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The retinoblastoma gene family consists of three genes: RB, p107, and p130. While loss of pRB causes
retinoblastoma in humans and pituitary gland tumors in mice, tumorigenesis in other tissues may be
suppressed by p107 and p130. To test this hypothesis, we have generated chimeric mice from embryonic stem
cells carrying compound loss-of-function mutations in the Rb gene family. We found that Rb/p107- and
Rb/p130-deficient mice were highly cancer prone. We conclude that in a variety of tissues tumor development
by loss of pRB is suppressed by its homologs p107 and p130. The redundancy of the retinoblastoma proteins in

vivo is reflected by the behavior of Rb-family-defective mouse embryonic fibroblasts in vitro.
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Inactivation of the retinoblastoma suppressor pRB has
been found in many human cancers, including heredi-
tary retinoblastoma and sporadic breast, bladder, pros-
tate, and small cell lung carcinoma (Friend et al. 1986,
1987; Harbour et al. 1988; Lee et al. 1988; T’Ang et al.
1988; Bookstein et al. 1990). pRB controls the G, /S tran-
sition of the cell cycle by modulating the activity of E2F
transcription factors. Hypophosphorylated pRB binds to
E2Fs and forms complexes harboring chromatin remod-
eling proteins like histone deacetylases, SWI/SNF and
histone methyltransferases, which actively repress genes
that are essential for cell cycle regulation, DNA replica-
tion, DNA repair, G,/M checkpoints and differentiation
(Harbour and Dean 2000; Muller et al. 2001; Ishida et al.
2001; Kalma et al. 2001; Rayman et al. 2002; Ren et al.
2002). Upon sequential phosphorylation by Cyclin
D/CDK4 and Cyclin E/CDK2 kinases, pRB undergoes a
conformational change leading to the release of E2Fs.
Derepression and activation of E2F target genes then al-
lows cell cycle progression (Trimarchi and Lees 2002).
Conversely, down regulation of Cyclin/CDK activity by
the INK4A and CIP/KIP family of cyclin dependent ki-
nase inhibitors (CKI), promotes cell cycle arrest (Ruas
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and Peters 1998; Sherr and Roberts 1999; Sherr 2001).
Thus, inactivation of the G,/S checkpoint can occur at
different levels, and indeed, besides loss of RB in many
cancers, loss of p16™%*4 function has been found in
melanoma, pancreatic, and bladder carcinomas, amplifi-
cation of Cyclin D1 in breast, oesophagus, and head-and-
neck cancer, and CDK4 amplification or mutational ac-
tivation in melanoma (for review, see Sherr 1996).

RB is a member of the retinoblastoma gene family that
encodes the so-called pocket proteins pRB, pl07, and
p130 (Ewen et al. 1991; Hannon et al. 1993; Li et al. 1993;
Chow and Dean 1996). All three can repress transcrip-
tion from E2F-responsive promoters (Zamanian and La
1993; Bremner et al. 1995; Starostik et al. 1996) and are
regulated by cell-cycle dependent phosphorylation.
(Grana et al. 1998; Lundberg and Weinberg 1998; Can-
hoto et al. 2000; Hansen et al. 2001). Over-expression of
each of the pocket proteins results in growth suppres-
sion, although not every (tumor) cell type is equally sen-
sitive to each family member (Zhu et al. 1993; Claudio et
al. 1994; Beijersbergen et al. 1995). Whereas pRB pre-
dominantly binds E2F1, E2F2, and E2F3, p107 and p130
specifically bind E2F4 and E2F5 (Dyson 1998; Trimarchi
and Lees 2002) and each of these complexes appears at
different stages of the cell cycle: pl30/E2F4 is mainly
found in G, pRB/E2F in G, and G,, and pl107/E2F in
S-phase (Dyson 1998). Finally, p107/E2F and p130/E2F
complexes act as transcriptional repressors of a set of
genes different from that regulated by Rb/E2F complexes
(Hurford et al. 1997).
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In primary mouse embryonic fibroblasts (MEFs),
pocket proteins collectively regulate the response of
cells to growth-inhibiting signals (Dannenberg et al.
2000; Sage et al. 2000). Triple knockout cells were re-
fractory to replicative and oncogenic RAS-induced senes-
cence despite accumulating levels of the cell cycle in-
hibitors pl16™%44, p194RF p53 and p21<™, indicating
that both the pl16™™*4_Cyclin D/CDK4 and pl94RF-
MDM2-p53 tumor surveillance pathways converge on
the retinoblastoma protein family. By comparing the
growth behavior of double knockout MEFs, we now
show that p107 and p130 together can compensate for
loss of pRb in mediating growth arrest following activa-
tion of the pl9**F-MDM?2-p53 pathway.

In mice, homozygous inactivation of Rb through the
germ-line resulted in embryonic lethality and Rb hetero-
zygosity led to development of pituitary gland tumors
(Clarke et al. 1992; Jacks et al. 1992; Lee et al. 1992; Wu
et al. 2003). In contrast, p107~/~ or p130~~ mice in a
C57BL/6 background did not show an overt phenotype
nor a higher incidence of tumors compared with wild-
type mice (Cobrinik et al. 1996; Lee et al. 1996). How-
ever, Rb*p107~~ and Rb*/"p130~~ mice showed a
strongly reduced viability (Lee et al. 1996; J.-H. Dannen-
berg and H. te Riele, unpubl.).

While these results clearly point to redundant func-
tions of pocket proteins in development, it is unclear
whether this also extends to suppression of tumorigen-
esis. Embryonic lethality associated with pRB deficiency
and the reduced viability caused by combinations of
knockout alleles of Rb gene family members, precludes
studying this issue by combining knockout alleles in
conventional crosses. Embryonic lethality might be cir-
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cumvented by using conditional knockout alleles; how-
ever, this approach heavily relies on pre-existing knowl-
edge of the spatial and temporal requirements for expres-
sion of Cre recombinase. We have therefore taken a more
unbiased approach based on our previous observation
that embryonic lethality caused by Rb deficiency could
be circumvented in chimeric mice generated from Rb~/~
ES cells (Robanus Maandag et al. 1994). In these animals
Rb-deficient cells were present in virtually all tissues
including the pituitary gland where they developed tu-
mors (Robanus Maandag et al. 1994; Williams et al.
1994a). By this approach we also found that combined
inactivation of Rb and p107 resulted in development of
retinoblastoma (Robanus Maandag et al. 1998). To ex-
plore the role of p107 and p130 in tumor suppression we
have generated Rb*/p107-/~, Rb*/"p130~/~, and Rb~"~
p130~/~ chimeras. The broad spectrum of tumors found
in these mice but not in pure Rb*/~ and chimeric Rb™/~
mice identifies both p107 and p130 as tumor suppressors
in a variety of different tissues.

Results

Pocket protein requirements for replicative
and Ras-induced senescence

We have generated ES cells carrying different combina-
tions of genetically inactivated alleles of Rb, p107, and
p130 and used these to derive an isogenic set of MEF
cultures (Fig. 1A) as described before (Dannenberg et al.
2000). Compared with wild-type MEFs, Rb~~ and Rb~/"~
p130~~ MEFs showed elevated levels of p107 and Rb~/~
and Rb~/"p107-~ MEFs showed up-regulation of p130

Figure 1. Rb/p107-"
and Rb~""p130~~ MEFs are
immortal and resistant
to RasV!'2-induced senes-
cence. (A) Western blot
analysis of Rb-gene family
deficient pMEFs. (B) Pas-
saging of pMEFs following
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(Fig. 1A). Furthermore, both Rb~/p107~~ and Rb~/-
p130~~ MEFs showed increased levels of Cyclin E and A
and the E2F1 target DHFR (Fig. 1A). We compared the
growth behavior of the three double knockout combina-
tions to that of wild-type and Rb~/~ cells. Figure 1B
shows that upon serial passaging, wild-type, Rb™~, and
p107-/"p130~"~ cells rapidly lost proliferative potential
and entered a senescent state, albeit that the arrest of
Rb™ cells was somewhat less stringent. In these experi-
ments, all three genotypes escaped senescence after ~13-
20 passages. As shown for six p107~/"p130~/~ 3T9 clones
in Figure 1C, these cells had either lost p194RF (clones
1,3) or p53 (clones 2,4,5,6). In contrast, Rb~"p107-/~ and
Rb™p130~'~ cells never entered a senescent state but
continued to proliferate despite accumulating levels of
pl92ARF and the presence of active p53 function. Thus,
pl9ARE was still expressed in six independent Rb™/~
p1307~~ 3T9 clones obtained from six different MEF iso-
lates (Fig. 1C). Furthermore, treatment of Rb~/"p130~/~
3T9 clones with the DNA damaging agent cisplatin for
24 h induced p53 concomitantly with its target p21<',
indicative for a functional p53 protein (Fig. 1C).

Activation of the pl94*F-Mdm2-p53 pathway not
only restricts proliferation of cells during prolonged cul-
turing, but also provides a mechanism to block prolifera-
tion of cells in the presence of oncogenic signals. Infec-
tion of early passage wild-type, Rb~~, Rb~"p107-/~, Rb™"~
p130~-, p107-"-p130~"-, and TKO MEFs with RASV!2-
expressing retroviruses resulted in elevated levels of
RASY'? and induction of pl9”%*F and p53 (data not
shown). Thus, the pathway normally required by RASV!?
to induce a cell cycle arrest was intact in all genotypes.
Figure 1D shows that expression of RASY'* suppressed the
growth of wild-type and p107~/"p130~~ MEFs and after a
brief latency period also of Rb~~ MEFs. In contrast, Rb™/~
p107~~ and Rb~"p130~'~ cells were resistant to RASY'2-
induced cell cycle arrest and, similar to triple knockout
MEFs, showed increased proliferative capacity.

Together with our previous observations (Dannenberg
et al. 2000), these results define the minimal require-
ment for pocket proteins in the pl9AFF-Mdm2-p53
growth suppression pathway. In particular, pl107 plus
p130 can substitute for loss of pRb to suppress prolifera-
tion of MEFs in the presence of oncogenic signaling.
These results prompted us to study whether pl107 and
p130 can also substitute for loss of pRb in suppressing
proliferation in vivo.

Rb*/~p107~/~ chimeric mice develop a wide spectrum
of tumors

In pure Rb*/~ and chimeric Rb~~ mice, tumor develop-
ment is restricted to the intermediate lobe of the pitu-
itary gland (Robanus Maandag et al. 1994; Williams et al.
1994a). To study whether tumor development in other
tissues was suppressed by pl107, we have generated chi-
meric mice from Rb*/~p107-/~ and Rb~/"p107~/~ ES cells.
The latter genotype resulted in development of retino-
blastoma at early age; however, the poor viability of
these mice precluded the assessment of tumor suscepti-
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bility later in life (Robanus-Maandag et al. 1998). In con-
trast, Rb*/"p107~/~ chimeras were readily obtained and
showed high ES cell contribution despite the poor viabil-
ity of pure Rb*/"p107~/~ mice (Lee et al. 1996; J.-H. Dan-
nenberg and H. te Riele, unpubl.).

In a cohort of 53 Rb*/~"p107~/~ chimeric mice, tumors
started to develop after 6 mo, most frequently in the
pituitary gland, the coecum, the bone, and lymphoid tis-
sue (Table 1). Primary and metastasized osteosarcoma
and leiomyosarcoma are shown in Figure 2A-D. These
animals did not develop retinoblastoma but occasionally
showed retinal dysplasia (data not shown). A polymor-
phism in the Rb allele allowed us to distinguish by
Southern blotting the wild-type Rb alleles in blastocyst
(C57BL/6)- and ES cell (1290LA)-derived DNA as well as
the Rb knockout allele. This showed that all tumors
were of ES cell origin and that loss of the wild-type Rb
allele had occurred in all pituitary gland tumors and in
70% of the other tumors (Fig. 2E; Table 1). We conclude
that the limited tumor spectrum in Rb-deficient mice is
caused by tumor suppressor activity of pl07 in a variety
of tissues.

Tumorigenesis in Rbp130-deficient chimeras

To investigate whether p130 can also compensate for
loss of pRB in tumor suppression, we followed cohorts of
Rb*"p130~7/~ and Rb/p130~~ chimeric mice. Both
genotypes were readily obtained (e.g., Rb~"p130~/~ chi-
meras at a frequency of 11 out of 28 births as opposed to
only seven Rb~/"p107~/~ chimeras out of 56 births; Ro-
banus-Maandag et al. 1998). In 15 Rb*/~p130~/~ chimeras,
we found a thymoma, a hepatoma, a Leydig cell tumor,
an insulinoma, and an adrenal gland tumor. However,
none of these tumors was found in more than one ani-
mal. In contrast, Rb~"p130~~ chimeric mice consis-
tently developed retinoblastoma, pheochromocytoma,
and hyperplasia of neuro-endocrine epithelial cells of the

Table 1. Tumor incidence in 53 Rb*/"p107~/~ chimeric mice
and frequency of Rb LOH

Tumor Number Loss of Rb* allele?
pituitary gland tumor 22 20/20
adenocarcinoma coecum 8 4/6
osteosarcoma 8 3/5
lymphosarcoma 8 4/5
leiomyosarcoma 4 1/1
thymoma 3 0/3
ovary tumor 2 2/2
thyroid tumor 2 1/1
adrenal gland tumor 2 1/1
intestinal tumor 2 1/1
lung tumor 1 1/1
testis tumor 1 1/1
Total 41 20/28

Number of tumors showing loss of the Rb wild-type allele/
number of tumors tested.



C57/BI6 Rb WT ===b

129012 Rb WT b

1290la Rb hyg =——

Figure 2. Tumors in Rb*"p107~~ chimeric mice show Rb
LOH. Hematoxilyn-eosin-stained histological sections from dif-
ferent tumortypes. (A) Osteosarcoma (*) adjacent to the spinal
cord (SC). (B,C) Osteosarcomas often metastasized to the liver
(arrows), were associated with large vessels (B) and contained
osteoid deposits (C). (D) Leiomyosarcoma located in the uterus.
(E) Southern blot analysis of tumors using a Rb-specific probe.
The first lane shows normal tissue showing contribution of the
blastocyst-derived Rb™7 allele and the ES-derived Rb™7 and
Rb™7% alleles. Intestinal adenocarcinomas, osteosarcomas, leio-
myosarcomas, and lymphomas but not thymomas, often
showed loss of the ES-derived Rb"7 allele. The presence of C57/
BL6-derived Rb™? DNA in tumors that show loss of the
1290LA Rb™T allele likely results from contaminating tissue.
Magnification: A,B, 2.5x; C, 20x; D, 5x.

bronchus (Table 2). Probably because of early death of
these animals, we did not find pituitary tumors.

Retinoblastoma in Rb~/~p130~/~ chimeric mice

Retinoblastomas in Rb~"p130~/~ chimeric mice devel-
oped at a mean age of 3 mo. The tumors had often filled
the posterior eye chamber (Fig. 3A), showed rosette-like
structures resembling those in human retinoblastoma
(Fig. 3B,C) (Tajima et al. 1994), but had the nuclear mor-
phology of the inner nuclear layer (Fig. 3C,D). Retino-
blastomas were found in five out of 11 chimeric animals.
Two animals had bilateral and three animals had unilat-
eral retinoblastoma, but one of these had two indepen-
dent tumors in one eye located at the periphery of the
retina (Fig. 3D). In two mice with apparently normal
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eyes that were sacrificed at 2 wk of age due to tumors at
other sites (see below), retinal dysplasia was found in the
outer plexiform layer in the peripheral region of the
retina. The four remaining animals were poorly chimeric
and showed no retinal abnormalities.

To ascertain that the retinoblastomas were of 1290LA
ES cell origin, tumor tissue recovered from paraffin sec-
tions was subjected to a PCR amplifying the polymor-
phic CA-repeat sequence D2mit94. 1290LA and
C57BL/6 DNA gave 190 and 160 base pair products, re-
spectively. The predominant amplification of a 190 base
pair fragment indicates that all three retinoblastomas
were of ES cell origin (Fig. 3E).

Rb~/"p130~/~ retinoblastoma has inner nuclear
layer characteristics

Similar to Rb/pl07-/~ retinoblastomas (Robanus-
Maandag et al. 1998), we found that Rb~"p130~/" retino-
blastomas did not express IRBP (Fig. 4, cf. A and B,C)
but showed positive staining for syntaxin that labels all
mature neuronal amacrine cells in the inner nuclear
layer and their synaptic processes in the inner plexiform
layer (Barnstable et al. 1985) and y-amino butyric acid
(GABA) that identifies GABAergic amacrine cells
(Haverkamp and Wissle 2000) (Fig. 4D,H). In most tu-
mors, staining for these two amacrine markers was local
(Fig. 4F)J); one early retinoblastoma stained homoge-
neously for GABA (Fig. 4I). The tumors occasionally
showed expression of glutamine synthethase, which
identifies Miiller glia cells (Bjorklund et al. 1985;
Haverkamp and Wissle 2000) and glial fibrillary acidic
protein (GFAP), which predominantly recognizes reac-
tive Miiller glia cells (Eisenfield et al. 1984) (Fig. 4F-H,J).
Finally, the DNA staining pattern of tumor cells closely
resembled that of inner nuclear layer cells (Fig. 4E).
Thus, both Rb~"p130~~ and Rb~""p107~/ retinoblasto-
mas show characteristics of amacrine cells in the inner
nuclear layer.

Early stages of Rb/"p130~/~ retinoblastoma

To identify early retinal lesions in Rb~"p130~/~ chime-
ras, we have provided mutant ES cells with a B-galacto-
sidase marker gene, placed under control of the ubiqui-
tously active Rosa26 promoter (Fig. 5, panel I). X-gal
staining of the retina of two 2-wk-old Rb~""p130~/"LacZ
chimeric mice readily identified ES cell-derived hyper-
plastic lesions in the outer plexiform layer where nor-

Table 2. Tumor incidence in 11 Rb*/~p130*/~ chimeric mice

Tumor Number®
retinoblastoma 5
pheochromocytoma 6
lung hyperplasia 7
Total 21

?Number of mice showing uni- or bilateral tumors or hyperpla-
sia.
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Figure 3. ES cell-derived reti-
noblastoma in Rb/p130/
chimeric mice. (A) Retinoblas-

C57BL/6  1290LA

m F1 (1290LAXCS7BL/6)

toma in a 3-mo-old Rb™/~
p130~~ chimera. The lens
shows cataracts. (B) The tumor
has invaded the posterior eye
chamber. (C,D) Rosette-like
structures present throughout
the tumor. (D) Two indepen-
dent retinoblastomas in the pe-
ripheries of the retina in a
1-mo-old Rb™""p130~/~ chimera.
One tumor grew between the
ONL and the RPE, while the
other was growing between the
INL and the GCL. (E) PCR am-
plification of the CA-repeat se-
quence D2Mit94 in DNA from
three retinoblastomas (1-3) and
two pheochromocytomas (1-2),
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giving 190-bp (1290LA) and 160-bp (C57BL/6) fragments. DNA from a F1 (1290LAxC57BL/6) mouse was used as a control. (GCL)
Ganglion cell layer; (INL) inner nuclear layer; (L) lens; (ONL) outer nuclear layer; (RPE) retinal pigment epithelium; (R) rosette-like

structures; (T) tumor. Magnification: A, 2.5x; B, 10x; C, 20x; D, 5x.

mally no nuclei are present (Fig. 5, panel II, A-C). No
obvious retinal abnormalities were observed in Rb~/~
p130~/"LacZ chimeric embryos at day 18 p.c. (post-coi-
tum) (Fig. 5, panel II, D). The nuclear morphology of
lesions in newborn Rb/pl130~"LacZ chimeras re-
sembled the inner rather than the outer nuclear
layer (Fig. 5, panel II, F). Furthermore, in contrast to
wild-type cells, which all had left the cell cycle by post-

Figure 4. Inner nuclear layer characteristics of Rb™/~
p1307~ retinoblastomas. Immunohistochemical staining
for retinal markers in a normal retina (A,D,H) and differ-
ent Rb~"p130~"~ retinoblastomas (B,C,E-G,I,]). (A) Nor-
mal retina showing IRBP in the outer segments (OS) of
the photoreceptor cells. (B) IRBP staining was absent in
retinoblastomas in a 1-mo-old (B) or a 3-mo-old (C) chi-
mera. (D) Normal retina showing Syntaxin-positive ama-
crine cells in the inner nuclear layer (INL) and their syn-
aptic processes in the inner plexiform layer. (E) Topro-3
DNA-stained tumor nuclei resemble the INL. A rosette-
like structure is indicated with an asterisk. (F) Syntaxin+
as well as GFAP+ (Muller glia cells) cells were identified
locally in retinoblastoma. (G) Syntaxin+ and GFAP+ cells
in retinoblastoma close to remnants of amacrine synaptic
processes. (H) Normal retina showing GABAergic ama-
crine cells in the INL (arrows) and Miiller glia cells and
their synaptic processes, identified by glutamine synthe-
tase expression, in the GCL, INL, and ONL. (I) Extensive
positive staining for GABA but not for glutamine syn-
thethase in a retinoblastoma in a 1-mo-old chimera. (])
Local staining for GABA and glutamine synthetase in a
retinoblastoma in a 3-mo-old chimera. (B,E,F) Tumor bor-
ders are indicated with dotted lines. Magnification:
A,D,E,H, 20x; B,C,F,I], 10x; G, 40x.
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natal day 10 (Young 1985), Rb™"p130~/~ cells in the
lesions were actively synthesizing DNA as evidenced
by BrdU incorporation (Fig. 5, panel II, EF). These
data indicate that only a subset of Rbp130-deficient
retinoblasts committed to the inner nuclear layer can
escape cell cycle control and form hyperplastic lesions,
which are likely the precursors of retinoblastoma later
in life.



Absence of pRb and p130 predisposes to
pheochromocytoma and lung hyperplasia

Six out of 11 Rb~/"p130~/~ chimeras developed bilateral
adrenal medullary tumors (Fig. 6A,B; Table 2), some al-
ready at 2 wk of age (Fig. 6C). The ES cell origin of these
tumors was confirmed by PCR amplification of the
D2Mit94 CA-repeat marker from tumor DNA (Fig. 3)
and whole mount X-gal staining taking advantage of
B-galactosidase-marked ES cells (Fig. 6F). Positive stain-
ing for the neuro-endocrine tissue markers chromogra-
nin A and synapthophysin and negative staining for
S-100 (Fig. 6D,E; data not shown), identified the tumors
as pheochromocytomas (PCC) (Lloyd et al. 1985). The
tumors were actively proliferating as evidenced by the
presence of mitotic figures and incorporation of BrdU
(Fig. 6G). The adrenal medulla of Rb*/"p130~/~ chimeric
animals up to 9 mo of age did not display hyperplasia or
tumors, despite the presence of ES-cell-derived cells (Fig.
6H). However, one out of 15 Rb*/~p130~/~ chimeric ani-
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mals developed a unilateral ES-cell-derived PCC at 14
mo of age (Fig. 6I). Since Rb™/~ chimeric mice showed
hyperplastic nodules in the adrenal medulla, but never
full blown tumors (Robanus Maandag et al. 1994; Wil-
liams et al. 1994a), we conclude that p130 suppresses
oncogenic transformation of pRB-deficient adrenal me-
dulla cells.

Histological examination of the lungs of Rb~"p130~/~
chimeric mice showed that seven mice contained hyper-
plastic lesions in the bronchial epithelium (Fig. 7A-C)
and, occasionally, in alveolar parts (Fig. 7B). All lesions
were of ES-cell origin as evidenced by blue staining (Fig.
7E-G). The presence of blue patches in the epithelial
lining of the bronchia that were histologically normal,
suggests that inactivation of Rb and p130 is not suffi-
cient to induce bronchial hyperplasia (Fig. 7E). Consis-
tently, we did not observe bronchial abnormalities in
Rb*"p130~/~ chimeric mice, although ES cell descen-
dants were abundantly present (Fig. 7H). Positive stain-
ing for the neuro-endocrine-specific marker synaptho-
physin showed that all hyperplastic lesions were of
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Exon 1 Exon Exon 3
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X X5 :
E & 3
Rosa26fgeo L —c |_. [] i |
- S - plasmid sequence
SA p-galactosidase _neomycin
x
&
C wt Rosa26*%e  chimera Figure 5. Early stages of retinoblastoma de-
. tected by using LacZ-tagged ES cells. (Panel I, A)
) The Rosa26-Bgeo targeting construct. (B) South-

ey

DF ern blot showing targeted Rosa26 alleles. (C)

Rosa26Bgeo ES cells were used to generate
Rosa26*#%¢° embryos and mice. X-gal staining
shows ubiquitous B-galactosidase expression in
Rosa26*/#%¢° embryos. Chimeric embryos gener-
ated with Rosa26Bgeo-tagged ES cells show

patchy B-galactosidase staining. (Panel II) Histo-

logical sections of X-gal-stained eyes of two
2-wk-old Rb~/"p130~/~ chimeric mice, counter-
stained with nuclear fast red. (A) Overview of
retina and lens (L) showing B-galactosidase-posi-
tive retinal cells. (B,C) ES cell-derived retinal le-
sions between the INL and ONL. Note the pres-
ence of B-galactosidase-positive cells also be-
tween the ONL and RPE (B; arrow). (D) Normal
development of ES cell-derived retinal cells in

the retina of an Rb~"p130~"~ chimeric embryo 18
d p.c. (E) Proliferating cells in the INL part of
B-galactosidase-positive retinal lesions (arrows)
identified by anti-BrdU staining and nuclear fast
red counterstaining. (F) Anti-BrdU and hematoxi-
lyn-eosin-counterstained retinal lesion showing
proliferating cells in the INL part of retinal le-
sions. The asterisk indicates a processing arti-
fact. Magnification: A, 10x; B-E, 20x.
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Figure 6. Neuro-endocrine adrenal medullary tumors in Rb~/~
p130~~ chimeras. Hematoxilyn-eosin-stained (A-E,G) and
X-gal-stained/nuclear fast red-counterstained (F,H,I) histologi-
cal sections of adrenal gland and adrenal medullary tumors. (A)
Normal adrenal gland in an Rb~"p130~~ chimeric mouse. (B)
Large adrenal medullary tumor invading the retroperitoneal fat
(arrow). (C) Small adrenal medullary gland tumor in a 2-wk-old
chimera. (D,E) Adrenal medullary tumors stain positive for
neuro-endocrine markers chromogranin A (D) and synaptho-
physin (E). (F) An X-gal-stained Rb~/"p130~ adrenal tumor,
counterstained with nuclear fast red. In contrast to the adrenal
cortex, the tumor entirely consists of B-galactosidase+ cells. (G)
Extensive proliferation in an adrenal medullary tumor indicated
by anti-BrdU staining. (H) No tumor development in the adrenal
medulla of a 9-mo-old Rb*/~p130~/~ chimera despite the pres-
ence of B-galactosidase+ cells. (I) Unilateral adrenal medullary
tumor in a 14-mo-old Rb*/~p130~/~ chimera showing B-galacto-
sidase+ cells. (C) Adrenal cortex; (M) adrenal medulla; (T) tu-
mor; (K) kidney. Magnification: A,C,E, 5x; B, 2.5x; D,F,G,H,
10x; I, 20x.

neuro-endocrine origin (Fig. 7I; Lauweryns et al. 1972).
Therefore, these lesions are likely precursors of small
cell lung cancer and identify p130 as a suppressor of this
tumor type.

Discussion

Despite the central role of pRB in cell cycle control and
human cancer, the tumor spectrum in pure Rb*/"and chi-
meric Rb~/~ mice is remarkably limited. Tumor devel-
opment in these animals may be suppressed by the pRB
homologs p107 or p130; however, embryonic or perinatal
lethality associated with compound loss-of-function mu-
tations of Rb family members has precluded assessing
this hypothesis. We have therefore taken an alternative
approach, i.e., combining loss-of-function mutations in
chimeric mice generated from mutant ES cells. We real-
ize this approach has some caveats. For example, the
cohorts of chimeric mice show high variations in ES cell
contribution precluding quantification of the latency
and incidence of tumor development.
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Nevertheless, this approach has identified p107 and
pl30 as genuine tumor suppressors in a number of tis-
sues. Thus, pl07 alone collaborates with pRb in sup-
pressing development of coecal adenocarcinomas, osteo-
sarcomas, lymphomsarcomas, leiomyosarcomas, and tu-
mors located to the thyroid, adrenal gland, and ovary.
Interestingly, osteosarcoma and leiomyosarcoma, are
well-documented secondary malignancies in retinoblas-
toma patients (Moll et al. 1997; Ryan et al. 2003). p130
compensates for loss of pRb in suppressing pheochromo-
cytomas and small cell lung cancer. Remarkably, p107
and p130 are both required to suppress transformation of
pRb-deficient retinoblasts.

Tumor surveillance by the pRB protein family

One explanation for tumor development upon concomi-
tant ablation of pRB and p107 or p130 may be derived
from the critical role of pocket proteins in the p19ARF-
p53 tumor surveillance pathway (Sherr 1998). Our pres-
ent and previous results show that in MEFs, concomi-
tant ablation of Rb and p107 or Rb and p130 disabled the
pl19ARF_p53 tumor surveillance mechanism causing im-
mortality and allowing sustained proliferation upon ex-
pression of oncogenic Ras¥!? (see also Dannenberg et al.
2000; Peeper et al. 2001). Consistently, development of

Figure 7. Pulmonary neuro-endocrine epithelial hyperplasia in
Rb~-p130~/- chimeric mice. (A) Normal lung. (B) Alveolar hy-
perplastic nodules and bronchial epithelial hyperplasia (arrow)
in a 5-mo-old Rb~"p130~/~ chimera. (C,D) Bronchial epithelial
hyperplasia in a 2.5-mo-old (C) and a 5-mo-old (D) Rb~"p130~/~
chimera. (E) X-gal-stained/nuclear-fast-red-counterstained Rb~/~
p130~/~ chimeric lung, containing multiple bronchial epithelial
hyperplasias (arrows). (F,G) Only B-galactosidase+ Rb~"p130~/~
ES cell-derived cells are present in bronchial epithelial hyper-
plasias. (H) Rb*/"p130~/~ ES-cells contributed to the lung of a
9-mo-old Rb*~p130~/~ chimeric mouse but did not form hyper-
plastic lesions. (I) Bronchial epithelial hyperplasia staining posi-
tive for the neuro-endocrine marker synapthophysin. Magnifi-
cation: A,D,H, 20x; B,E, 10x; C,G, 40x; F,I, 20x.



retinoblastoma or PCC in pocket protein deficient mice
did not require mutation of p53 (Supplementary Fig. 1).
These results may suggest that in certain cell types
p192RF_p53 and pocket proteins are part of the same tu-
mor surveillance mechanism and that loss of this path-
way contributes to tumor development.

It should be noted, however, that the tumor spectrum
in Rb/p107- and Rb/p130-defective chimeras did not en-
tirely overlap. Thus, the requirement for pocket proteins
in tumor suppression is cell-type dependent. For ex-
ample, in the retina, similar as in MEF cultures, p107
and p130 are both required to suppress proliferation of
pRb-deficient cells, while in the adrenal gland p130
alone can compensate for loss of pRb. This may indicate
that the suppression of tumorigenesis by p107 and p130
involves other, tissue-specific functions besides regula-
tion of E2Fs. For example, the occurrence of osteosarco-
mas in Rb*/"p107~~ chimeras but not in Rb* p130~/~
may be related to a specific role of p107 in bone devel-
opment (Thomas et al. 2001; Laplantine et al. 2002).

Retinoblastoma origin

By LacZ tagging we showed that only a subset of Rb™"~
p130~/~ retinoblasts, displaying features of inner nuclear
layer nuclei, sustained continuous proliferation. Addi-
tionally, retinoblastomas in both Rb~""p107-/~ and Rb™/~
p130~~ chimeras expressed amacrine-specific markers.
Based on immunohistochemical analyses and morpho-
logical characteristics, human retinoblastoma was hy-
pothesized to originate from photoreceptor cells in the
outer nuclear layer (Bogenmann et al. 1988; Tajima et al.
1994). However, analyses of early, small retinoblastomas
pointed to an inner nuclear layer origin, although they
showed Flexner-Wintersteiner rosettes (Gallie et al.
1999). Thus, murine retinoblastomas resemble at least a
subset of human retinoblastoma.

Similar findings were recently reported using heritable
mouse models for retinoblastoma in which Rb was ab-
lated in a p107- or p130-deficient background (Chen et al.
2004; MacPherson et al. 2004). Also in these models,
amacrine cells were identified as the major component
of retinoblastomas. These reports also showed that loss
of Rb in the developing retina extended the proliferative
capacity of all retinal precursors, which was exacerbated
by concomitant loss of p107. Our results show that also
combined loss of Rb and p130 caused ectopic prolifera-
tion which, at day 14 after birth, was confined to the
inner nuclear layer and caused severe dysplasia. As ama-
crine cells ultimately arrest, it was suggested that reti-
noblastoma in mice requires an extra genetic alteration
that overcomes cell cycle arrest rather than apoptotic
cell death (Chen et al. 2004). Enhanced proliferation of
double knockout cells may facilitate the acquisition of
such an alteration. Alternatively, conforming to our in
vitro data, the delayed cell cycle exit of double knock-
out cells may indicate that oncogenic signals can induce
a bypass of differentiation more easily in cells that lack
both Rb and p107 or Rb and p130. In cells lacking only
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Rb this would lead to p107- and p130-mediated cell cycle
arrest.

Loss of p130 in adrenal gland and small cell
lung cancer

While Rb*/~ mice and Rb™/~ chimeras display adrenal
medulla hyperplasia (Robanus Maandag et al. 1994;
Williams et al. 1994a; Yamasaki et al. 1998), Rb™/~
p130~/~ chimeric mice developed ES cell-derived bilat-
eral adrenal medullary tumors displaying characteristics
of pheochromocytomas (PCC). Rb*p130~/~ chimeras
developed the same tumors with a much longer latency,
suggesting that loss of pRB is a rate-limiting step in the
onset of this tumor type. In humans, this tumor of
neuro-endocrine origin frequently shows loss of pRB ex-
pression (Gupta et al. 2000). Our observations indicate
that also p130 plays a role in suppressing PCC.

Other neuro-endocrine cells that are affected by abla-
tion of pRb and p130 are pulmonary neuro-endocrine epi-
thelial cells. Rb~""p130~~ chimeric mice readily devel-
oped hyperplasia originating from this cell type. Al-
though these hyperplastic lesions did not progress into
full tumors before the appearance of other tumors, it is
possible that they are precursors of small cell lung can-
cer. Small cell lung cancer (SCLC) in humans shows in
more than 90% of the cases loss of heterozygosity (LOH)
of chromosome region 13q14, harboring RB, and in more
than 70% of the cases also LOH of the p130 containing
chromosome arm 16q (Stanton et al. 2000), suggesting
that a large fraction of these tumors has lost both pRB
and pl30 expression. Furthermore, inactivating p130
mutations were found in a pRB-deficient SCLC cell line
(Helin et al. 1997) and in primary SCLCs (Claudio et al.
2000). In mice combined loss of pRb and p53 also re-
sulted in bronchial epithelial hyperplasia and SCLC
(Williams et al. 1994b; Meuwissen et al. 2003). Together
with our data, this may again suggest that p53 and p130
act in a similar tumor suppression pathway. Analysis of
mice with conditional inactivation of Rb and p130 in the
bronchial epithelium will be required to determine
whether loss of p130 can indeed substitute for loss of p53
in development of SCLC.

Materials and methods

Generation of Rb gene family mutant ES cells, chimeras
and MEFs

Knockout alleles of Rb, p107 and p130 were generated in
1290LA (E14) embryonic stem cells as described (te Riele et al.
1992; Robanus-Maandag et al. 1998; Dannenberg et al. 2000).
The Rosa26Bgeo targeting construct was generated by inserting
a splice-acceptor-site—B-geo fragment from plasmid ppgeo, into
a Nhel site of a 10-kb genomic Rosa26 DNA fragment (Friedrich
and Soriano 1991). Genomic DNA isolated from G418 resistant
colonies was digested with EcoRI and subjected to Southern blot
analysis, using a 5’ external PstI-Sall 800 base pair Rosa26 ge-
nomic probe to identify correctly targeted clones. These were
obtained with a frequency of 97%. Chimeras were generated by
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injecting mutant ES cells into C57BIl/6 blastocysts. The deriva-
tion of MEF cultures from chimeric embryos and the 3T9 pro-
tocol are described in Dannenberg et al. (2000).

Virus production and infection of MEFs

Ecotropic retroviral supernatants were produced by transfecting
293T (Phoenix) packaging cells with 50 png viral DNA using
calcium-phosphate precipitation. The medium was collected
and filtered through a 0.45-um filter 48, 56, and 72 h post-trans-
fection. Low-density cultures of MEFs were infected at least
three times for 3 h with viral supernatant containing 4 pg/mL
polybrene (Sigma) yielding infection efficiencies of 95% or
more. After the last infection, the viral supernatant was ex-
changed for fresh medium and the cells were allowed to recover
for 48 h.

Protein analyses

Protein levels were determined by Western blot analyses fol-
lowing established protocols. Antibodies against pl107 (C-18),
pl130 (C-20], CDK4 (C-22), Cyclin E, (M-20), Cyclin A, E2F-1
(C-20), p21<™ (C-19), were obtained from Santa Cruz; the pRB
antibody (G3-245) from BD Pharmingen; RAS (R02120) and
DHFR antibodies from BD Transduction Laboratories; the
pl19ARF antibody (R562) from Abcam; the p53 antibody (Ab-7)
from Oncogene Science. Peroxidase conjugated goat anti-rabbit
and goat anti-mouse secondary antibodies were from Biosource.
To detect p53 antibodies we used peroxidase conjugated rabbit
anti-goat antibodies from DAKO.

Southern Blot analysis of tumor DNA

Tumors were minced and incubated overnight in 50 mM Tris
(pH 8.5), l mM EDTA, 0.5% Tween-20, and 200 pg/mL protein-
ase K at 55°C. DNA was extracted using iso-propanol precipi-
tation. To identify the ES cell- and blastocyst-derived wild-type
RD alleles and the Rb knockout allele, 10 pg of genomic DNA
was digested with Stul and analyzed by Southern blotting using
a 5' external probe (te Riele et al. 1992).

Isolation of DNA from paraffin-embedded tumors
and PCR analysis

Tumor tissue was removed from deparaffinized unstained par-
affin sections using a laser capture microscope. Tumor samples
were incubated overnight in 20 uL of 50 mM KCl, 10 mM Tris
(pH 8), 2.5 mM MgCl,, 0.1 mg/mL gelatin, 0.46% Tween-80, 0.1
mg/mL proteinase K at 37°C. To inactivate proteinase K,
samples were incubated at 80°C for 10 min and subsequently
centrifuged at 14,000 K for 5 min. Five microliters of the DNA
solution was used in a PCR using D2mit94 5’ FAM labeled
primer set (Mouse MapPairs, Research Genetics). PCR products
were separated on an ABI Prism 3700 DNA Analyzer.

X-gal staining

Tissues and embryos were fixed in freshly made 0.1 M sodium
phosphate (pH 7.3), 1.5% formaldehyde, 0.2% glutaraldehyde, 2
mM MgCl,, and 5 mM EGTA for 30-90 min. The samples were
rinsed for 3 x 10 min in 0.1 M sodium phosphate (pH 7.3), 0.1%
sodium deoxycholate 0.2% NP40, 2 mM MgCl,. Staining with
X-gal (1 mg/mL; Roche) was performed in the rinse buffer con-
taining 5 mM K;FeCN and 5 mM K,FeCN and 0.2 mM Tris (pH
7.5) overnight at room temperature. After an additional 6 h of
staining in fresh solution, samples were rinsed 3 x 10 min, fixed
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overnight in 4% phosphate buffered formalin, and processed for
paraffin embedding. Four-micrometer sections were stained ei-
ther with hematoxylin or nuclear fast red.

BrdU/FUdr labeling, histology and immunohistochemistry

Mice received an i.p. injection of 5-bromo-2’'-deoxyuridine
(BrdU; Sigma) and 5-fluoro-2'-deoxyuridine (FUdr; Sigma) in
PBS (50 and 10 mg/kg body weight) 2 h before being sacrificed.
Tissues were processed for X-gal staining or directly fixed in
phosphate-buffered formalin. Five-micron sections of paraffin
embedded tissues were stained with hematoxilyn and eosin. For
immunohistochemistry, sections were dehydrated, heated for
15 min in a citrate buffer (pH 6.0) using a microwave for antigen
retrieval, and blocked in 1% normal goat serum at room tem-
perature. Antibodies detecting BrdU (DAKO), Chromogranin A
(Chemicon), GABA (Sigma), GFAP (Chemicon), glutamine syn-
thetase (BD Transduction Laboratories), IRBP (gift of Y. De
Kozak, U450 INSERM, Paris, France), p53 (pAb421; Oncogene
Science), p75 (Chemicon), synapthophysin (Chemicon), and
syntaxin (HPC-1; Sigma) were diluted in 1% normal goat serum.
Goat anti-mouse (Alexa 488) and goat anti-rabbit (Alexa 568)
antibodies were obtained from Molecular Probes. Nuclear stain-
ing was performed using Topro-3 stain diluted 1:1000 in mount-
ing medium (Vectashield).
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