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Shared role of the pRB-related p130
and p107 proteins in limb development
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The p130 protein shares extensive sequence similarity with pRB, the product of the retinoblastoma gene, and
is a major E2F-associated protein in quiescent cells. To investigate its biological function, we have mutated
p130 via gene targeting in the mouse. Homozygous mutation of p130 had little discemnible effect on
development or on the growth of mouse embryo fibroblasts in culture. Much of the E2F activity that normally
associates with p130 in serum-starved mouse embryo fibroblasts associated instead with the highly related
p107 protein. To determine whether p130 and p107 have overlapping biological roles, we produced mice
having simultaneous inactivation of the p130 and p107 genes. Such mice exhibited deregulated chondrocyte
growth, defective endochondral bone development, shortened limbs, and neonatal lethality. These findings
indicate that p130 and p107 play an important role in limb development through their abilities to control
chondrocyte proliferation. Thus, in certain settings p107 and p130 perform growth-regulatory functions that

are not fulfilled by pRB.
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PRB is an important regulator of cell cycle progression.
Through its interactions with E2F transcription factors
and other cellular proteins, pRB inhibits the G,-to-S-
phase cell cycle transition. The growth-inhibitory action
of pRB is negated in late G, through its phosphorylation
by cyclin-dependent kinases {cdks], specifically cyclin
D/cdk4 and cyclin E/cdk2; thereafter, pRB remains in a
phosphorylated, inactive configuration throughout § and
G,. The biological importance of cell growth regulation
by pRB is highlighted by the widespread mutation of this
gene in human cancer and by the developmental abnor-
malities that occur in pRB-deficient mice |for review, sce
Weinberg 1995).

pRB is a member of a protein family that also includes
pl07 and p130 (Ewen et al. 1991; Hannon et al. 1993; Li
et al. 1993; Mayol et al. 1993). The three proteins share
extensive structural similarity and are most highly re-
lated in a bipartite binding domain through which each
interacts with DNA tumor virus oncoproteins and cel-
lular targets such as E2Fs (DeCaprio et al. 1988; Whytc et
al. 1988; Dyson et al. 1989; Hu et al. 1990; Huang et al.
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1990; Kacelin et al. 1990; Ewen et al. 1991; Cobrinik et al.
1993; Hannon et al. 1993; Li ¢t al. 1993; Zhu 1993; Vairo
et al. 1995). However, pl07 and p130 are more similar to
each other than to pRB and have distinct biochemical
functions.

p107 and p130 bind and inhibit the cyclin E/ckd2 and
cyclin A/cdk2 kinases through a domain that is not
present in pRB but is similar to the cdk2 binding do-
mains of the p21, p27, and p57 cdk inhibitors (Ewen et al.
1991, 1992, Faha et al. 1992; Zhu 1993; Smith and Nev-
ins 1995, Zhu et al. 1993, 1995a,b}. p107 and p130 also
bind and inhibit trans-activation by E2F family members
and other transcription factors that are different from
those controlled by pRB (Lees et al. 1993; Beijersbergen
et al. 1994a,b; Ginsberg et al. 1994; Gu et al. 1994; Ho-
ang ct al. 1995; Sardet et al. 1995; Vairo et al. 1995).
Through these distinct binding specificities, pl07 and
p130 may inhibit the expression of a class of genes dis-
tinct from those controlled by pRB (Dagnino et al. 1995).
p107 and p130 are also regulated by cyclins and cdks in
ways that differ substantially from the regulation of pRB
{Cobrinik et al. 1993, Beijersbergen et al. 1995; Zhu et al.
1995b). Thus, while cach of the pRB family members is
cxpressed in a wide variety of cell types and can inhibit
cell proliferation {Huang et al. 1988; Zhu et al. 1993;
Claudio et al. 1994; Vairo et al. 1995), pl07 and pl30
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appear to function in growth-signaling pathways distinct
from those involving pRB.

Recent evidence has suggested functions for p107 and
pl30 in DNA damage-induced growth arrest and in tu-
mor suppression. These roles have been inferred from
the deregulated growth of cells in which pRB, p107, and
p130 have been functionally inactivated by DNA tumor
virus oncoproteins when compared to the growth of cells
that lack only pRB function {Slebos et al. 1994; Chris-
tensen and Imperiale 1995; Zalvide and DeCaprio 1995).
A tumor suppressor role for pl07 and p130 was suggested
further by the potent oncogenicity of E2F-4 transcription
factor mutants that are resistant to pl07 |and probably
p130) binding (Beijersbergen ct al. 1994b; Ginsberg et al.
1994).

The production and analysis of pRB-deficient embryos
and chimeric mice has revealed a critical role for pRB in
the regulation of neuronal and lens fiber cell prolifera-
tion during embryogenesis and in the regulation of pitu-
itary and adrenal cell proliferation during later develop-
ment (Clarke et al. 1992; Jacks et al. 1992; Lee et al.
1992; Maandag et al. 1994, Morgenbesser et al. 1994,
Williams et al. 1994). However, the aberrations resulting
from pRB deficiency were surprisingly limited, given its
perceived importance to cell cycle regulation. Through
less direct experiments, pl30 and pl07 have also becn
implicated in development. In particular, the association
of pl30 with E2F transcription factors was found to be
enhanced during muscle differentiation in vitro, and
pl07 expression was induced in differentiated pRB-defi-
cient myocytes {Schneider et al. 1994; Shin et al. 1995).
Together, these observations suggested that cell growth
control exerted by pl07 and pl30 might have important
developmental consequences.

To investigate the functions of these two proteins, we
have produced mice with targeted mutations in the p107
and p130 genes. As described in Lee et al. (this issue),
mice are largely unaffected by homozygous inactivation
of their p107 gene. We demonstrate here that mice ho-
mozygous for a null p130 allele also exhibit minimal
developmental consequences, whereas homozygosity for
null alleles of both p107 and p130 elicits a cell type-
specific defect in growth control and reveals a shared role
of pl07 and p130 in limb development.

Results
Production of mice with null pl30 alleles

A p130 gene targeting vector was constructed in which
sequences in a 5' proximal exon of the p130 gene were
replaced by the neomycin resistance gene (neol in the
opposite transcriptional orientation to that of p130 (see
Materials and methods). This vector contained 3.2 and
4.8 kb of mouse 129/Sv genomic DNA flanking neo, as
well as a thymidine kinase (tk) marker gene for negative
selection [Fig. 1A). Homologous recombination of the
p130 targeting vector with mouse genomic DNA was
predicted to produce a null pI30 allele, in which the
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mouse pl30 codon corresponding to human p130 amino
acid 105 was joined to the neo cassette causing the p130
coding sequence to be interrupted by an in-frame termi-
nation codon after residue 106.

The p130 gene targeting vector was introduced into
strain 129/Sv D3 embryonic stem (ES) cells by electro-
poration, and these cells were subjected to positive and
negative selection with G418 and gancyclovir (Mansour
et al. 1988). Cell clones in which the targeting vector had
undergone homologous recombination with the endoge-
nous p130 gene on both sides of the neo cassette (about
one-third of the surviving colonies) were identified by
Southern blotting (Fig. 1B; data not shown). Two prop-
erly targeted ES cell clones were injected into (C57BL/6
blastocysts to generate chimeras that transmitted the
mutant p130 alles through the germ line.

Mice heterozygous for the mutant p130 allele appeared
normal and exhibited no increase in morbidity or mor-
tality when observed until 16 months of age. These mice
were used in an F, cross to determine whether p130 was
required for embryonic development. Of the 61 mice
born in the first nine F, litters, 14 {23%) were homozy-
gous for the mutant allele {Table 1A). Because p130 ho-
mozygous mutants were generated in numbers that ap-
proximated the predicted Mendelian frequency, we con-
cluded that this mutation had no substantial effect on
prenatal viability. Homozygous p!30 mutant mice were
of normal size and appearance at birth, displayed no de-
tected histologic abnormalities at birth and at 2 months
of age, and reproduced normally.

To determine whether the disrupted p130 gene func-
tioned as a null allele, cells derived from p130 homozy-
gous mutant mice were tested for p130 expression. The
amount of p130 mRNA was reduced more than five-fold
in liver cells from p130 homozygous mutant mice as
compared to wild type mice (data not shown). To exam-
ine the effect of the mutation on pl30 protein levels,
mouse embryonic fibroblasts [MEFs) were prepared, and
cell extracts were immunoprecipitated using antiscrum
directed against pl30 carboxy-terminal sequences. The
presence of pl30 in the immunoprecipitate was assessed
by Western blot analysis with the same antiserum. Al-
though p130 was readily detected in wild-type cells,
none was observed in homozygous cells and intermedi-
atc levels were present in heterozygous cells (Fig. 1CJ.
pl30 was also undetectable in liver extracts from
6-month-old p130 homozygous mutant mice but was
readily detected in liver from wild-type mice (data not
shown). These results indicated that the mutant p130
allele is a null, and we therefore refer to this allele here-
after as pI30~.

Effect of p130 loss on cell growth and E2F complex
formation in vitro

Effcets of p130 loss on the in vitro growth of MEFs were
also assessed. Consistent with the normal appearance of
pl30 '~ mice, MEFs derived from such mice showed
normal distribution in the various cell cycle phases dur-


http://genesdev.cshlp.org/
http://www.cshlpress.com

Downloaded from genesdev.cshlp.org on May 2, 2024 - Published by Cold Spring Harbor Laboratory Press

Role of p130 and p107 in limb development

TARGETING
VECTOR

GENOMIC

3.2 kb 4.8 kb

< : > BB <« »> B ‘
__neo | |— m——
Xv

INTEGRANT

1 » X
v 7.5 kb e

7.4+ |
66 [

1 2

4 5

Figure 1. Targeted disruption of p130. (A) Targeted disruption strategy. The pPNT-p130 gene targeting vector (top) is aligned with
genomic intron (shaded) and exon (solid) DNA (middle). neo and tk genes are represented by open bars. Arrowheads indicate direction
of transcription. The homologously recombined integrant (below) has a 6.6-kb BstXI fragment compared to 7.4-kb BstXI fragment in
parental 129/Sv DNA using a probe represented by the hatched box, and a 5.0-kb EcoRV/Notl fragment compared to a 7.5-kb fragment
in parental DNA using a probe represented by the stippled box. {B) BamHI; (N)Notl; (S) Stul; (V) EcoRV; (X) BstXI. (B) Southern blot
analysis of ES cell DNA derived from parental 129/Sv cells (lane 1) and a homologous recombinant (lane 2). (C) Immunoprecipitation
and Western blot detection of p130 in p130*’" (lane 3), p130~ '~ (lane 4}, and p130*’ " (lane 5) MEFs.

ing exponential growth as determined by FACS analysis
(Fig. 2A). Moreover, they required the normal time to
progress from G, to S phase following serum starvation
and restimulation (Fig. 2B). This behavior was similar to
that of p107 /" fibroblasts (Lee et al., this issue), but it
contrasted with that of Rb~’~ fibroblasts, which have a
decreased G,/ G, population in growing cells and a short-
ened G,-to-S transit time (Almasan et al. 1995; Lukas et
al. 1995; Herrera et al. 1996)

The lack of effect of p130 loss on MEF growth was
unexpected, as p130 is a major component of E2F com-
plexes in these cells during the G, phase of the cell cycle
(Cobrinik et al. 1993). To address whether the E2Fs that
normally bind to p130 interacted with other pRB family
proteins in p130 homozygous mutant cells, we per-

formed a gel mobility shift analysis. As found previously,
DNA-binding activities corresponding to free and com-
plexed forms of E2F were detected in serum-starved
wild-type cells (Fig. 2C, lane 1). Moreover, antibody di-
rected against p130 supershifted the majority of the com-
plexed E2F, whereas antibody directed against p107 su-
pershifted only a minority of these complexes (Fig. 2C,
lanes 1-3).

In p130~'~ cells, both free and complexed E2F were
also detected (Fig. 2C, lane 4). However, in these cells the
p107 antibody supershifted all of the complexed E2F, and
the level of pl07-associated E2F was increased (Fig. 2C,
cf. the anti-p107-dependent supershift in lanes 2 and 5).
The p130 antibody failed to supershift such complexes
but did disrupt a portion of these complexes {lane 6),
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Table 1.

Genotype frequencies of mouse cross progeny

A. pl30*/~ x p130*/-

p130 +/+ +/~ ~if =
9 38 14
Percent 15.8 62.3 23.0
Expected percent 25.0 50.0 25.0
B. p107*/-;pl30*/~ x p107*/ ;p130*/~
p130 +/+ +/+ +/+ +/= +/— +/- —f = ~/= -/-
pl07 +/+ +/~ == +/+ +/- =if= +/+ +/- —if=
18 20 10 35 40 20 16 35 3 (dec)?
Percent 9.1 10.2 5.1 17.8 20.3 10.2 8.1 17.8 1.5
Expected percent 6.2 12.5 6.2 12.5 25 12.5 6.2 12.5 6.2
C. pl07*/~;p130~/~ x p107*/ ;p130*/~
p130 +/- +/— +/- —/- -/- —=if=
pl07 +/+ difie= =] = +/+ +/- — =
18 14 16 13 17 16
Percent 19.1 14.9 17.0 13.8 18.1 17
Expected percent 12.5 25 12.5 125 25 12.5

Parental gentoypes are indicated (A—C). Expected percent assumes Mendelian inheritance of wild-type and null alleles.

9(dec) Deceased.

presumably owing to its weak cross-reactivity with p107
(D. Cobrinik, unpubl.). These findings indicated that
pl0O7 replaced p130 as the major E2F-associated species
in p130~’~ MEFs, which is consistent with the demon-
strated abilities of both of these proteins to bind to E2F-4

(Vairo et al. 1995).

Significantly, p107 did not completely compensate for

A

Cell Cycle Position

Per cent Maximum Incorporation

125

the absence of p130 in the binding of E2Fs in p130~/~
cells, as a greater proportion of E2F was in the free form
in the mutant cells (Fig. 2C, cf. lanes 1 and 4). The failure
of pl07 to fully substitute for the E2F binding of p130
may be attributable to insufficient p107 levels in G, (see
Cobrinik et al. 1993) or to insufficient affinity of p107 for
certain E2F species that are normally bound by p130 (Hi-

Time(H) 1 2

3 4 5 6

Figure 2. Characterization of cells lacking p130. (A) Cell cycle position of exponentially growing p130* /" (open bar), p130*’~ (solid
bar), and p130~/~ (shaded bar) MEFs as determined by FACS analysis. (B) Thymidine incorporation of p130*’"* (J), p130*’~ (O), and
p130~'~ (©) MEFs following serum starvation and restimulation. (C) Gel shift analysis of E2F complexes in p130*’* (lanes 1-3) and
p130~’~ (lanes 4-6). MEF extracts incubated with antibody directed against p107 (lanes 2,5) or p130 (lanes 3,6). The dark and light
arrows indicate the positions of the free and complexed forms of E2F, respectively.
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jmans et al. 1995). In either case, the increase in free E2F
as detected in these gel shift analyses did not appear to
influence the growth characteristics of the MEF prepara-
tions.

Viability and growth of mice with null p130 and p107
alleles

The similarity in structure and biochemical function of
the p107 and p130 proteins suggested a possible overlap
in biological function. This in turn provided one expla-
nation of why deficiency of one or the other gene re-
sulted in no obvious effects on mouse development. To
address this possibility, we bred mice lacking functional
alleles of both p107 and p130.

pl107*/~;p130*’~ compound heterozygotes produced
in initial matings appeared normal and were mated to
one another. In the first 28 litters of this cross, 194 ne-
onates were alive at postnatal day 0.5. Of these, eight of
the nine possible genotypes were present in numbers
consistent with Mendelian inheritance of the wild-type
and null p107 and p130 alleles {Table 1B). However, no
live double homozygous p107~'~;p130~'~ neonates
were detected, and dead p107 =/~ ;p130™ '~ neonates (3]
were detected at below the expected frequency. This re-
sult suggested that a large proportion of such embryos
either failed to develop in utero or died shortly after birth
with defects that caused them to be consumed rapidly by
their mothers.

To determine why fewer than the expected number of
pl107~'7;p130~ '~ neonates were seen, we assessed the
viability of p107~/7;p130~’~ embryos at 18.0-19.0
days postcoitum (d.p.c.). Viable p107~'";,p130"'~ em-
bryos were present at a frequency consistent with Men-
delian inheritance of the p107 and p130 null alleles {Ta-
ble 1C), and no dead p107~/~;p130~’~ embryos were
detected in utero. Hence, the absence of both pl07 and
p130 function was compatible with embryonic viability
up to the time of birth but resulted in death at birth or
shortly thereafter. From this, we concluded that pl07
and pl30 perform overlapping or redundant functions
that are critical to postnatal mouse viability.

As one assessment of the postnatal development of
mice of the eight surviving genotypes, weights of the
progeny of p107*’ ;p130*’~ mice were recorded ap-
proximately twice per week for 6 wecks. We found that
p107~/7;p130*’~ mice were within the normal weight
range at birth but attained only ~65% of the normal
weight between 2 and 3 weeks of age {Fig. 3A}. These
mice died at increased frequency during the first and
second weeks, and those that survived failed to recach
the normal adult weight. These survivors also showed
delayed fertility, and the females demonstrated re-
duced fertility. Because p107~/~;p130%'* mice dis-
played none of these phenotypes, pl30 appeared to be
limiting in its ability to compensate for pl07 loss in
these p107~’";p130*’~ mice. In contrast, pl07 was
able to compensatc more fully for the loss of p130, as the
pl107*/~;,p130~’" mice cxhibited only a modest and

Role of p130 and p107 in limb development

transient growth delay from which they recovered at 3
weceks of age (Fig. 3A).

Numerous births were observed to evaluate the possi-
ble causes of death of p107~/~;p130~ '~ neonates. In
general, these neonates were born alive but had obvious
breathing abnormalities and poor oxygenation that were
apparent until they died at various times up to 6 hr later.
Occasional p107~ ' ;pl130~’~ neonates were not re-
moved from their amniotic sacs by their mothers and
either were born dead or died at least in part from ma-
ternal rejection. The breathing difficulties exhibited by
live-born neonates may relate to morphological defects
described below.

Morphology of pl07~ ; pl30~ ~ embryos

Day 18.5 p107~/ " ;,p130 "'~ embryos had distinctive ex-
ternal features, including a moderately protruding abdo-
men, a shortened snout, and dramatically shortened
limbs. Moreover, thesc embryos were up to 30% smaller
than littermates (Fig. 3B). These characteristics first be-
came obvious between embryonic days 15.0 and 16.0.
Each of these phenotypes was also present in a mild form
in p107~'";p130*’~ embryos but not in embryos of
other genotypes.

To characterize more precisely the limb development
defect associated with combined p107 and p130 defi-
cicncy, a series of cmbryos were stained with dyes spe-
cific for cartilage (alcian blue) and bone {alizarin red); the
soft tissuc was then cleared with alkali. The resulting
skeletal preparations revealed obvious aberrations in
bone structure and in the timing of bone deposition in
pl07-'7,p130"’ ~ embryos.

As shown in Figure 4, 16.0 d.p.c. p107~ ' ~,p130~/~
embryos had reduced rib cage size and dramatically re-
duced bone deposition in each of the long bones of the
limbs {Fig. 4A-H). Most striking was the absence of bone
deposition in the humerus in p107~/7;p130°'~ em-
bryos compared to p107* ' *;p130*’ " littermates (Fig.
4C,D). In contrast to their aberrant development of the
ribs and long bones, which form through the process of
endochondral ossification, most of the cranial bones of
the p107~/7,p130 '~ cmbryos showed generally nor-
mal development (Fig. 4G,H); these bones form through
intramembranous ossification. A notable exception in
the cranium was provided by the interparictal bone,
which forms at the posterior of the skull through en-
dochondral ossification (Kaufman 1992). This bone was
dramatically underdeveloped in 19.0 d.p.c. p107~'~;
p130 ’~ embryos {Fig. 4, I-L). A more subtle delay was
also detected in the formation of the supraoccipital bone;
this bone also forms by endochondral ossification. To-
gether, these data indicated that pl07 and pl30 are
necded for endochondral but not intramembranous bone
development.

Combined p107 and 130 deficiency resulted not only
in delayed ossification of long bones but also in their
abnormal shape. The forclimbs of 19.0 day p107~'—;
p130~’~ embryos did not resemble those of p107*'*;
p130*’~ embryos at any point from 16.0 to 19.0 d.p.c.
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Figure 3. Analysis of mice and embryos with null
alleles of p107 and p130. (A) Postnatal growth.
Weights were recorded approximately twice per
week for mice of genotype p107*/~;p130*/* (pur-
ple), p107*'*;p130*'~ (blue), p107*’' ;p130 '~
(orange|, and p107~'/~;p130*’  {(green) over a
6-week period. Data points are indicated in the cor-
responding color. Biphasic growth curves were gen-
erated with a deltagraph curve fitting program. (B)
External appearance of 18.5 d.p.c. p107*'-;
p130* ~,p107~'~;,p130*’'~, and p107 '~ ;p130 '~
embryos.

and exhibited both shortening and thickening of the ra-
dius, ulna, and humerus (Fig. 5). Interestingly, p107 =/ —;
p130*’~ embryos also had forelimb shortening and
thickening consistent with their moderately shortened
limbs visible in unstained embryos (see Fig. 3B). We also
observed a subtle thickening of the radius, ulna, and hu-
merus in pI07~/~;p130*’* embryos (Fig. 5). This is the
first reproducible developmental anomaly attributable
solely to the loss of pl07 function. In contrast, forelimb
development appears normal in p107*’*;p130~'~ and
p107*/~;p130~'~ embryos (Fig. 5; data not shown).

Effect of p107 and p130 loss on chondrocyte
proliferation in embryonic growth plates

Endochondral ossification is a well-characterized devel-
opmental process in which chondrocytes that form the
cartilage of long bone epiphyses proliferate, become qui-
escent, hypertrophy, and finally are replaced by cancel-
lous bone and marrow (Erlebacher et al. 1995). To deter-
mine precisely how endochondral ossification was im-
paired by combined p107 and p130 deficiency, a series of
hematoxylin- and eosin-stained sections representing
the centers of the epiphyseal growth plates of the hu-
merus were prepared and analyzed.
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General epiphyseal growth plate organization was re-
tained in 18.0 d.p.c. p107~/~;p130~ '~ embryos, with
well-defined regions of flattened cells, hypertrophic
cells, and cancellous bone (Fig. 6A). However, the growth
plates were widened, the epiphyses were deformed and
thickened, the zone of flattened cells was lengthened,
the hypertrophic chondrocytes failed to form well-orga-
nized columns, and ossification of cancellous bone began
at a greater-than-normal distance form the articular sur-
face. Moreover, chondrocyte density in the epiphyseal
centers was increased by approximately two-fold (Fig.
6A,B). In addition to these abnormalities in epiphyseal
cartilage, aberrantly formed tracheal cartilage was also
detected in some p107 /" ;p130~’~ embryos (data not
shown).

These observations suggested an abnormality in the
proliferation of chondrocytes in certain cartilagenous
settings. To examine the chondrocyte growth abnormal-
ity in epiphyseal cartilage more directly, 16.5 d.p.c. em-
bryos were labeled with bromodeoxyuridine (BrdU) in
utero for 1 hr prior to their collection; cells in S phase
were then identified by immunostaining of the humerus
with anti-BrdU antibody. Chondrocyte density in epiph-
yseal centers was increased in 16.5 d.p.c. p107~'~;
p130~ '~ embryos by ~30%. However, in these same
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Figure 4. Effect of p107 and p130 gene loss on endochondral
bone development. (A-H) Skeletal preparation of 16.0 d.p.c.
p107+/*;p130*'~ (A,C,E,G) and p107~'~;p130~'~ (B,D,F,H)
embryos stained with alcian blue and alizarin red. Note for
p107~'7;p130~'~ embryos diminished rib cage size (4,B), di-
minished ossification of the long bones of the fore and hind
limbs (C—F), including complete lack of ossification of the hu-
merus (h), and generally normal ossification of the cranium
(G,H). (I-L) Posterior view of skulls of 19.0 d.p.c. embryo skel-
etal preparations with genotyoes as indicated. Note supraoccip-
ital bone (short arrow) and smaller alizarin red-stained interpa-
rietal bone (long arrow) in p107 =/~ ;p130~'~ embryo (L).
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sections, we observed a striking two-fold increase in the
proportion of chondrocytes that incorporated BrdU, from
11% of chondrocytes in p107*/~;p130*’* embryos to
22% in p107~'~;p130~'~ littermates (Fig. 6C,D). The
increase in BrdU labeling occured primarily in epiphy-
seal centers, where chondrocytes are normally destined
to enter a resting state later in development. The ability
of chondrocytes to proliferate after exceeding the normal
density at 16.5 d.p.c. explains the twofold higher density
detected at 18.0 d.p.c. Increased BrdU labeling was less
evident in the proliferation zone just below the epiphy-
seal head, where a high proportion of chondrocytes are
normally found in the S phase of the cell cycle (Fig. 6D;
data not shown).

The increase in chondrocyte proliferation in p107 ~
p130~'~ epiphyses indicated that pl07 and pl130 nor
mally function to restrict chondrocyte growth within
epiphyseal centers. Furthermore, the lengthening of the
zone of flattened cells suggested that p107 and p130 also
contribute to the chondrocyte cell cycle withdrawal and
terminal differentiation that occurs in this region. How-
ever, pl107 and p130 were not absolutely required for ter-
minal differentiation in developing bone, as late steps in
this process such as the expression of type X collagen,
chondrocyte hypertrophy, and the replacement of hyper-
trophic cells with cancellous bone did occur in the ab-
sence of both pl107 and p130 (Fig. 6A; data not shown).

The morphological defects observed here may be re-
lated to the deaths of p107 =/ ~;p130~/~ neonates in sev-
eral ways. In particular, the impaired rib development in
pl07~/~;p130~ '~ neonates might have prevented suf-
ficient lung expansion and inflation. Also, altered chon-
drocranial bone development of p107~/~;p130~ '~ neo-
nates may have caused compression of the cervical spi-
nal canal and lethal apneas, as occurs in human infants
with defective endochondral bone development {Pauli et
al. 1984). Finally, defects detected in tracheal cartilage
may have impaired airway function.

/_

Discussion

The pRB-related p130 and p107 proteins have been im-
plicated as having important roles in cell growth control.
They are expressed in a wide variety of cell types, inhibit
cell growth when ectopically expressed, and are bound
and functionally inactivated by DNA tumor virus onco-
proteins in a fashion that leads to cell transformation
(Harlow et al. 1986; Whyte et al. 1988; Dyson et al. 1992;
Cobrinik et al. 1993; Zhu et al. 1993; Claudio et al. 1994;
Schneider et al. 1994; Christensen and Imperiale 1995;
Vairo et al. 1995; Zalvide and DeCaprio 1995). Moreover,
pl30 and pl07 bind and inhibit trans-activation by
growth-promoting transcription factors including E2F-4,
E2F-5, and (at least in the case of p107) the c-Myc protein
(Zamanian and LaThangue 1993; Ginsberg et al. 1994,
Gu et al. 1994, Beijersbergen et al. 1994a,b; Sardet et al.
1995; Vario et al. 1995). p130:E2F complexes are partic-
ularly prominent in cells that are in the G, state or that
have undergone terminal differentiation, such as serum-
starved mouse fibroblasts, resting T-lymphocytes, and
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Figure 5. Effect of p107 and p130 loss on forelimb development. Alcian blue- and alizarin red-stained forelimbs prepared from
16.0~19.0 d.p.c. embryos, with genotypes as indicated. The humerus (h), radius (r), and ulna (u) are indicated in the top left panel.

differentiating muscle. p107:E2F complexes are present
in various types of nonproliferating cells as well (Co-
brinik et al. 1993; Shin et al. 1995; Vario et al. 1995). For
these reasons, it seemed possible that p130 and pl07
might widely contribute to the cell cycle withdrawal
that accompanies cell differentiation and senescence.

Through the production of mice with null p130 alleles,
we have found that there is little developmental conse-
quence associated with the absence of p130. In embry-
onic fibroblasts derived from such mice, pl07 largely
compensated for the loss of p130 in binding to E2F tran-
scription factors, suggesting that pl07 may compensate
more generally for p130 loss. This view is supported by
the developmental defect apparent in embryos that are
deficient in both of these proteins.

p107~'~;p130~’~ embryos exhibited increased chon-
drocyte density in epiphyseal cartilage, delayed and
anomalous endochondral bone formation, and shortened
limbs. These findings suggest that pl07 and p130 con-

tribute to the orderly process of quiescence, hypertrophy,
and replacement that is exhibited by chondrocytes dur-
ing the process of endochondral bone development. In
the absence of pl07/p130-mediated control, chondro-
cytes in epiphyseal centers proliferate at an increased
rate and reach a higher density, and chondrocytes in the
zone of flattened cells experience a delay in the cell cycle
withdrawl and hypertrophy that accompanies terminal
differentiation. Significantly, chondrocytes eventually
do cease proliferating in growth plates of p107~'—;
pl130~'~ embryos, and we speculate that this is effected
by other growth-inhibitory molecules that function in
these cells such as pRB.

The growth of chondrocytes is likely to be governed by
the coordinated actions of cdks. In many kinds of cells,
cdks are required in the late G, phase of the cell cycle to
phosphorylate pRB and thereby to release a rate-limiting
pRB-imposed block to cell cycle progression (Weinberg
1995). Our results indicate that pl07 and p130 impose

Figure 6. Effect of pl107 and p130 loss on chondrocyte growth in long-bone epiphyses. (4) Hematoxylin- and eosin-stained distal
humerus growth plates from 18.0 day p107“'*;p130*'" (top) and p107 "'~ ;p130 '~ {bottom) embryos. (a) Articular surface; (e)
epiphysis; (f) zone of flattened cells; (h) zone of hypertrophic cells. Original magnification, 20x. (B} Relative chondrocyte density in
humerus epiphyseal centers. Chondrocyte nuclei were counted from a defined area of hematoxylin- and eosin-stained 10-pm sections
in proximal (P) and distal (D} humerus epiphyseal centers of 18.0 d.p.c. embryos of the indicated genotypes, and the number was raised
to the 3/2 power. Each bar represents counts from a single section. Error bars represent variation from independently localized
epiphyseal centers. {C) Proximal humerus epiphyseal centers of 16.5 d.p.c. p107*/~;p130*’* (top) and p107 ' ~;p130~'~ {bottom)
embryos, immunostained with anti-BrdU antibody. Original magnification, 40x. (D) Relative chondrocyte density in proximal hu-
merus epiphyseal centers (left) and percent BrdU-labeled nuclei in epiphyseal centers and proliferative zones (right) of 16.5 d.p.c.
embryos. BrdU-labeled and unlabeled chondrocyte nuclei were counted from the photographs displayed in C.
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control on cell cycle progression, most apparently, but
not necessarily exclusively, in chondrocytes. In analogy
to the growth control caused by pRB in other ccll types,
the p107/p130-imposed block is likely to be reversed in
proliferating condrocytes through the actions of cdks,
particularly those of the cyclin D/cdk4 class that phos-
phorylate and thus functionally inactivate p107 and pos-
sibly p130 (Beijersbergen et al. 1995). The enhanced pro-
liferation that we observed in pl07- and pl30-deficient
chondrocytes suggests that signals that prevent pl107 and
pl130 phosphorylation in long bone epiphyses are critical
to the chondrocyte cell cycle withdrawal that occurs in
this location.

Apart from their anomalous bone development, neo-
nates deficient in both p107 and p130 appeared from his-
topathological analyses to be normal. Thus, the associa-
tion of these proteins with E2Fs and the increase in p130
or pl07 levels observed in terminally differentiated cells
apparently is dispensable for differentiation and prolifer-
ation control processes in most tissues. In tissues that
are not affected by p107 and p130 loss, pRB may control
differentiation and proliferation sufficiently well to al-
low normal development. pRB is critical for normal
growth control and for regulation of cyclin E expression
in MEFs, despite the nearly undetectable levels of
Rb:E2F complexes and high levels of pl130:E2F com-
plexes in such cells {Cobrinik et al. 1993; Herrara et al.
1996). These findings argue that pRB—even at low lev-
els—may carry out critical growth control functions that
cannot be performed by pl07 and p130. In contrast, our
results suggest that growth regulation by p107 and p130
can be substituted by pRB in tissues other than develop-
ing cartilage.

It remains possible, however, that p107 and p130 play
critical cell growth-regulatory roles in other cell types in
later postnatal life. In this regard, it will be interesting to
see whether p107*/ ;p130~'~ or p107~'~;p130"’
mice develop tumors with loss of the remaining wild-
type p107 or p130 allele.

The finding that developmentally significant growth
regulation by pl107 and p130 is largely restricted to chon-
drocytes suggests that these cells may be governed by
unusual growth-regulatory programs. For ecxample, chon-
drocytes may express low levels of pRB, thus requiring
pl07 and p130 to function as the rate-limiting inhibitors
of proliferation. Alternatively, proteins regulated by pRB
such as E2F-1, E2F-2, and E2F-3 [Lees et al. 1993}, may
not be expressed in chondrocytes, whereas growth-pro-
moting proteins that are regulated by p107 or p130, such
as E2F-4, E2F-5, and c-Myc (Ginsberg et al. 1994, Gu et
al. 1994, Beijersbergen et al. 1994a b; Sardet et al. 1995,
Vairo et al. 1995}, may have a more prominent role in
chondrocytes than in other cell types.

Materials and methods

Production of p130 gene targeting vector, targeted ES cells,
mice, and embryo fibroblasts

For construction of the p130 targeting vector (pPNT-p130), a

1642 GENES & DEVELOPMENT

16-kb genomic clone corresponding to a portion of the mouse
p130locus was isolated using the human p130 cDNA as a probe.
An exon was located within the genomic clone by a combina-
tion of Southern blotting and sequence analysis. Using site-
directed mutagenesis, an EcoRV site was generated within the
cxon at amino acid 108, numbering with reference to the human
protein (Li et al. 1993). A genomic fragment extending 5 from
this EcoRV site to a Sacll site {4.5 kb total) was inserted into the
disruption vector, pPNT (Tybulewicz et al. 1991), such that
p130 and neo were in opposite transcriptional orientations. A
second fragment, derived from sequences 3’ of the cxon, ex-
tended 3.2 kb from a BamHI site to a Stul site. This was inserted
into pPNT upstream of the neo transcription unit to form
pPNT-p130.

pPNT-p130 was introduced into 129/Sv D3 ES cells as de-
scribed [Gossler et al. 1986), and ES cells were selected for re-
sistance to G418 and Gancyclovir [Mansour et al. 1988). DNA
from selected clones was extracted, digested with BstXl, and
analyzed by Southern blotting using a ~340-bp PCR product
iprobe 1) generated with primers 5'-GAGTTTCCGGTCAG-
GAATACT and 5'-GGCCTCCAGTGGTTAAGA and corre-
sponding to pI30 intron sequences located as in Figure 1A.
DNA from clones with a 6.6-kb BstXI fragment detected with
this probe was digested with EcoRV and Notl and analyzed by
Southern blotting using a ~130-bp PCR product (probe 2} gen-
erated with a primer, 5'-GCCACCCCCGCGGCCGCCAAC-
TCC, trom p130 genomic sequences and a vector primer, and
corresponding to p130 sequences located as in Figure 1A. Clones
in which the pPNT-pl30 targeting vector had undergone ho-
mologous recombination on both sides of the neo cassette
{about one-third of the total) were injected into 3.5 day C57BL/6
blastocysts. Chimeric mice derived from these blastocysts were
mated to C57BL/6 females, and the presence of the targeted
p130 allele was evaluated in agouti pups using Southern blot-
ting as above or using PCR with the common primer 5'-ACG-
GATGTCAGTGTCACG, the wild-type pl30-specific primer
5" TACATGGTTTCCTTCAGCGG, and the targeting vector-
specific primer 5'-GAAGAACGAGATCAGCAG. Through use
of Southern blotting we detected a polymorphism that gave rise
to a 6.6-kb BstXI fragment in wild-type C57BL/6DNA detected
with probe |.

MEFs from progeny of a p130* '~ F, intercross were prepared,
grown, serum-starved, and subjccted to FACS analysis as de-
scribed {Robertson 1987; Cobrinik et al. 1993). They were as-
sayed for thymidine incorporation following a 1-hr incubation
in 1 wCi/ml of [*H|-thymidine, a wash, and 30-min incubation
in ice-cold 5% trichloracetic acid, three washes in H,O, lysis in
0.1n NaOH, and scintillation counting.

Protein analysis

MEF extract preparation, immunoprecipitations, and Western
blotting were performed as described (Cobrinik et al. 1993). Gel
mobility shifts utilized a 43-bp oligodeoxynucleotide probe cor-
responding to sequences in the c-Myc promoter as described
{Cobrinik et al. 1993). p130 detection by immunoprecipitation,
Western blot, and gel mobility shift utilized rabbit antiserum
C-20, lot D134 from Santa Cruz Biotechnology. pl07 was de-
tected in gel mobility shift analyses using rabbit antiserum C-18
from Santa Cruz Biotechnology.

Embryo analysis

Embryonic bone and cartilage were stained with alcian blue and
alizarin red as described (LeMouellic et al. 1992). For histologic
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analysis, embryos were fixed in Bouin’s solution {10% formal-
dehyde, 0.7% picric acid, 5% acetic acid) or neutral buffered
formalin (3.7% formaldehyde, 45 mm Na,HPO,, 29 mm
NaH,PO,} prior to preparation of 10-um sections. Embryos
were labeled with BrdU by injecting pregnant females intraper-
itoneally with BrdU labeling reagent (Amersham) as recom-
mended by the manufacturer. Sections either were stained with
hematoxylin and eosin or were immunostained with anti-BrdU
antibody as described {Morgenbesser et al. 1994} and counter-
stained with methyl green. Some sections were also stained
with an anti-type X collagen antibody generously provided by
Dr. Bjorn Olsen {Harvard Medical School, Boston, MA).
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