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Complexes between the retinoblastoma protein (pRb) and the transcription factor E2F-1 are thought to be
important for regulating cell proliferation. We have shown previously that the E7 oncoprotein from human
papillomavirus type 16, dependent upon its binding to pRb proteins, induces proliferation, disrupts differen-
tiation, and induces apoptosis when expressed in the differentiating, or fiber, cells of the ocular lenses in
transgenic mice. Mice that carry a null mutation in E2F-1 do not exhibit any defects in proliferation and
differentiation in the lens. By examining the lens phenotype in mice that express E7 on an E2F-1 null
background, we now show genetic evidence that E7’s ability to alter the fate of fiber cells is partially dependent
on E2F-1. On the other hand, E2F-1 status does not affect E7-induced proliferation in the undifferentiated lens
epithelium. These data provide genetic evidence that E2F-1, while dispensible for normal fiber cell differen-
tiation, is one mediator of E7’s activity in vivo and that the requirement for E2F-1 is context dependent. These
data suggest that an important role for pRb-E2F-1 complex during fiber cell differentiation is to negatively
regulate cell cycle progression, thereby allowing completion of the differentiation program to occur.

Normal growth, development, and homeostasis of a multi-
cellular organism requires precise balancing of cellular pro-
liferation, differentiation, and apoptosis. Signals that regulate
proliferation are thought to ultimately control passage of cells
through the cell cycle in which the retinoblastoma (RB) family
of pocket proteins and the E2F/DP (hereafter referred to as
E2F) family of transcription factors reside as central regula-
tors. A broadly defined model suggests that E2F factors act
directly downstream of RB family members and that prolif-
eration occurs when E2F activity promotes S-phase entry
while RB family members suppress this proliferation primarily
through repression (23, 29). Under normal cell cycle regula-
tion, proliferation is thought to occur when pRb-E2F-DNA
repressor complexes are disrupted by cyclin-dependent kinase-
mediated phosphorylation (6). Cell cycle regulation can be
altered by the binding of oncoproteins from DNA tumor vi-
ruses to RB family members, which disrupts these complexes,
leading to deregulated E2F activity, uncontrolled proliferation,
and perhaps tumor formation (7). E2F-1 has been implicated
as an oncogene from studies in cultured cells in which E2F-1
overexpression drove quiescent cells through the G, into the S
phase of the cell cycle, ultimately leading to apoptosis or neo-
plastic transformation (1). However, more recently, mice
that carry an E2F-1 null mutation were documented to de-
velop tumors in certain tissues, suggesting a tumor suppres-
sor function for E2F-1 (15, 58). Thus, in tumorigenesis, E2F-1
can act as either a positive or negative regulator of cell growth,
depending on the context. How this model relates to control of
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proliferation and differentiation during normal development in
vivo is largely undefined.

The role of the pRb:E2F-1 interaction in the control of
development has recently been addressed by studies in Dro-
sophila. Proteins homologous to both the RB family, i.e., RBF
(9), and the E2F family, i.e., dE2F/dDP (12, 40), have been
identified. During Drosophila development in vivo, dE2F is
required for the normal expression of RNR2 and the normal
rate of DNA synthesis (11, 49). RBF associates with dE2F and
regulates dE2F activity, as shown by experiments in which
retina-specific expression of RBF suppressed ectopically driv-
en proliferation caused by retina-specific expression of dE2F/
dDP in normally postmitotic cells (10).

In mouse development, the embryonic lens of the eye has
been used as a model system for elucidating the molecular
requirements for control of proliferation and differentiation.
In this organ composed entirely of epithelial tissue, undiffer-
entiated anterior cells in a region referred to as the central
epithelium acquire the capacity to divide as they migrate pos-
teriorly into a proliferation (germinative) zone. Influenced by
their position in the lens and signals from other ocular tissues,
these cells continue to divide and migrate further towards the
posterior into a transitional zone, where they cease cell cycle
progression prior to differentiating into fiber cells. As they
differentiate, they migrate away from the epithelium and into
the fiber cell compartment in the interior of the lens, elongate
into lens fibers, and eventually lose membrane-bound or-
ganelles, such as the nucleus. This pattern of growth and dif-
ferentiation in the lens results in a large mass of highly elon-
gated, differentiated fiber cells bordered anteriorly by a single
cell layer of undifferentiated cuboidal epithelial cells (33, 46).

Recently, studies in the mouse have begun to address the
role of pRb in lens development. The E7 oncoprotein of hu-
man papillomavirus type 16 (HPV-16) is known to bind to and
inactivate pRb (4, 14, 38) and to lead to pRb’s degradation
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(27). Lens-specific expression of E7, dependent upon its ability
to associate with the RB family of proteins, leads to the con-
tinued proliferation of cells residing in the differentiated, or
fiber, cell compartment of the lens, the failure of these cells to
take on the morphological characteristics of the differentiated
fiber cell, and the induction of apoptosis through both p53-
dependent and p53-independent pathways (42, 43). Similarly,
lens-specific expression of a related oncogene, a truncated
simian virus 40 (SV40) large T antigen which can bind pRb but
not p53, also leads to proliferation in spatially inappropriate
regions of the lens and apoptosis (16). Lastly, RB-null embryos,
generated by gene targeting, exhibit a lens phenotype similar to
that observed in E7 transgenic embryos at a similar develop-
mental age (36). Taken together, these in vivo studies indicate
that pRb is essential for appropriate cell cycle control during
mouse lens fiber cell differentiation.

Interestingly, RB and E2F family members are contextually
expressed in the rodent lens. In the undifferentiated epithelium
all known RB (pRb, p107, and p130) and E2F (E2F-1, -2, -3,
-4, and -5) family members are expressed, whereas in the
differentiated lens fibers only subsets of these families (includ-
ing pRb, p107, E2F-1, E2F-3, and E2F-5) are expressed (41,
48). While the presence of these E2Fs and complexes between
RB family members and E2Fs in the lens have been docu-
mented, their in vivo functions in controlling cell proliferation
and/or differentiation have not been elucidated.

In order to determine whether the developmental defects in
the lens elicited by E7’s inactivation of pRb are mediated by
E2F-1, E7 transgenic mice that are also E2F-1 deficient were
generated by crossing the E7 transgenic mice (42) with mice
that carry a null mutation in the E2F-1 locus (58) and the
effects of E2F-1 status on E7-induced proliferation, disrupted
differentiation, and apoptosis were assessed. Results indicate
that E2F-1 is dispensable for normal lens development. E7-
induced proliferation in the undifferentiated epithelium also
appears to be independent of E2F-1. However, in the differ-
entiated fibers, the E7-induced phenotype is partially depen-
dent on E2F-1. Thus, the genetic requirement for E2F-1 during
lens development appears to be context dependent, i.e., cor-
relating with the positional or differentiation state of the cell.

MATERIALS AND METHODS

Generation of E7 transgenic mice deficient at the E2F-1 locus. The transgenic
mice expressing HPV-16 E7 specifically in the lens (42) and the mice carrying the
E2F-1 null mutation (58) have been described. E7/E2F-1"/~ mice were gener-
ated by crossing homozygous E7 transgenic mice from line 75a to mice carrying
a null mutation in the E2F-1 locus, producing E7/E2F-1"/~ F1 mice, which were
then intercrossed to generate mice of E7/E2F-1"/", E7/E2F-1"'~, and E7/E2F-
17/~ genotypes. Mice were screened for E7 and E2F-1 status by PCR analysis of
DNA prepared from tail biopsy specimens as described (42, 58).

Histological analysis. Day E13.5 embryos (embryos at day 13.5 of embryogen-
esis), heads from day E15.5 embryos, and eyes from neonates were fixed in 4%
paraformaldehyde overnight at 4°C, transferred to phosphate-buffered saline
(PBS), and embedded in paraffin. Embedded samples were sectioned (5 pm
thickness), deparaffinized in xylenes, rehydrated through a graded ethanol series,
and stained with hematoxylin and eosin. Embryos were staged by designating
midday on the day that the vaginal plug was observed as day 0.5 in development.
At least 10 sections from at least five different animals for each developmental
time point were examined.

In situ detection of proliferation. 5-Bromo-2'-deoxyuridine (BrdU) (100 pg/g
of body weight) plus 5-fluoro-2’-deoxyuridine (FrdU) (6.7 ug/g of body weight)
was dissolved in PBS and injected into either pregnant mothers or neonates and
allowed to incorporate for 1 h. Upon sacrifice, day E13.5 embryos, heads from
day E15.5 embryos, and eyes from neonates were fixed in 10% formalin over-
night at 4°C, transferred to PBS, and embedded in paraffin. Nuclei which had
incorporated BrdU were identified immunohistochemically by using a BrdU
Staining kit (Oncogene Research), as described (53). The numbers of BrdU-
positive nuclei (brown) and total nuclei in the fiber cell compartment and epi-
thelium were counted separately on at least six different sections per lens from
each of three to five animals, and the data were averaged. From these data, a
proliferative index (percent BrdU-positive cells) was calculated, and finally the
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proliferative index for lenses from nontransgenic or E7/E2F-1"'~ mice relative to
proliferation in lenses from E7/E2F-17/~ or E7/E2F-1""" transgenic mice was
calculated. The proliferation (or germinative) and transitional zones of the
epithelium in nontransgenic (and similarly E7 transgenic) mice were defined
according to the definitions of McAvoy for the postnatal day 1 rat lens (32, 33).
The proliferation zone extends from the lens equator where the last epithelial
cell with the long axis perpendicular to the epithelium-fiber junction is located
anteriorly to the point where the percent BrdU-positive cells became markedly
reduced. The epithelial portion of the transitional zone was defined as extending
from the equator posteriorly to the point where nuclei became positioned off the
capsular surface and where the cells curved anteriorly so that their apices
touched the epithelium. This position corresponds approximately to the point at
which B-crystallin proteins are first detected in the lenses of neonatal mice (20).
Standard errors and statistical significance were determined by using an unpaired
Student’s ¢ test with Instat computer software (Graphpad Software).

In situ detection of apoptosis. Upon sacrifice, day E13.5 embryos, heads from
day E15.5 embryos, and eyes from neonates were fixed in 4% paraformaldehyde,
embedded in paraffin and sectioned (5-pm thickness). Apoptosis was detected in
situ by using an ApopTag kit (Oncor) as previously described (43). For each
genotype at each developmental stage, the number of terminal deoxynucleoti-
dyltransferase-mediated dUTP-biotin nick end labeling (TUNEL)-positive cells
in the fiber cell compartment was counted on each of at least six different sections
per individual lens from each of three to five animals. For time points for studies
in embryos, the numbers of TUNEL-positive and total nuclei were counted.
From these data, an apoptotic index (percent TUNEL-positive cells) was calcu-
lated, and finally the apoptotic index for lenses from nontransgenic or E7/E2F-
17/~ mice relative to apoptosis for lenses from E7/E2F-1"'~ or E7/E2F-1""*
mice was calculated. Standard errors and statistical significance were determined
as described above.

Isolation of lens DNA and analysis of nucleosomal-length fragments. Total
genomic DNA (2 or 4 pg) from lenses of mice of the various genotypes was
isolated and nucleosomal-length fragments were resolved on 2% agarose gels as
previously described (42). Computer-based densitometric scanning was per-
formed on negatives from three independent gels, and peak areas for the low-
molecular-weight nucleosomal-length bands and the high-molecular-weight band
of uncleaved DNA were determined by using NIH image computer software
(DCRT; NIH). The ratios of peak area for low-molecular-weight DNA to peak
area for high-molecular-weight DNA were calculated. The data were averaged,
and standard deviations and statistical significance were determined as described
above.

Immunoblot analysis of crystallin and MIP26 proteins. Water-soluble and
water-insoluble fractions of lens proteins were isolated as described by Morgen-
besser et al. (35). Lenses from several neonatal mice of each genotype were
pooled and homogenized in ice-cold 0.1 M Tris, pH 7.4. The water-soluble
fraction was separated from the water-insoluble fraction by centrifugation, ice-
cold urea buffer (0.1 M Tris [pH 8.0], 7 M urea, 5 mM EDTA) was added to the
water-insoluble fraction, and the samples were incubated on ice for 20 min.
Protein lysates (0.1, 0.5, and 1 pg) for each genotype were dispensed onto a
prewet immobilon-PSQ membrane (Millipore) in a slot blot apparatus (BioRad).
The membrane was blocked in 5% milk-0.1% Tween in PBS for 1 h at room
temperature (r.t.) followed by incubation with primary antibody to MIP26 or
v-crystallin diluted in the blocking solution (1:5,000) for 1 h at r.t. Blots were
washed three times in 0.1% Tween—PBS for 10 min at r.t. followed by incubation
with goat anti-rabbit biotinylated antibody (diluted 1:5,000 in blocking solution)
for 30 min at r.t. Washed blots were then incubated with streptavidin-horseradish
peroxidase-conjugate (2 wg/ml) in 0.1% Tween-PBS for 30 min. Peroxidase
activity was detected by chemiluminescence (Amersham). Individual blots were
stripped and reblotted for the other protein. Densitometric analysis of at least
three blots per protein was performed within the linear range of the film by using
NIH image computer software (DCRT; NIH). Standard errors and statistical
significance were determined as described above.

RESULTS

Effect of an E2F-1 null mutation on E7’s disruption of lens
fiber cell differentiation. To determine if the lenticular defects
elicited by E7’s inactivation of pRb were mediated by E2F-1,
we crossed E7 transgenic mice (42) with mice homozygous for
an E2F-1 null mutation (58). Lenses from embryonic and neo-
natal mice that were E7 transgenic and E2F-1 wild type (here-
after referred to as E7 transgenic), E7 transgenic and E2F-/
heterozygous (E7/E2F-1*'7), or E7 transgenic and E2F-1 null
(E7/E2F-1"'") were examined. For comparison, lenses from
transgenic mice that were E2F-1 wild type (nontransgenic),
E2F-1 heterozygous (E2F-17/7), or E2F-1 null (E2F-17'7)
were also examined.

Initially the eyes of weanlings were examined for an overt
change in the E7 phenotype of the eye when the transgene was



6460 McCAFFREY ET AL.

MoL. CELL. BIOL.

FIG. 1. Histology of lenses from neonatal E7 transgenic mice on E2F-I-sufficient or -deficient backgrounds. Paraffin sections (5-pm thickness) of eyes from
nontransgenic (A, B, and C), E2F-1~/~ (D, E, and F), E7/E2F-1"'~ (G, H, and 1), and E7/E2F-1~/~ (J, K, and L) mice were stained with hematoxylin and eosin.
Representative sections are shown. Panels B, E, H, and K show higher magnifications of the right equatorial regions of the lenses shown in A, D, G, and J, respectively
(see box B in panel A). Panels C, F, I, and L show higher magnifications of the posterior regions of the lenses shown in panels A, D, G, and J, respectively (see box
C in panel A). e, epithelial cells; f, fiber cells; ¢, cornea; r, retina; arrows point to pyknotic nuclei; arrowhead indicates mitotic figure. Bar, 100 um for panels A, D,
G, and J and 25 um for other panels. In all panels the anterior of the lens is oriented at the top.

placed on the E2F-1"'~ background. The eyes of weanling
mice that were E2F-1"/~ or E2F-1"'~ were indistinguishable
from those of a nontransgenic weanling. E7 transgenic mice
exhibit microphthalmia and cataracts (42). Interestingly, E7/
E2F-17'~ weanlings exhibited less severe microphthalmia and
cataracts than those exhibited by E7 or E7/E2F-1"'~ wean-
lings.

To understand the cellular basis for the differences in the
sizes of the eyes, we examined the effect of the mouse’s E2F-1
status on the lens phenotype of the E7 transgenic mice by
microscopic analysis. Hematoxylin and eosin-stained eye sec-
tions from neonatal mice were examined. The lenses of E2F-
17/~ mice were indistinguishable from those of nontransgenic
mice (compare Fig. 1A to C with Fig. 1D to F) in that the

epithelial cells differentiated into highly elongated fiber cells
with appropriate denucleation. The fiber cell compartment was
devoid of mitotic cells, which is consistent with the postmitotic
state (Fig. 1F). By contrast, the lenses of E7 transgenic mice
(Fig. 1G to I) were much smaller and had noticeable large
vacuoles in the anterior regions and smaller vacuoles through-
out the cortical and posterior regions. In the lenses of the E7
transgenic mice, the cells remained small, rounded, and nu-
cleated rather than differentiating into elongated fiber cells.
Mitotic cells were apparent throughout the fiber cell compart-
ment, indicating that proliferation was occurring in an in-
appropriate region of the lens. Cells with fragmented and
pyknotic nuclei were also apparent, suggesting that apoptosis
was occurring. Lenses of E7/E2F-1*'~ neonates were indistin-
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guishable from those of E7 transgenic littermates (i.e., E7/E2F-
1" mice). By contrast, lenses of neonatal E7/E2F-1"'~ mice
(Fig. 1J to L) exhibited a phenotype intermediate between those
of the lenses of nontransgenic mice and E7/E2F-1"'~ mice
(compare Fig. 1A to C with Fig. 1G to I and Fig. 1J to L).
Overall the lenses from the E7/E2F-1~'~ mice appeared larger
than those from the E7/E2F-1"'~ mice. Morphometric mea-
surements indicated that the lenses of E7/E2F-1"'~ mice (Fig.
1J) were 20% larger than those of E7 transgenic mice (Fig.
1G), confirming this impression. The large vacuolated regions
observed in the lenses of E7/E2F-1"'~ mice were reduced in
size and number in the lenses of E7/E2F-1""" mice. Some lens
fiber cells of E7/E2F-1"'" mice appeared to be more elongated
than those of E7/E2F-1"'" littermates. A decrease in the num-
bers of mitotic cells in the lenses of the E7/E2F-1"'" mice was
observed compared to those of the E7/E2F-1"" littermates. A
decrease in the number of pyknotic and fragmented nuclei in
the lenses of E7/E2F-1"'" mice compared to those of E7/E2F-
1% littermates was also noted. However, mitotic cells and
pyknotic nuclei were still noted on the E7/E2F-1"'~ back-
ground. Similar histological changes were observed at earlier
stages of lens development, including days E13.5 and E15.5
(data not shown). These data indicate that E2F-1 is itself dis-
pensable for normal fiber cell differentiation; however, they
suggest that E2F-1 is required in part to mediate E7’s effects on
fiber cell differentiation.

The effect of the E2F-1 null mutation on proliferation in the
lens fiber cell compartment in the E7 transgenic mice. We
have shown previously that inactivation of the pRb family by
E7 expression in the lens leads to proliferation throughout the
fiber cell compartment, the region that normally contains only
postmitotic, differentiated cells (42, 43, 53). To determine if
the E2F-1 status affected the level of E7-induced proliferation
in the fiber cell compartment, we measured the numbers of
proliferating cells in this region of lenses from both embryos
and neonatal mice using BrdU incorporation assays. In the
lenses of E2F-1"/" neonates, the number and pattern of BrdU-
labeled nuclei were identical to those displayed in the lenses of
nontransgenic neonates (compare Fig. 2D with Fig. 2A). In
these lenses, there was no proliferation in the fiber cell com-
partment (compare Fig. 2E and F with Fig. 2B and C). By
contrast, nuclei are BrdU-labeled throughout this compart-
ment in the lenses of E7/E2F-1"'" neonates (Fig. 2G to I). On
the E2F-1"'~ background, E7-induced proliferation was re-
duced throughout this compartment (compare Fig. 2G to I
with Fig. 2J to L). To quantify this effect of E2F-1 status on
E7-induced proliferation, the numbers of BrdU-positive and
total nuclei in the fiber cell compartment were counted in
multiple sections from mice of the different genotypes and the
percentages of nuclei that were BrdU positive (referred to as
the proliferative indices) were calculated. The proliferative
index for the lenses from the E7/E2F-1"'~ mice was 16.3% =+
1.2%, whereas the proliferative index for the lenses from the
E7/E2F-17'~ mice was 8.0% = 0.6%. Thus, the proliferative
index for the fiber cells of lenses from the E7/E2F-1"'" mice
was 49% of that of lenses from E7/E2F-1"" mice (see Fig.
5A). At day E13.5 the proliferative index for the lenses from
E7/E2F-1""~ embryos was 44% of that found for the lenses of
E7/E2F-1""" littermates (6.3% =+ 0.7% and 14.3% = 2.1%, re-
spectively), and at day E15.5 the proliferative index for the
lenses from E7/E2F-1"'" mice was 66% of that found for
the lenses of E7/E2F-1"'" littermates (11.3% = 0.6% and
17.0% = 1.7%, respectively). The proliferative index for lens
sections from E7/E2F-1*" mice, determined for a limited
number of samples only, appeared to be similar to that for
sections from E7/E2F-1""" mice (data not shown). These data
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indicate that E7-induced proliferation in the fiber cell com-
partment is dependent in part on E2F-1 throughout the devel-
opmental window examined. Thus, we conclude that E2F-1 is
one mediator of E7’s effects on proliferation in a population of
cells that normally are differentiated.

The effect of the E2F-1 null mutation on apoptosis in the
lens fiber cell compartment of the E7 transgenic mice. We
have shown previously that E7 expression in the lens leads to
apoptosis in the fiber cell compartment (42, 43). To determine
if the E2F-1 status affected the extent of E7-induced apoptosis,
we performed both TUNEL and DNA ladder analyses on
lenses of nontransgenic, E7/E2F-17/~, and E7/E2F-1~"" mice.
TUNEL analysis indicated that E7 expression induced apopto-
sis in the fiber cell compartment whereas apoptosis is not
observed in the fiber cell compartment in the lenses of non-
transgenic neonates (compare Fig. 3A and B) and that E7-
induced apoptosis was reduced in the E2F-1"'~ background.
This reduction appeared to occur uniformly across the fiber
cell compartment (compare Fig. 3B and C). To quantify the
effect of E2F-1 status on E7-induced apoptosis, DNA ladder
analyses were performed on 2- or 4-pg samples of DNA iso-
lated from the lenses of neonatal mice of various genotypes
(Fig. 4). The amount of DNA in the low-molecular-weight
range relative to the amount of high-molecular-weight DNA
for each sample was calculated, and this ratio was compared to
that for the E7/E2F-1"'" mice. E2F-1 status alone (E2F-1"%,
E2F-1"~, or E2F-1"/7) did not alter the level of apoptosis as
no DNA fragmentation was observed in any of these three
samples. The levels of apoptosis in lenses of E7/E2F-1"'" and
E7/E2F-1"'~ neonates also did not differ (104% and 100%,
respectively). However, the level of apoptosis in lenses of E7/
E2F-1'~ neonates was 57% of that found in lenses of E7/E2F-
1%/~ littermates. A similar level of reduction was observed by
using TUNEL analyses (data not shown).

To quantify the effect of E2F-1 status on E7-induced apopto-
sis at earlier developmental stages, the numbers of TUNEL-
positive nuclei and total nuclei in the fiber cell compartment
were counted in multiple sections of lenses from several E7/
E2F-1*'~ and E7/E2F-1~'~ mice. The percent of nuclei in the
fiber cell compartment that were TUNEL-positive was calcu-
lated (referred to as the apoptotic index). The apoptotic index
for the lenses from the day E13.5 E7/E2F-1"'~ embryos was
similar to that for the lenses from E7/E2F-1~'" mice (apopto-
tic indices of 6.2% =+ 0.7% and 7.2% = 0.6%, respectively; see
Fig. 4B). At day E15.5 the apoptotic index for lenses from
E7/E2F-1"'~ mice was 56% of that found for the lenses of
E7/E2F-1"" littermates (11.6% * 0.6% and 20.8% = 1.7%,
respectively; see Fig. 4B). The apoptotic index for lenses from
E7/E2F-1""" embryos was similar to that for lenses from E2F-
1"~ embryos (data not shown). Thus, the E2F-1 null mutation
partially rescues the E7-induced apoptosis at least by day
E15.5. Because loss of E2F-1 partially rescues the lens from
E7-induced apoptosis, these results indicate that E2F-1 is one
mediator of E7-induced apoptosis in the fiber cell compart-
ment or that E7-induced apoptosis is partially dependent on
E2F-1.

The effect of the E2F-1 null mutation on proliferation and
apoptosis in the lens epithelium in the E7 transgenic mice. To
determine if the E7 or E2F-1 status affected the level of pro-
liferation in the epithelium, the proliferative indices for this
cell layer of lenses from both embryonic and neonatal mice
were measured by BrdU incorporation. The numbers of BrdU-
positive nuclei and total nuclei in the proliferation (germina-
tive) zone and the epithelial portion of the transitional zone
were counted separately in multiple sections from lenses of
several mice of each genotype. The proliferative index was
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FIG. 2. In situ detection of proliferation in lenses from neonatal E7 transgenic mice on E2F-1-sufficient or -deficient backgrounds by using a BrdU incorporation
assay. BrdU incorporated into newly synthesized DNA for 1 h was detected in paraffin sections (5-wm thickness) of neonatal eyes from nontransgenic (A, B, and C),
E2F-17'~ (D, E, and F), E7/E2F-1"'~ (G, H, and T), and E7/E2F-17'~ (J, K, and L) mice. Representative sections are shown. Panels B, E, H, and K show higher
magnifications of the right equatorial regions of the lenses shown in panels A, D, G, and J, respectively (see box B in panel A). Panels C, F, I, and L show higher
magnifications of the posterior regions of the lenses shown in panels A, D, G, and J, respectively (see box C in panel A). No detectable signal was observed in control
sections from neonates in which BrdU was not injected (data not shown). Arrows point to dark diaminobenzidene-stained nuclei indicating BrdU-positive nuclei; light
nuclei are BrdU-negative nuclei. e, epithelial cells; f, fiber cells; bars and asterisks in panels B, E, H, and K denote approximate boundaries of the transitional zone;
the proliferation zone is anterior to the transitional zone. (See Materials and Methods section for a more complete definition of these zones.) Bar, 100 um for panels
A, D, G, and J and 50 pm for other panels. In all panels the anterior of the lens is oriented at the top.

determined for each zone for each genotype and compared to
that for the E7/E2F-1"'~ mice to determine the relative pro-
liferative index (Fig. 5B). The proliferative indices for in the
proliferation zone did not differ significantly among the non-
transgenic, E7/E2F-1"'", and E7/E2F-1"'~ genotypes (21% *
2.1%, 26% = 3.6%, and 19% = 1.1%; Fig. 5B) (compare Fig.
2B and D with Fig. 2H and K). For the transitional zone the
proliferative index for lenses from the E7/E2F-1"'" mice was
87% of that for lenses from E7/E2F-1"'~ mice, which was only
marginally significantly different (38.7% = 1.9% and 44.7% *+
1.8%, respectively; P = 0.08). However, the proliferative index
for the transitional zone in lenses from the nontransgenic mice

was <2%, similar to estimates made for the lenses of neonatal
rats (32). Therefore, the proliferative index in this region of the
nontransgenic mouse lens is significantly different from that of
the E7/E2F-1""" or E7/E2F-1"'~ mice. The E7-induced pro-
liferation observed in the transitional zone is consistent with
the fact that E7 transcripts were easily detected in this zone in
lenses from E7 transgenic neonates of this line (41). Analyses
performed on sections from BrdU-injected day E13.5 and day
E15.5 embryos provided findings similar to those for neonatal
mice (data not shown). These data indicate that the E2F-1 null
mutation did not significantly affect the E7-induced prolifera-
tion in the transitional zone of the epithelium, in contrast to its
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FIG. 3. In situ detection of apoptosis in lenses from neonatal E7 transgenic
mice on E2F-I-sufficient or -deficient backgrounds by using TUNEL analysis.
Paraffin sections (5-wm thickness) of neonatal eyes from nontransgenic (A),
E7/E2F-17'~ (B), and E7/E2F-1~'~ (C) mice were subjected to a fluorescein-
TUNEL assay and counterstained with propidium iodide. Representative sec-
tions are shown. No detectable signal was observed in control sections from
which terminal deoxytransferase was omitted (data not shown). The arrowhead
indicates TUNEL-positive nuclei, which are green or yellow, whereas the arrow
points to TUNEL-negative nuclei, which are red. Bar, 100 wm. In all panels the
anterior of the lens is oriented at the top.

requirement in the fiber cell compartment. Thus, despite the
fact that cells in both the fiber cell compartment and the
transitional zone of the epithelium are normally postmitotic,
proliferation in the transitional zone of the epithelium ap-
peared to be not dependent on E2F-1.

To determine if the E7 or E2F-1 status affected the level
of apoptosis in the epithelium, we counted the numbers of
TUNEL-positive cells in this region of lenses from neonatal
mice (data not shown). The expression of E7 led to minimal
increases in the numbers of TUNEL-positive cells in both the
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proliferation and transitional zones compared to those in the
same regions in lenses of nontransgenic neonates. However,
the absence of E2F-1 in the E7 transgenic mice did not signif-
icantly alter the numbers of TUNEL-positive cells counted in
these zones. These data indicate that the small increase in
apoptosis in the epithelium caused by E7 is not dependent on
E2F-1. Therefore, induced proliferation and apoptosis in these
cells must require a set of factors different from those required
by these processes in cells of the fiber cell compartment.

Effect of the E2F-1 null mutation on differentiation in the
lens of E7 transgenic mice. The more-normal histological ap-
pearance of the lenses of E7/E2F-1"'~ mice as compared to
the lenses of E7/E2F-1"'" mice (Fig. 1) suggests that loss of
E2F-1 might correlate with a partial rescue of E7-disrupted
differentiation. The 26-kDa major intrinsic membrane protein,
MIP26 (5), and +y-crystallin (34, 46) are two differentiation-
specific lens proteins that are normally distributed subcellu-
larly in a distinct proportion in fiber cells. MIP26 is primarily a
water-insoluble protein that is localized to the plasma mem-
brane of differentiated fiber cells (3). Normally, a large per-
centage of +y-crystallins is soluble protein; however, some is
found to be water insoluble. Disruption of differentiation and
formation of cataracts have been associated with mutations in
MIP26 (52) or y-crystallin (19) genes and with alterations in
the amounts or distribution of MIP26 (35) and +y-crystallins
(18, 50) in water-soluble and membrane-bound fractions.

To determine at the biochemical level if E2F-1 loss corre-
lated with improved differentiation of fiber cells in the E7
transgenic mice, the distribution of MIP26 and +y-crystallin
proteins to water-soluble and water-insoluble, urea-soluble
fractions of the cell was measured in varying amounts of lens
lysates (0.1, 0.5, and 1 pg) from E7/E2F-1""~, E7/E2F-1"",
and nontransgenic neonates by immunoblot analysis. Relative
to the lens lysates from nontransgenic mice (set at 100%),
lysates from the E7 transgenic (not shown) or E7/E2F-1"/~
mice contained a reduced amount of water-insoluble MIP26
(72% =+ 6%) and lysates from the E7/E2F-1"'" mice contained
an intermediate amount of water-insoluble MIP26 (86% =
3%; Fig. 6A). The levels of water-soluble MIP26 did not sig-
nificantly differ between genotypes (Fig. 6A). Therefore, the
ratio of water-insoluble MIP26 to water-soluble MIP26 in the
lens lysates from the E7/E2F-1*"~ mice (0.65) was lower than
that observed in lysates from E7/E2F-1"'" mice (0.84; Fig. 6B),
indicating inappropriate localization of MIP26. These data in-
dicate that E7 action, in part mediated by E2F-1, results in a
loss of MIP26 from the membrane-bound fraction of the fiber
cell.

The content of water-insoluble y-crystallin was 21% greater
in lens lysates from the E7/E2F-1"'" mice than that in lysates
from nontransgenic mice (121% * 6%), whereas the level in
lysates from E7/E2F-1"'~ mice was very similar to that in
lysates from nontransgenic mice (104% = 8%; Fig. 6A). Rel-
ative to the lenses of nontransgenic mice the lenses of E7/E2F-
1%~ mice contained the least amount of water-soluble vy-crys-
tallin (74% =+ 5%), while the lenses of E7/E2F-1"'~ mice
contained a level (79% = 1%) marginally higher than that in
the lenses of E7/E2F-1*'~ mice. Interestingly, the quotient of
the ratios of water-insoluble to water-soluble +y-crystallin for
E7/E2F-1"~ mice and nontransgenic mice (1.70) was much
higher than that for E7/E2F-1~'~ mice and nontransgenic mice
(1.32; Fig. 6B). These data indicate that a shift in subcellular
distribution of y-crystallin has occurred as a consequence of E7
action and that the shift is mediated in part by E2F-1. Because
the E2F-1 null mutation partially rescues the aberrant shift in
subcellular distribution of both MIP26 and vy-crystallin that is
associated with E7-disrupted fiber cell differentiation, we con-
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FIG. 4. Analysis of apoptosis in lenses from neonatal E7 transgenic mice on E2F-1-sufficient or -deficient backgrounds by using DNA ladder and TUNEL analysis.
(A) Total genomic DNA was isolated from lenses of neonatal mice, fractionated on a 2% agarose gel, and stained with ethidium bromide. Indicated for each lane are
the genotype of the sample and amount of total genomic DNA loaded on the gel. $X174/HaeIll DNA was used as a molecular weight marker (left lane). The migration
positions of the three lowest nucleosomal-length bands that correspond with monomers (185 bp), dimers (370 bp), and trimers (555 bp) are indicated. The abundance
of small nucleosomal-length DNA fragments and that of high-molecular-weight fragments (means = standard errors of the means) were quantified from scans of three
independent negatives. Ratios were calculated, and the data were averaged and subjected to statistical analysis (see the Materials and Methods section and the Results
section). The levels of apoptosis for the E7/E2F-1"/~ mice and E7/E2F-1~'~ mice were significantly different from those for the three genotypes lacking E7 (P < 0.01;
see panel B, right). (B) TUNEL analyses were performed on sections from day E13.5 and day E15.5 embryos (left and middle, respectively) from nontransgenic,
E7/E2F-1"'~, and E7/E2F-1"'~ mice. Apoptotic indices (percent apoptosis) and relative apoptotic indices for each genotype compared to the apoptosis in lenses from
E7/E2F-1"~ mice were calculated and subjected to statistical analyses (see the Materials and Methods and Results sections). The relative percents apoptosis for lenses
from neonates (right) were calculated from DNA ladder analyses (see the Materials and Methods and Results sections and panel A). The relative percents apoptosis
for the genotypes marked (with * or #) were significantly different (P < 0.05) from that for other groups.

clude that E2F-1 is one mediator of E7’s disruption of lens HPV-16 E7 oncoprotein in vivo in the developing mouse lens.

fiber cell differentiation at the biochemical level. Our study is the first to indicate that in vivo E2F-1, while
dispensable for normal lens development, is a mediator of E7

DISCUSSION action. Two other recent studies also address the role of E2F-1

in supporting aberrant proliferation, apoptosis, and tumori-

Numerous studies document the important role that E2F-7 ~ genesis in vivo. First, aberrant proliferation and apoptosis in
plays in control of cell proliferation, apoptosis, and transfor- the developing nervous system of RB~'~ mouse embryos (30)

mation in vitro (8, 25, 28, 47, 51, 56). Recent work in vivo in ~ is mediated in part by E2F-1 (55). Second, tumorigenesis as-
mice carrying a null mutation in E2F-1 have demonstrated that sociated with aberrant proliferation and apoptosis in the cho-
E2F-1 can act positively or negatively to control cell growth in roid plexus of mice expressing a truncated SV40 tag (that binds
a tissue-specific manner (15, 58). In this study we have asked pRb but not p53 [54]) is mediated in part by E2F-1 (44).
what function E2F-1 plays as a mediator of the activities of the Collectively, these studies indicate a genetic requirement for
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FIG. 5. E2F-1 status affects E7-induced proliferation during lens develop-
ment. (A) BrdU incorporation assays were performed on sections from day
E13.5 and E15.5 embryos and neonatal nontransgenic, E7/E2F-1"/~, and E7/
E2F-17'~ mice. The numbers of BrdU-positive and total nuclei in the fiber cell
compartment (means * standard errors of the means) from at least six central
lens sections from each of three to five independent samples per genotype were
counted. The data were averaged, proliferative indices (percent BrdU-positive
nuclei) and the percent BrdU-positive nuclei in each genotype relative to that in
lenses from E7/E2F-1"'~ mice were calculated and subjected to statistical anal-
yses (see the Materials and Methods and Results sections). The relative percents
BrdU-positive nuclei for genotypes marked (with * and #) were significantly
different (P < 0.05) from those for the other groups. (B) The BrdU-labeled
sections for which data are presented in panel A were used to assess spatial
patterns of proliferating cells in the lens. The relative percent BrdU-positive
nuclei in the proliferation and transitional zones of the epithelium was deter-
mined separately for each region. The data for each region were averaged and
subjected to statistical analysis. The relative percents BrdU-positive nuclei for
genotypes marked (with * or #) were significantly different (P < 0.05) from those
for other groups.

E2F-1 in mediating cell proliferation and apoptosis and inter-
fering with normal cell differentiation when RB protein(s) is
inactivated. Based upon the knowledge that pRb is a modula-
tor of E2F-1 activity, these genetic analyses strongly suggest
that this regulation is important for control of development
and tumorigenesis.

E2F-1 is dispensable for normal fiber cell differentiation but
is required to mediate E7’s disruption of fiber cell differenti-
ation. Previously, Yamasaki et al. (58) reported that E2F-1 "/~
mice developed normally. In this study we have shown that the
lenses of the E2F-1~'~ mice are indistinguishable from the
lenses in their E2F-1 wild-type counterparts, as defined by
morphology, proliferation, and apoptosis analyses. The loss of
E2F-1 from the lens’ epithelium and fiber cell compartment
without consequence to the tissue suggests that either E2F-1
plays no required role in the lens or any function for E2F-1 can
be provided by another E2F family member due to either
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redundancy or compensation when E2F-1 is mutated in the
embryo. In the epithelium, all members of the RB and E2F
families are expressed (48). Since pRb binds E2F-1, E2F-2, or
E2F-3 in vitro and these proteins are also able to induce S
phase (8), either E2F-2 or E2F-3 may functionally substitute
for the lost function of E2F-1 in the epithelium. The newly
differentiating lens fibers express only a subset of RB and E2F
family members, including pRb, p107, E2F-1, E2F-3, and
E2F-5 (41, 48), and p107 and pRb-containing E2F complexes
which may compensate for the lost E2F-1 in these cells have
been identified (48). However, an alternative interpretation of
these data is that E2F-1 complexed to pRb normally acts as a
negative regulator of gene expression during differentiation
and therefore, loss of E2F-1 by mutation would have no effect.

It is well known from previous studies in vitro (2, 13, 14, 37)
and in vivo (22, 42, 43) that E7, dependent on its ability to bind
to and inactivate pRb and/or pRb-like proteins, disrupts nor-
mal cell cycle control, interferes with cellular differentiation,
and induces apoptosis. Due to pRb’s role in regulating E2F-1
activity, it has been hypothesized that E7’s effects are mediated
at least in part through deregulation of E2F-1 (4, 39). In this
study we provide the first genetic evidence that in vivo E2F-1 is
a mediator of E7 activity. On the cellular level, each aspect of
lens fiber cell differentiation that is known to be disrupted by
E7 (Fig. 1, 2, and 6) and the consequent apoptosis (Fig. 3 and
4) that ensues is reduced when the E7 transgene is placed on
an E2F-17'~ background. Therefore, E2F-1 plays a major role
in E7’s disruption of fiber cell differentiation.

In E2F-1"'~ mice the lens appears normal, while in E7/E2F-
17/~ mice loss of E2F-1 reduces the severity of the E7 pheno-
type. Because loss of E2F-1 reduces the effects of E7, in fiber
cells E2F-1 does have the potential to perform a unique role
that cannot be completely compensated for by other family
members. These findings are consistent with the simple model
in which during normal fiber cell differentiation a subset of
genes, such as those promoting cell cycle progression, and/or
heretofore unidentified targets are negatively regulated by
pRb-E2F-1 complexes. When the putative pRb/E2F-1 com-
plexes are disrupted by E7, free E2F-1 in part is responsible for
mediating E7’s effects by activating or derepressing cellular
targets promoting cell growth and apoptosis. However, our
data to date demonstrate only a genetic requirement for
E2F-1. Therefore, other models in which loss of E2F-1 disrupts
the regulation of expression of RB and/or other E2F genes may
also explain our observations.

We have shown that in the lens, E2F-1 is partially responsi-
ble for mediating E7’s effects on proliferation, differentiation,
and apoptosis. Whereas a reduction in E7-induced prolifera-
tion was clearly measurable even at day E13.5, the reduction in
apoptosis was not measurable until a later time point. How-
ever, at later time points, the level of rescue provided by the
E2F-1 null mutation for E7-induced proliferation was approx-
imately equal to that for apoptosis. These observations might
tend to favor a model in which the primary effect of E2F-1 in
the E7-expressing lens cell is to support proliferation in inap-
propriate regions of the lens and the effects of E2F-1 on E7-
induced apoptosis are secondary. Similarly, the effects of the
E2F-1 null mutation on the E7-induced inhibition of fiber cell
elongation (Fig. 1) and the subcellular localization of differ-
entiation-specific marker proteins -y-crystallin and MIP26 (Fig.
6) could be secondary because it may not be possible for lens
cells to undergo normal differentiation if they cannot withdraw
from the cell cycle. However, at the present level of analysis,
we cannot discount the possibility that E2F-7 might have direct
independent effects on multiple subsets of genes within the
E7-expressing cell, i.e., those regulating proliferation, those reg-
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FIG. 6. Distribution of MIP26 and vy-crystallin protein to soluble and insoluble fractions in lenses of neonatal E7 transgenic mice on E2F-1-sufficient or -deficient
backgrounds determined by using immunoblot analysis. (A) Water-soluble and water-insoluble, urea-soluble lysates (0.1, 0.5, and 1 pg) of lenses from E7/E2F-1"~,
E7/E2F-1'~, and nontransgenic mice were immunoblotted sequentially with polyclonal murine MIP26 and vy-crystallin antisera. Representative immunoblots of each
are shown. Negative controls, i.e., water-soluble and water-insoluble murine brain lysates, revealed no protein binding with either antisera. For each genotype,
expression levels for the proteins (means = standard errors of the means) relative to the nontransgenic level (100%), determined by densitometric analysis, are
indicated. The average percents for levels of expression for the genotypes marked (with * or #) were significantly different (P < 0.01) from those for other groups. (B)
The ratio of water-insoluble protein relative to water-soluble protein for each genotype for which data are presented in panel A was calculated and plotted. The ratios
for genotypes marked (with * or #) were significantly different (P < 0.05) from those for the other groups.

ulating apoptosis, as has been recently suggested (24, 45), and
those regulating differentiation.

The fact that E2F-1 status can modulate all of these aspects
of the lens phenotype in E7 transgenic mice argues that E2F-1
is positioned more proximal to E7 than p53 is because loss of
p53 leads to a reduction in apoptosis but not a reduction in
E7-induced proliferation or inhibition of morphological differ-
entiation (43). While earlier studies argue that E2F-1 lies in a
p53-dependent apoptotic pathway (56), more recent studies
suggest that E2F-1 can lie in both p53-dependent and p53-
independent apoptotic pathways (24, 45, 56). In the lens, there
are temporal and spatial distinctions between E7-induced p53-
dependent apoptosis and p53-independent apoptosis. E7-in-
duced apoptosis in the early stages of differentiation (at day
E13.5) is p53-dependent while later, by day E17.5, E7-induced
apoptosis occurs through both p53-dependent and p53-inde-
pendent pathways. Spatially, p53-independent apoptosis is
seen primarily in the nuclear (central) region of the lens while
p53-dependent apoptosis is found in the cortical (peripheral)
region (43). Phenotypically, the E2F-1 null mutation rescues
apoptosis from day E15.5 through the neonate stage (Fig. 5)
and reduces apoptosis throughout the lens, with no bias to-

wards rescue in the cortical or nuclear region (Fig. 3). These
data might suggest that E2F-1 lies in both p53-dependent and
p53-independent pathways leading to apoptosis in the lens and/
or that the pathways diverge downstream of E2F-1. Further
studies will be required to ascertain with more certainty if this
is the case.

Factors in addition to E2F-1 are required to mediate E7’s
effects on fiber cell differentiation. In this study, we have shown
that E2F-1 null mutation can partially (50%) rescue E7-in-
duced proliferation, apoptosis, and inhibition of differentiation
in the lens. This inability of the E2F-1 null mutation to com-
pletely rescue the E7-induced proliferation and apoptosis de-
fects is similar to its inability to completely rescue the same
defects in transgenic mice expressing a truncated version of the
SV40 T antigen (44), especially where the proliferative defect
is concerned. Because rescue is only partial, there must be
other factors whose activities are disrupted by these viral on-
coproteins. Members of the RB and E2F families in addition to
RB and E2F-1 are the most likely candidates. The possibility
that RB family members other than pRb are targeted by E7 in
the lens is further suggested by the comparison of the ability of
E2F-1 null mutation to rescue the E7 lens phenotype at day
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E13.5 and the ability of this mutation to rescue the effects of
the RB null mutation in the lens at this same time in develop-
ment (55). In the latter case, the proliferation and apoptosis
indices on the RB~/~/E2F-1"'~ background were 27% and
5%, respectively, of those observed on the solely RB~/~ back-
ground. This large difference between the efficacies of the
E2F-1 null mutation in rescuing the E7 and RB~/~ phenotypes,
especially with regards to apoptosis, strongly suggests that E7
has effects on factors in the lens in addition to pRb and that
these factors may play roles in the lens that heretofore have
been unappreciated. Interestingly, the results of Tsai et al. (55)
also indicate that RB itself must have targets, in addition to
E2F-1, that are involved in mediating aberrant proliferation in
the lens. This suggests that pRb itself might normally regulate
the activities of other factors during lens differentiation.

Thus, other RB and E2F family members may be affected by
E7. Lens fiber cells are known to express pl07 (48), which
could be a target for E7. It is also possible that the downregu-
lation of p130 that normally occurs during lens fiber cell dif-
ferentiation (48) has not occurred in lenses expressing E7 and,
if so, E7 may also be interfering with p130 function. E7’s
disruption of pRb function can be predicted to disrupt the
function of E2F-3, which is known to be expressed in lens fiber
cells (48), suggesting the simple explanation that E2F-3, which
has known functional overlap with E2F-1, may contribute to
the residual proliferation in the fiber cell compartment in the
lenses of the E7/E2F-1"'" mice. Alternatively, more compli-
cated scenarios in which levels of other E2Fs are altered,
allowing these family members to partially compensate for loss
of E2F-1, may arise.

It is possible as well that E7 disrupts complexes formed
between RB family members and proteins other than E2F
family members, such as MDM2, which can bind to and acti-
vate E2F-1 (31) and also bind and block pRb function (57), or
differentiation-specific factors. For example, pRb binds to
MyoD and myogenin during myogenesis (21). Lastly, E7 could
affect proliferation and apoptosis by binding to other cell cycle
regulators, such as the cyclin-dependent kinase inhibitors p21
(17, 26) and p27 (59).

E2F-1 mediates E7-induced effects on lens development in a
context-dependent manner. Previously, we showed that E7 in-
duced proliferation and apoptosis in cells residing in the dif-
ferentiated fiber cell compartment of the lens (42). E7 also has
been shown to induce proliferation when expressed in the basal
layer of the epidermis; however, increased apoptosis in that
layer was not observed (22). In the present study we found that
in the transitional epithelial cells, E7 induced proliferation and
only marginally induced apoptosis and that neither effect was
E2F-1 dependent. Thus, the genetic factors required for pro-
liferation and apoptosis differ between the normally postmi-
totic cells in the epithelium and those in the fiber cell com-
partment. While transitional epithelial cells are postmitotic,
they are positionally different from normal fiber cells or E7-
expressing cells in the fiber cell compartment and they have
different biochemical characteristics. These data support the
concept that the E2F-1 requirement is context dependent.

Recently, Yamasaki et al. (58) reported that loss of E2F-1
reduces tumorigenesis and extends the life span of RB*/~ mice
in a tissue- and mouse strain-dependent manner. In our study,
we noted no convincing effect of E2F-1 gene dosage on phe-
notype, supporting the idea that the gene dosage effects of
E2F-1 are strain specific. Importantly, however, our data sug-
gest that the context dependency of E2F-1 in regulating pro-
liferation and apoptosis at least in the mouse lens may operate
at a level even more specific than strain or tissue dependency.
Even within the same tissue, composed of one cell type, the
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requirement for E2F-1 can differ depending on the develop-
mental or positional context of the cell.
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