elements were pro- 
vided by the rabbit ~-globin sequences con- 
tained within the construct. The 3.4-kb 
ClaI-XhoI fragment containing the IRBP- 
E7 transgene was isolated for microinjec- 
tion. 
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Figure 2. Histological comparison of retinas collected from a normal mouse, an IRBP-Tag mouse, and an IRBP-E7 mouse. (a) Retina 
from a 4-week-old normal mouse, X396 (b) Retina from a 2-week-old IRBP-Tag (IT-2) transgenic mouse in which a tumor mass (T) has 
replaced the photoreceptor cell layer. The IPL and ganglion cell layers are normal but not shown in this micrograph (magnification, 
253 x ). (c) Retina from a 4-week-old IRBP-E7-1 mouse, showing loss of the OS, the ONL, and the OPL (opposed arrows). Pyknotic cells 
are apparent within the outer region of the INL (magnification, 253 x ). (RPE) Retinal pigmented epithelium--pigmented cell layer; (OS) 
outer segment--a differentiated feature of photoreceptor cells comprised of stacks of rhodopsin laden membranous disks; (ONL) outer 
nuclear layer--contains the photoreceptor cell nuclei; (OPL) outer plexiform layer--comprised of photoreceptor cell axons and syn- 
apses with dendrites from the horizontal and bipolar cells; (INL) inner nuclear layer--comprised of bipolar, amacrine, and horizontal 
cells. (IPL) inner plexiform layer--comprised of axons from amacrine and bipolar cells and synapses with dendrites of ganglion cells; 
{G} ganglion cell layer--contains nuclei and cell bodies of ganglion cells. 

in the number of dying cells between transgenic and nor- 
mal retinas {Fig. 3e,f). 

During normal murine retinal development, the outer 

plexiform {synapticJ layer (OPL) develops at P6 and 

clearly delineates the photoreceptor cell bodies of the 

outer nuclear layer (ONLJ from the inner nuclear layer 

(INLJ containing the cell bodies of the bipolar, horizon- 
tal, and amacrine cells. The OPL is comprised of rod and 

cone axonal projections and their synaptic junctions 

with dendrites of cells of the INL. However, the OPL is 

absent in retinas examined from IRBP-E7-1 animals on 

day P6 and fails to develop even at later stages. By P10 in 

IRBP-E7-1 mice, the inner and outer nuclear layers still 

comprise a single layer in which cellular numbers are 
markedly decreased and numerous dead or dying cells 

are evident [Fig. 3g, hJ. The overall thickness of the retina 

is -20% less than normal. By 4 weeks of age the entire 

photoreceptor cell layer is often absent and the thinned 

INL directly abuts the RPE {Fig. 2c). 

In addition, the lenses of these mice appear abnormal 

relative to those of nontransgenic littermates {data not 

shown). We are currently investigating the significance 
of this observation. 

Apoptosis of photoreceptor cells in IRBP-E7-1 mice 

The elimination of photoreceptor cells within these 
mice led us to examine the mode of cell teath within 

this layer, and specifically, to determine whether the dy- 

ing cells possessed the molecular and ultrastructural fea- 

tures apoptosis. Retinas from mice at P4 were selected 

because this stage showed the maximum numbers of dy- 

ing cells. The DNA of apoptotic cells is cleaved into 

large fragments corresponding in size to chromatin loops 

that often undergo further intemucleosomal cleavage, 

resulting in DNA fragment sizes corresponding to mul- 

timers of -180 bp (Wyllie 1992). Two methods have 

been developed to assay this DNA degradation. The ter- 

minal deoxyribonucleotidyl transferase (TdT) assay of 

Gavrieli et al. (1992) can be employed to label frag- 

mented DNA using biotin-labeled dUTP and a strepta- 

vidin peroxidase assay on tissue sections embedded in 
paraffin. Our results show that relative to normal litter- 

mates, the P4 IRBP-E7-1 retinas exhibit excessive label- 

ing of cells within the ventricular layer {Fig. 4a, b}, indi- 

cating the presence of cells containing degraded DNA. 

Secondly, to determine whether intemucleosomal cleav' 

age could be detected, DNA was extracted from IRBP- 

E7-1 P4 retinas and subjected to agarose gel electropho- 

resis. Nucleosome ladders were easily visualized in 

IRBP-E7-1 retinal DNA while no ladders were detected 

in retinal DNA from normal littermates (Fig. 5). 
Ultrastructural analysis revealed nuclear condensa- 

tion, reduced cytoplasmic volume, and intact morphol- 
ogy of other cellular organelles within dying cells in the 

ventricular layer {Fig. 6a-d}. These features are morpho- 
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Figure 3. Developmental time course of 
IRBP-E7 retinal degeneration. El6 normal 
{a) and IRBP-ET-1 (b) retinas. Immature 
photoreceptor ceils are interspersed with 
cells of the INL forming the ventricular 
stratum (Ve) at this early developmental 
stage. Arrows show mitotic nuclei along 
the outer boundary of the Ve. No obvious 
differences appear between normal and 
transgenic mice at this stage [hemotoxylin 
and eosin (H&E); magnification 154x]. 
Postnatal day 1 normal (c) and IRBP-E7-1 
(d) retinas. Dying cells are slightly more 
numerous within the Ve layer of trans- 
genie mice (arrowheads). Mitotic activity 
is still evident at this stage in normal mice 
(arrows) (H&E; magnification, 123x). P4 
normal(e) and IRBP-ET-1 (f) retinas. The Ve 
of the transgenic mouse appears less orga- 
nized and contains numerous pyknotic nu- 
clei occurring singly (arrowheads) and in 
clusters (brackets)(H&E; magnification, 
123x). P10 normal (g) and IRBP-ET-1 (h) 
retinas. The transgenic retina develops nei- 
ther the OS nor the OPL, normally formed 
by differentiated photoreceptor cells. Dy- 
ing cells are apparent within the remnants 
of the ONL (H&E, magnification, 123x); 
(O) Optic nerve fiber layer; (Va) vascular 
tissue. (For other abbreviations, see legend 
to Fig. 1). 

logical hallmarks of apoptosis (Kerr et al. 1972; Wyllie et 

al. 1980; Schwartzman and Cidlowski 1993). In some 

cases, it was also possible to see neighboring cells en- 

gulfing membrane-bound apoptotic bodies (Fig 6e). Thus, 

histochemical, biochemical, and ultrastructural criteria 

of apoptosis in dying photoreceptor precursors in IRBP- 
E7-1 mice were satisfied. 

IRBP-E7 m R N A  expression 

The expression of both the endogenous IRBP gene and 

the IRBP-E7 transgene correlates with the presence of 

photoreceptor precursor cells within the developing ret- 
ina {Fig. 7). The reverse transcription polymerase chain 

reaction (RT-PCR) was employed to detect endogenous 

IRBP and IRBP-E7 mRNA from IRBP-E7-1 retinas at var- 

ious stages. At P6, a stage at which photoreceptor pre- 

cursor cells are still present in the IRBP-E7-1 retinas, 

both IRBP and E7 expression are detectable. Expression 

of both RNAs, however, is reduced in retinal RNA col- 

lected from 3.5-week-old transgenic mice, correlating 

with the dramatic reduction of photoreceptor cells 

shown by histological analysis of IRBP-E7-1 retinas 

compared with those of normal mice. IRBP and E7 ex- 

pression is usually almost undetectable in retinas from 

adult IRBP-E7-1 mice {>6 months of age). However, the 

E7 signal is still significant in a small number of adult 

animals. This may be attributable to the presence of 

small focal tumors arising in other layers of the retina, as 

such tumors have been observed histologically in a small 
number of IRBP-E7-1 mice (not shown). We are cur- 

rently investigating the origin and significance of these 

tumors. 
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Figure 4. TdT assay on P4 normal and IRBP-E7 retinas. (a) The control retina shows the normal level of cellular death within the 
ventricular stratum (Ve) at this developmental stage. (b) An IRBP-E7-1 littermate exhibits elevated DNA fragmentation and cell death 
in the Ve. Sections were labeled by the procedure of Gavrieli et al. (1992). 

I n h i b i t i o n  of  apoptos i s  in  I R B P - E 7 - 1  m i c e  

b y  the  i n a c t i v a t i o n  of  p53  

To determine whether the induction of apoptosis within 

this transgenic line was mediated by p53, we generated 

mice expressing the IRBP-E7 transgene in a p53 nullizy- 

gous background (Donehower et al. 1992). Through two 

rounds of crossings to p53 nullizygous mice, we gener- 

ated mice that contained the IRBP-E7 transgene in a 

I - E 7 1  Littermates 

I I 
- + + + + + p o s  neg  

DNA 

L a d d e r i n g  

Figure 5. Retinal DNA collected from IRBP-E7 mice shows 
nucleosomal ladders. Normal (-)  and IRBP-E7-1 (+) litter- 
mates are identified by PCR analysis of tail DNA using trans- 
gene-specific primers, which yield an 820-bp product. Corre- 
sponding retinal DNA from each littermate was run on a 2% 
agarose gel. Bands corresponding to multiples of the nucleo- 
some fragments (-180 bp) are observed only in the IRBP-E7( + ) 
littermates. 

p53-deficient background. According to the segregation 

pattern of the IRBP-E7 transgene and mutant  p53 alleles, 

littermates characteristically exhibited normal, degener- 

ative, or retinoblastoma phenotypes. Southern and rep- 

resentative histological analyses from one such litter 

(Fig. 8a, b)show that the retinas from mice 11, 12, 15, 17 

(E7- /p53  + - ), and 13 (E7 - / p 5 3  - - ) are normal, reti- 

nas from mouse 16 (E7 +/P53 + - ) underwent retinal de- 

generation {like the E 7 + / p 5 3 +  + mice), and retinas 

from mouse 14 ( E 7 + / p 5 3 - -  ) exhibited bilateral tu- 

mors of photoreceptor cell origin (similar to those seen 

in IRBP-Tag mice). 

Discussion 

We have produced a transgenic mouse model in which 

we could investigate the specific genetic lesions suffi- 

cient for the induction of retinoblastoma or apoptosis. 

The expression of two different viral oncoproteins, SV40 

Tag and HPV E7, has been directed specifically to pho- 

toreceptor cells by use of the IRBP promoter. IRBP-Tag 
transgenic mice exhibit tumors with the histological and 

ultrastructural features of an undifferentiated and fairly 

aggressive form of human retinoblastoma (A1-Ubaidi et 

al. 1992; Howes et al. 1994). However, because Tag binds 

to and inactivates p53 as well as pRb, it remained un- 

clear whether p53 was involved in mediating tumorigen- 

esis in this model. 
Recently, several groups have developed mice nullizy- 

gous for the RB gene (RB - / - ) (Clarke et al. 1992; Jacks 

et al. 1992; Lee et al. 1992). These mice are nonviable 

past embryonic day 16, because of developmental abnor- 

malities of the hematopoietic and nervous systems. Al- 
though the retinal layers appear normal upon histologi- 

cal examination at El6, this model does not permit ex- 

amination of the development of retinoblastoma, as 

mitosis continues within the normal mouse retina until  

well after birth, beyond the stage of nonviability for the 
R B  - / - mouse. However, mice hemizygous for the R B  

gene (RB + / - ) are viable and exhibit normal retinal de- 
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Figure 6. P4 Retinas from normal and IRBP-E7 lit- 
termates show ultrastructural features of apoptosis. 
(a) Normal retina (magnification, 315x). (b)IRBP- 
E7-1 retina (magnification, 315 x). Note individual 
(arrows) and clustered (brackets) apoptotic cells. (c) 
Higher magnification of IRBP-E7-1 retina contain- 
ing apoptotic cells showing nuclear condensation 
and scanty cytoplasm (magnification, 2226x ). (B) Bi- 
polar cells. (d) An apoptotic cell shows nuclear con- 
densation and intact organelles, including mito- 
chondrion (M), and rough endoplasmic reticulum 
(arrows) (magnification, 10,7100x ). (e)An apoptotic 
cell phagocytosed by neighboring normal cell. The 
plasma membrane of the phagocytosing cell is indi- 
cated by arrows. (N) nucleus of normal cell (magni- 
fication, 4830 x ). (For other abbreviations, see legend 
to Fig. 1). 

velopment.  It is interesting that  these mice fail to de- 

velop retinoblastoma, because - 9 0 %  of children who 
inherit  one mutan t  RB allele develop bilateral retino- 
blastoma. This  difference suggests that  mouse models 

may not parallel human  ret inoblastoma accurately in all 

regards. Natural ly  occurring ret inoblastomas in mice 
have not been reported (Hogan and Albert 1991). Al- 

though this may be attr ibutable to a fundamental  differ- 
ence in the regulation of cellular proliferation and differ- 

entiation in the mouse retina compared wi th  the human,  
alternatively it may simply reflect the greatly reduced 
probability of acquiring an additional spontaneous RB 

"hi t"  in mice, whose retinas contain fewer target cells 
and a significantly narrowed temporal  window of sensi- 

t ivity to RB inactivation as a consequence of their  

shorter period of retinal development. 
An alternative approach is to introduce a transgene 

that  results in inactivation of pRb wi th in  photoreceptor 
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Figure 7. IRBP-E7 transgene and endogenous IRBP expression. 
Total RNA was extracted from normal and IRBP-E7-1 retinas 
collected at postnatal day 6 (P6D), 3.5 weeks (P3.5W), and 6 
months of age. RT-PCR using primers from the endogenous 
IRBP gene and the IRBP-E7 transgene yield amplification prod- 
ucts of 131 and 308 bp, respectively. Primer sequences were 
selected to flank introns so that contaminating DNA would 
yield larger amplification products. 

cells prior to their terminal differentiation. For this pur- 
pose, we introduced an IRBP-E7 transgene into mice to 
functionally inactivate photoreceptor pRb while leaving 
p53 activity intact. The IRBP promoter was selected for 
these studies because it has been shown to be transcrip- 
tionally active prior to the terminal differentiation of 
photoreceptor cells. Transgenic mice containing an 
IRBP-chloramphenicol acetyltransferase (CAT) trans- 
gene show CAT activity in the retina as early as El3 
(A1-Ubaidi et al. 1992). In addition, the IRBP protein has 
been shown by immunohistochemistry to be produced 
in murine retinoblasts by El6 (Carter-Dawson et al. 
1986). The mitotic activity of rods peaks on the day of 
birth and terminates by P5 (Young 1985; Wang et al. 
1992). Thus, the IRBP promoter should direct oncogene 
expression to photoreceptor cells prior to their terminal 
differentiation. Our results indicate that pRb inactiva- 
tion by E7 binding is not sufficient for photoreceptor cell 
transformation, as the mice expressing IRBP-E7 do not 
develop retinoblastoma of photoreceptor cell origin. 

Rather than inducing transformation of photoreceptor 
cells, expression of E7 results in apoptotic degeneration 
of the photoreceptor layer. A number of murine retinal 
degeneration syndromes (rd, rds, rhodopsin mutants) ex- 
hibit apoptotic photoreceptor cell death (Chang et al. 
1993; Lolley et al. 1994; Papermaster and Neer 1994; 
Portera-Cailliau et al. 1994). In addition, apoptosis oc- 
curs normally during retinal development, and this pro- 
cess has been well characterized in the murine retina 
(Young 1984). Apoptotic cells in the IRBP-E7-1 mice, 
while present in greatly increased numbers, show the 
same morphological features as the apoptotic cells of a 
normal developing retina. Cells undergoing apoptosis ex- 
hibit nuclear and cytoplasmic condensation and frag- 
mentation. Unlike necrotic cells that undergo lysis, the 
degeneration of apoptotic cells involves an orderly sepa- 
ration of intact cellular components into membrane- 
bound bodies that are phagocytosed by neighboring cells 
or, in some tissues, by macrophages. Nucleosome lad- 
ders could be detected from IRBP-E7-1 mice but not con- 
trol littermates, demonstrating that the levels of apop- 
totic cell death are greatly elevated in the retinas of mice 

expressing the transgene. Histological and ultrastruc- 
tural examination of retinas from IRBP-E7-1 mice re- 
vealed that cell death specifically involved the photore- 
ceptor cells or their ventricular layer precursors. 

It has been proposed that p53 may prevent transforma- 
tion by regulating the cellular decision to undergo pro- 
grammed cell death in response to environmental or ge- 
netic perturbations (Yonish-Rouach et al. 1993). Recent 
studies have shown that tumor cells that have under- 
gone p53 mutations resulting in loss of the protein un- 
dergo apoptosis when transfected with wild-type p53 
(Shaw et al. 1992; Yonish-Rouach et al. 1993). 

A similar model for the molecular induction of apop- 
tosis has been proposed from the study of the transform- 

ing viruses that specifically inactivate p53 to inhibit the 
suicide response to oncogenic challenge (Lowe et al. 
1993b). The adenovirus E1A protein, which binds to and 
functionally inactivates pRb, induces apoptosis of pri- 
mary rodent ceils when expressed in the presence of 
wild-type p53 (Debbas and White 1993). In contrast, a 
temperature-sensitive mutant form of p53 was shown to 
cooperate with E1A to transform primary cells at the 
higher temperature while inducing apoptosis at the 
lower, permissive temperature. Furthermore, the 55K 
E1B protein, which contains p53-binding activity, 
blocked the p53-induced apoptotic response to EIA. Fi- 
nally, embryonic fibroblasts and immature thymocytes 
from normal mice, when transfected with the E1A on- 
coprotein, undergo apoptosis in response to chemother- 
apeutic drugs and radiation treatment. This response is 
mediated by p53, because it was not observed in cells 
from p53 nullizygous mice (Lowe et al. 1993a, b). 

Like the E1A viral protein, the E7 proteins of HPV-16 
and HPV-18 have been shown to induce cell death in the 
presence of wild-type p53 activity. Human cultured ke- 
ratinocytes transfected with HPV-16 E7 alone were non- 
viable (Hudson et al. 1990), and antisense oligonucle- 
otides for HPV E6 (which accelerates the degradation of 
p53) (Scheffner et al. 1990), but not E7, resulted in cell 
death in oral and cervical cancer cell lines that contain 
HPV-18 (Steele et al. 1993). Thus, the death of photore- 
ceptors in the IRBP-E7/p53 + mice indicates the diverse 
cell types responsive to this combination of genetic ac- 
tions. 

It is intriguing that the peak of cell death in the IRBP- 
E7 retinas occurs at precisely the developmental time 
point when the majority of photoreceptor cells are nor- 
mally undergoing terminal differentiation. A number of 
recent experiments demonstrate that pRb accumulates 
in cells prior to their differentiation (Endo and Goto 
1992; Goodrich and Lee 1993; Slack et al. 1993), suggest- 
ing a model in which pRb is a key regulator of cell cycle 
control in cells that are undergoing differentiation. Be- 
cause HPV-16 E7 binds and functionally inactivates pRb, 
its expression in photoreceptor cells may prevent pRb 
induction of their differentiation within IRBP-E7 mice, 
rendering them susceptible to the action of a p53-depen- 
dent apoptotic pathway. 

The apoptotic cell death of photoreceptor precursor 
cells in IRBP-E7 mice is consistent with this model. Be- 
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Figure 8. Results of crossing IRBP-E7-1 and p53 nullizygous mice. 
(a) Southern analysis of offspring from a mating of IRBP-E7+/ 

p53 + - and IRBP-E7 - / p 5 3  + - mice. The 6.5-kb band ( - ) origi- 

nates from the disrupted p53 allele; the 5-kb band (+) corresponds 

to the normal p53 allele. The IRBP-E7 transgene was used to probe 
tail DNA from the same littermates. The upper band corresponds 

to the endogenous 5'-flanking region of the IRBP gene present in all 

samples; the lower band (+) indicates the presence of the trans- 
gene. (b) Retinal histology from 4-week-old mice 13, 16, and 14 

demonstrates the exact correlation of the phenotype with the pres- 

ence or absence of E7 and p53. Retinas expressing E7 +/p53 + are 

apoptotic; those expressing E7 + in p53 nullizygous mice develop a 

poorly differentiated tumor of photoreceptor precursor cells (mag- 

nification, 245 x ). 

cause E7 binds other cell cycle regulatory proteins in 
addition to pRb, including p 107 and E2F-cyclin A-cdk2 

complex (Dyson et al. 1992; Arroyo et al. 1993), the in- 
volvement of these proteins cannot be excluded in this 
mouse model and are currently being investigated. How- 
ever, the observation of massive neuronal cell death in 
the RB nullizygous mice (Clarke et al. 1992; Jacks et al. 
1992; Lee et al. 1992) suggests that loss of pRb function 
in the presence of an intact p53 gene creates a sufficient 
disruption of the cell cycle to trigger cell death in at least 
a subpopulation of neurons. 

Regardless of the mechanism by which E7 perturbs the 
cell cycle, the results from our studies clearly demon- 
strate that the induction of apoptosis in the IRBP-E7 
mice is p53 dependent, as mice expressing E7 in a p53 
nullizygous background fail to exhibit apoptosis but, 
rather, form retinoblastomas. Interestingly, in this trans- 
genic mouse model, retinal fate is determined by the 
segregation pattern of the E7 transgene and functional 

p53 alleles. The IRBP-Tag and IRBP-E7 transgenic 
mouse models therefore provide useful in vivo systems 
for further examining the molecular basis of the cellular 
decision to undergo differentiation, apoptosis, or trans- 

formation. 

Materials and methods 

IRBP-E7 transgene construction 

A 317-bp EcoRI-HindIII fragment containing the start codon, 
coding sequence, and stop codon for HPV-16 E7 was excised 

from the pGem-E7 plasmid (generously provided by William 

Phelps, Burroughs Wellcome Co., Research Triangle Park, NC), 
and the ends were filled in with Klenow DNA polymerase. The 

plasmid, pBS/pKCR3ARI, a modification of pKCR (Matsui et al. 
1990), containing part of exon 2, the second intron, and exon 3, 

including the polyadenylation site, of the rabbit f~-globin gene, 
was linearized with EcoRI, which cuts once within exon 3, and 
then blunt-ended with Klenow DNA polymerase. The E7 frag- 
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ment was then subcloned into the linearized pBS/pKCR3ARI 

vector. A 1.9-kb BamHI fragment containing the IRBP promoter 

(generously provided by Diane Borst, National Eye Institute, 

Bethesda, MD, and John Nickerson, Emory University, Atlanta, 
GA) was ligated into the BamHI site within the polycloning 

region located 5' to exon 2 of the rabbit ~-globin sequence in 

pBS/pKCR3-E7. Plasmids containing both the promoter and E7 

fragments in the correct orientation were verified by restriction 

mapping. The 3.4-kb ClaI-XhoI fragment containing the IRBP- 

E7 transgene was excised and purified for injection using Gene- 

clean (Bio 101, La Jolla, CA). 

Production and identification of transgenic mice 

The IRBP-E7 fragment at a concentration of 2 ~g/ml was mi- 

croinjected into the male pronucleus of fertilized one-cell 

mouse embryos essentially as described (Hogan et al. 1986). The 

F 2 embryos were obtained from matings of CB6F1 (C57B1/ 
6xBALB/c) males and females (Harlan Sprague-Dawley, Inc.). 

The injected embryos were reimplanted into pseudopregnant 
B6D2 female mice (Harlan Sprague-Dawley, Inc.). Transgenic 

founder mice were identified by Southern blot analysis of tail 
DNA obtained at the time of weaning. Transgenic mice from 

subsequent generations were identified by slot blot analysis us- 

ing the IRBP-E7 transgene as a probe, or by PCR using a 5' 

primer derived from the IRBP region (5'-GCAGGACCA- 

CAGCCTTGTACACACG-3') and a 3' primer derived from 

E7 sequences (5 '-TGGGCTCTGTCCGGTTCTGCTTGTC-3' ). 
The PCR program included 35 cycles of 95°C for 1 min, 60°C for 

1 min, and 72°C for 1 min, or 2 min for the last cycle. Southern 

and slot blot analysis were performed with Nytran filters (Schlei- 
chef & Schuell), and probes were generated by random oligo- 

nucleotide labeling (Pharmacia Biochemicals, Inc.), using 

[oL-a2PldCTP (DuPont-NEN}. 

Identification of p53 heterozygous and nullizygous mice 

p53 nullizygous mice (TSG-p53), obtained from GenPharm, 
were bred to IRBP-E7-1 mice to generate F~ offspring that con- 

tain the IRBP-E7 transgene in a p53 heterozygous background. 

Subsequent backcrosses to p53 nullizygous mice resulted in the 

generation of offspring with or without the transgene and one or 

two copies of the mutant p53 allele. Mice heterozygous or 
nullizygous for the wild-type p53 gene were identified by PCR 

and Southern blot analysis of tail DNA. A sense 5' primer spe- 
cific for a region within the murine p53 exon 4 (5'-GGGA- 

CAGCCAAGTCTGTTATGTGC-3') and two antisense 3' 
primers, specific for either exon 6 of the normal p53 allele (5'- 

CTGTCTTCCAGATACTCGGGATAC-3') or the neo cassette 

(5'-TTTACGGAGCCCTGGCGCTCGATGT-3'), were used for 

PCR analysis. The PCR program for this reaction included 35 

cycles of 94°C for 1 rain, 62°C for 1 min, 72°C for 2 min, with an 
autoextend command of an additional 10 sec for each subse- 
quent cycle extension time (at 72°C). For Southern analysis, 15 

~g of tail DNA was digested with BamHI, electrophoresed, and 

blotted onto Nytran filters. A 605-bp oligolabeled KpnI frag- 

ment of the plasmid LR10 (GenPharm) was used to identify the 
mutant 6.5-kb and normal 5.0-kb p53 alleles. 

Histological examination of retinas from various 
developmental stages 

For the data in Figure 3, the eyes from mice ranging in age from 
El6 to P10 were fixed in 10% neutral formalin (phosphate buff- 
ered) (Fisher) and embedded in paraffin for light microscopy. 

Ultrastructural examination of retinas 

For the data in Figures 2, 5, and 8, eyes were removed, opened by 

incising the cornea to remove the lens, fixed in 1% glutaralde- 
hyde (Ladd) and phosphate-buffered 4% paraformaldehyde 

(Tousimis), and then embedded in epon. Sections (1 ~m thick) 

were stained with toludine blue for light microscopy, and ul- 

trathin sections were stained with uranyl acetate and lead cit- 

rate for electron microscopy at 60 kV on a Philips 301 micro- 

scope. 

End-labeling of fragmented DNA 

Eyes removed from P4 mice were fixed in 10% buffered forma- 
lin and embedded in Poly-Fin paraffin (Triangle Biomedical Sci- 

ences). Sections {4 ~m thick) were cut, dewaxed, and permeabi- 

lized with proteinase K (Sigma). DNA was end-labeled with 

biotinylated-dUTP {Boehringer Mannheim) using deoxyribonu- 
cleotidyl transferase (GIBCO BRL), according to the procedure 

of Gavrieli et al. [1992), as modified by Tim McDonnell (pers. 

comm.). The bound biotin was detected using a streptavidin- 

horseradish peroxidase (HRP) conjugate {DAKO) and visualized 

with a DAB chromagen ISigma). 

Analysis of DNA ladders 

Mice at P4 were sacrificed, the retinas were removed, and DNA 

was extracted (Hogan et al. 1986). Two micrograms of each 

DNA sample was electrophoresed on a 2% agarose gel, stained 

with ethidium bromide, and photographed. 

Analysis of RNA 

Total RNA was extracted from retinal tissue according to the 

protocol of Chomczynski and Sacchi (1987). Transgene mRNA 

was detected by use of the Thermostable rTth Reverse Tran- 

scriptase RNA PCR kit (Perkin-Elmer Cetusl. The 3' primers 

from E7 (5 '-TGGGCTCTGTCCGGTTCTGCTTGTC-3')and 
IRBP (5'-GAATCTCAAGTAGCCAATGT-3'I-coding regions 

were used in separate reactions for reverse transcription of 250 

ng of retinal RNA for each sample. Addition of the 5' IRBP 

primer (5'-CAGAGGATGCCAAAGACCGA-3'I and the 5' 

IRBP primer (5'-CAGAGGATGCCAAAGACCGA-3'I to the re- 

action mixture for PCR amplification of the IRBP-E7 and IRBP 

cDNAs yields amplicons of 866 and 131 bp in length, respec- 
tively. The 3' primer for IRBP-E7 was annealed at 53°C for 10 
min, whereas the 3' primer for IRBP was annealed at 60°C for 10 

min. Extensions of both primers were carried out at 70°C for 2.5 
min. The conditions of PCR amplification for IRBP-E7 reac- 

tions are as outlined above except that amplification was carried 

out for 26 cycles. The PCR amplification program for IRBP in- 
cludes 94°C for 1 min, 55°C for 1 min, and 72°C for 1 min for 26 

cycles. 
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