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Stable binding to E2F is not required
for the retinoblastoma protein to activate
transcription, promote differentiation,
and suppress tumor cell growth
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The retinoblastoma tumor suppressor protein (pRB) can inhibit cell cycle progression and promote
differentiation. pRB interacts with a variety of transcription factors, including members of the E2F and C-EBP
protein families and MyoD, and can either repress or activate transcription depending on the promoter under
study. These biological and biochemical activities of pRB have been mapped previously to a core domain,
referred to as the pRB pocket. Using a panel of synthetic pRB pocket mutants, we found that the acute
induction of a G,/S block by pRB is linked to its ability to both bind to E2F and to repress transcription. In
contrast, these functions were not required for pRB to promote differentiation, which correlated with its
ability to activate transcription in concert with fate-determining proteins such as MyoD. All tumor-derived
pRB mutants tested to date failed to bind to E2F and did not repress transcription. Despite an inability to bind
to E2F, pRB mutants associated with a low risk of retinoblastoma, unlike high-risk mutants, retained the
ability to activate transcription and promote differentiation. Thus, the pRB pocket participates in dual tumor
suppressor functions, one linked to cell cycle progression and the other to differentiation control, and these

functions can be genetically and mechanistically dissociated.
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The retinoblastoma gene (RB-1) is frequently mutated in
human cancer. Furthermore, many tumors that retain a
wild-type RB-1 allele contain genetic alterations, such as
amplification of the cyclin D1 gene, homozygous dele-
tion of the p16/MTS1 tumor suppressor gene, or activat-
ing mutations of cdk4, which can lead to the inappropri-
ate phosphorylation and, hence, functional inactivation,
of the RB-1 gene product (pRB). Thus, inactivation of
pRB may be a necessary step in human carcinogenesis
(for review, see Strauss et al. 1995; Weinberg 1995).
The five cloned members of the E2F transcription fac-
tor family (E2F1-E2F5) bind to DNA as heterodimers
with either DP1 or DP2. For simplicity, these het-
erodimers are collectively referred to as E2F (for review,
see Adams and Kaelin 1995; La Thangue 1994). E2F
DNA-binding sites are present in the promoters of a
number of genes involved in DNA synthesis, such as
DNA polymerase « and dihydrofolate reductase (DHFR)
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or in cell cycle control, such as cyclins E and cdc2 (for
review, see Adams and Kaelin 1995; Ohtani et al. 1995;
Botz et al. 1996; Geng et al. 1996). pRB binds to E2F and
converts E2F from a transcriptional activator to a tran-
scriptional repressor (for review, see Weintraub et al.
1992; Sellers and Kaelin 1996). All tumor-derived pRB
mutants examined to date are unable to bind to E2F and
are unable to repress transcription when bound to DNA
(Sellers and Kaelin 1996). Furthermore, transcriptional
activation of E2F responsive promoters can bypass a
pRB-induced G,/S cell cycle block in vitro (Zhu et al.
1993; Qin 1995). Thus, formation of pRB/E2F com-
plexes, and consequent repression of E2F dependent pro-
moters, likely contributes to pRB-mediated tumor sup-
pression in vivo. Such a view may account for the unex-
pected finding that E2F1 -/- mice are prone to tumors
(Yamasaki et al. 1996). Specifically, loss of E2F1 may
affect the ability of pRB to bind to certain E2F-responsive
promoters.

p107 and p130, two members of the pRB family, can
likewise bind to E2F and repress E2F-dependent tran-
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scription and yet, to date, have not been identified as
targets of mutations in human tumors (Cao et al. 1992;
Schwartz et al. 1993; Ginsberg et al. 1994; Vairo et al.
1995; Zhu et al. 1995). Furthermore, p107 -/- mice and
pl30 -/- mice are viable and do not develop tumors
(Cobrinik et al. 1996; Lee et al. 1996). In contrast, RB -/-
mice are not viable and RB +/- mice develop tumors
(Clarke et al. 1992; Jacks et al. 1992; Lee et al. 1992). In
addition, the intracellular concentration of pRB appears
to vastly exceed that of E2F and a number of non-E2F
proteins have been identified that can bind to pRB, at
least in vitro, including ATF2, BRG-1, hBrm, c-Abl, C/
EBP, D-type cyclins, Elf-1, 1d-2, Mdm2, MyoD, NF-IL6,
PU.1, and UBF (for review, see Weinberg 1994; Chen et
al. 1996; Sellers and Kaelin 1996; Taya 1997). These ob-
servations, taken together, suggest that pRB may per-
form additional function(s), unrelated to its role as a re-
pressor of E2F-dependent transcription, which contrib-
ute to its ability to suppress tumor growth in vivo.

pRB can cooperate with certain transcription factors,
such as C-EBP family members and MyoD, to transcrip-
tionally activate genes involved in differentiation (Gu et
al. 1993; Chen et al. 1996a,b; Novitch et al. 1996). Fur-
thermore, pRB is required for expression of late markers
of skeletal muscle and adipocyte differentiation in vitro
(Gu et al. 1993; Chen et al. 1996a; Novitch et al. 1996).
Finally, analyses of pRB-deficient mice suggest a role for
pRB in myogenic and neuronal differentiation in vivo
(Clarke et al. 1992; Jacks et al. 1992; Lee et al. 1992;
Nikitin and Lee 1996; Zacksenhaus et al. 1996). Whether
transcriptional activation and differentiation promotion
by pRB are direct consequences of its ability to repress
E2F-responsive promoters and inhibit cell cycle progres-
sion is currently unknown.

The majority of tumor-derived pRB mutants are defec-
tive for multiple biochemical activities, making it diffi-
cult to discern the relative contributions of these activi-
ties to pRB-mediated tumor suppression. Therefore, we
created a panel of pRB mutants that was then scored in a
series of biochemical and biological assays. By use of this
approach, the ability of pRB to induce an acute G,/S
block was linked to its ability to bind to E2F and to
repress transcription when bound to DNA. In contrast,
neither stable binding to E2F nor an intact transcrip-
tional-repression domain were required for pRB to acti-
vate transcription and promote differentiation.

Results

To determine which pRB properties might cosegregate
with pRB-mediated growth suppression, a set of substi-
tution mutants was generated by site-directed mutagen-
esis. Residues in the pRB that are highly conserved in
p107 and p130 were replaced with the sequence NAAIRS
(Wilson et al. 1985). NAAIRS is thought to be a flexible
linker based on its appearance in both «-helical and -
sheet structures. Each mutant was named according to
the first substituted residue. For example, residues 651-
656 were replaced with NAAIRS in pRBA651. In the ex-
periments described below, only data obtained with rep-
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resentative informative pRB mutants are shown. Over 20
pRB substitution mutants were generated in total. No
conclusion drawn in this manuscript was based on the
analysis of a single pRB mutant. A comprehensive bio-
chemical and biological characterization of these mu-
tants will be described elsewhere (W.R. Sellers and W.G.
Kaelin, in prep.).

The ability of the pRB mutants to bind to E2F was
measured in two assays. RB (-/-) tumor cells were tran-
siently transfected with plasmids encoding hemaggluti-
nin (HA)-epitope tagged versions of the pRB mutants,
lysed, and immunoprecipitated with an anti-HA anti-
body. Wild-type pRB, and a tumor-derived pRB mutant
(Aex22) were tested in parallel. All of the RB proteins
were produced at comparable levels as determined by
anti-HA western blot analysis of the corresponding
whole cell extracts (Fig. 1C). pRB-associated proteins
were released from the immunoprecipitates with a mild
detergent, deoxycholate (DOC), and scored for E2F DNA-
binding activity in gel-shift assays with a *>P-labeled E2F
DNA-binding site (Fig. 1A; Shirodkar et al. 1992; Neu-
man et al. 1994). In parallel, cell extracts prepared from
these transfectants were tested directly for total E2F
DNA-binding activity by use of gel-shift assays (Fig. 1B).
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Figure 1. E2F-binding to pRB mutants. (A) IP-DOC release.
SAOS?2 cells were transfected with plasmids encoding epitope
HA-tagged versions of the indicated pRB proteins. Anti-HA im-
munoprecipitates were prepared and bound proteins were re-
leased by treatment with deoxycholate. Released proteins were
scored in gel-shift assays with a 3?P-radiolabeled E2F DNA-
binding site. (B) E2F DNA-binding activities in transiently
transfected cells. Nuclear extracts were prepared from SAOS2
cells transiently transfected as in A and analyzed in gel-shift
assays with a *2P-radiolabeled E2F DNA-binding site. (Solid ar-
rows) Complexes containing free E2F; (open arrow and solid
circles) pRB/E2F and pl107/E2F complexes, respectively. (C)
Production of pRB mutants. Whole cell extracts (150 pg) pre-
pared from SAOS2 cells transiently transfected as in A were
immunoblotted with an anti-HA antibody.


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

Downloaded from genesdev.cship.org on April 28, 2024 - Published by Cold Spring Harbor Laboratory Press

In this latter assay, interaction of pRB with E2F results in
a loss of free E2F complexes (solid arrows) and the for-
mation of a more slowly migrating complex shown pre-
viously to contain pRB and E2F (open arrow). All of the
pRB mutants that retained the ability to form such stable
pRB/E2F/DNA complexes were likewise able to bind to
E2F in solution as measured in the immunoprecipitation
(IP)-DOC release experiments (e.g., pPRBA685). On the
other hand, some pRB mutants that scored positively in
the IP-DOC assays (Fig. 1A) were unable to form stable
pRB/E2F/DNA complexes (e.g., pRBA651; Fig. 1B).
These results suggest that either the IP-DOC assay is
more sensitive than conventional gel-shift assays or that
there are additional structural requirements for stable
binding of pRB to E2F when the latter is bound to DNA
as opposed to free in solution.
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Differentiation promotion by pRB

Acute induction of a G,/S block by pRB is linked
to transcriptional repression

pRB represses transcription when bound to DNA. This
activity maps to a region within pRB residues 379-928
(Adnane et al. 1995; Bremner et al. 1995; Sellers et al.
1995; Weintraub et al. 1995). The pRB mutants, as TETr—
DNA-binding domain-pRB(379-928) chimeras, were
next assayed for their ability to repress transcription.
Plasmids encoding the TETr-RB(379-928) chimeras
were transiently introduced into RB +/+ (data not shown)
and RB -/- cells (Fig. 2B) along with an E2F1-promoter
luciferase reporter plasmid in which the E2F sites were
replaced with TETo sites ()GL2ANATETO) (Fig. 2C; Sell-
ers et al. 1995). In parallel, the corresponding full-length
pRB mutants were tested for their ability to induce a

Figure 2. Transcriptional repression and acti-
vation functions predict the ability of pRB to
induce a cell cycle block and promote differ-
entiation. (A) Induction of a G, arrest by pRB.
SAOS?2 cells were transiently transfected with
plasmids encoding the indicated pRB proteins
along with a plasmid encoding the cell-surface
marker CD19. Seventy-two hours later, the
DNA content of CD19-positive cells was de-
termined by FACS. The y-axis indicates the
absolute increase in the percentage of cells in
G, relative to cells transfected with the back-
bone expression plasmid. Each value repre-
sents the mean of 2-5 independent experi-
ments. (B) Transcriptional repression me-
diated by TETr-RB(379-928) and mutant
derivatives. SAOS2 cells were cotransfected
with pGL2ANATETo, pCMV-B-Gal and plas-
mids encoding either wild-type TETr-RB(379-
928) or the indicated mutant derivatives.
Luciferase values were determined and nor-
malized for B-galactosidase activity. Fold re-
pression represents the corrected luciferase
value obtained with TETr alone divided by the
corrected luciferase obtained with the indi-
cated TETr-RB chimeras. Data shown are
means of replicate values and are representa-
tive of three independent experiments. (C) Ex-
perimental design for repression assays. Tran-
scriptional repression was measured by use of
a luciferase reporter plasmid (P GL2ANATETO0)
containing the region from -211 to +64 of the
E2F1 promoter (Neuman et al. 1994). Both E2F
DNA-binding sites were replaced by TETo
DNA-binding sites. Wild-type pRB(379-928),
and mutant derivatives thereof, were targeted
to DNA as chimeras containing the DNA-

binding domain of TETr (TETr—RBLP) (Sellers et al. 1995). (D) Flat cell induction. SAOS2 cells were transfected with plasmids encoding
the indicated pRB proteins along with a neomycin resistance plasmid. The number of flat cells per ten 100x fields following 2 weeks
of G418 selection was determined by manual counting. Values represent the mean of four independent experiments. (E) Transacti-
vation of the MCK promoter. RB —/- MEFs were cotransfected with plasmids encoding the indicated pRB proteins along with a plasmid
encoding MyoD and a plasmid containing the MCK promoter upstream of CAT. CAT activity was determined 36-48 hr following
transfection. CAT activity relative to the activity obtained in the presence of wild-type RB is shown. Data are representative of two
independent experiments. (F) Induction of alkaline phosphatase activity. SAOS2 cells were transfected and selected in G418 as in D.
Alkaline phosphatase activity was measured using a colorimetric substrate and normalized for total protein content. Values represent
the means of duplicate samples and are representative of three independent experiments.
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G,/S block. To this end, RB (-/-) SAOS2 osteosarcoma
cells were transfected with a plasmid encoding wild-type
HA-pRB, or the mutant derivatives thereof, and the cell
cycle distribution of the transfected cells was deter-
mined by fluorescence-activated cell sorting (FACS) (Fig.
2A). Only those pRB mutants, such as pRBA685, that
formed stable pRB/E2F/DNA complexes (Fig. 1B) and
retained the ability to repress transcription (Fig. 2B) in-
duced a G, /S block in these assays (Fig. 2A). In contrast,
pRB mutants such as pRBA651, pRBA657, pRBA663,
which were defective for these activities, were unable to
induce a G,/S block. Notably, pRBA651 and pRBA657
were able to bind to E2F in solution as measured in the
IP-DOC release assay (Fig. 1A). These results are consis-
tent with the view that the acute induction of G,/S
block following reintroduction of pRB into RB -/- tumor
cells is linked to its ability to repress transcription once
bound to E2F responsive promoters.

Flat cell induction by pRB linked to transcriptional
activation

Reintroduction of wild-type pRB into certain RB -/-
cells such as SAOS2 osteosarcoma cells also causes pro-
found morphological changes referred to as the flat cell
phenotype (Fig. 3; Huang et al. 1988; Templeton et al.
1991; Hinds et al. 1992; Qin et al. 1992). To score for flat
cell induction, the HA-pRB expression plasmids were

RiBaexZ3

REASES

R

Figure 3. Morphological changes induced following restora-
tion of pRB function in SAOS2 osteogenic sarcoma cells. SAOS2
osteogenic sarcoma cells were stably transfected with plasmids
encoding the indicated pRB proteins. (Left) Phase-contrast mi-
crographs of cells following 2 weeks of selection in G418.
(Right) von Kossa Staining for mineral deposition after 2 weeks
selection in G418 followed by 2 weeks incubation in media
containing 50 pg/ml L-ascorbic acid and 10 mm B-glycerol-phos-
phate. Magnification, 300x.
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Figure 4. An E2F1-RB chimera does not induce flat cells.
SAQOS2 cells were transfected with plasmids encoding either
wild-type pRB, pRBAex22, or the indicated E2F1-RB chimeras,
along with a neomycin resistance marker. (E2F1) E2F1(1-368);
(RBSP) pRB(379-792); (RBLP) pRB(379-928). The number of flat
cells per ten 100x fields following 2 weeks of G418 selection
was determined by manual counting. Data shown are represen-
tative of three independent experiments. (Top) The ability of the
various proteins to either repress transcription or to induce a
G, /S arrest, as determined previously (Sellers et al. 1995). (Bot-
tom) Production of each protein was confirmed by anti-RB im-
munoprecipitation followed by anti-RB immunoblot analysis.

transfected into SAOS2 cells along with a neomycin re-
sistance marker. Following 2 weeks of drug selection,
the number of flat cells per 10 100x fields was deter-
mined. As expected, wild-type pRB induced numerous
flat cells, whereas pRBAex22 did not (Figs. 2D and 3). A
number of mutants, such as pRBA651 and pRBA663, ef-
ficiently generated flat cells (Figs. 2D and 3) despite an
inability to form stable pRB/E2F/DNA complexes, an
inability to repress transcription, and an inability to in-
duce an acute G,/S block (Figs. 1B and 2, B and A, re-
spectively). In contrast, mutants such as pRBA657 that,
unlike pRBA663, were able to bind to E2F (Fig. 1A), at
least in solution, were unable to induce flat cells (Fig.
2D). Finally, a chimeric protein containing the E2F1
DNA-binding domain and pRB transcriptional repres-
sion domain did not induce flat cells despite an ability to
repress E2F-responsive promoters and induce a G,/S
block in these cells (Fig. 4). Taken together, these results
suggested that the induction of flat cells, unlike the
acute induction of a G,/S block, was not linked to the
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ability of pRB to bind to E2F or to its ability to repress
transcription.

MyoD, NF-IL6, C/EBP, and the glucocorticoid recep-
tor (GRa), are examples of transcription factors that de-
pend on the presence of wild-type pRB to activate certain
promoters (Gu et al. 1993; Singh et al. 1995; Chen et al.
1996a,b; Novitch et al. 1996). Next, the pRB mutants
were tested for their ability to cooperate with MyoD as
one measure of this activity. To this end, a plasmid en-
coding MyoD was introduced into RB —/- murine em-
bryo fibroblasts (MEFs) with a reporter plasmid contain-
ing the muscle creatine kinase (MCK) promoter up-
stream of the chloramphenicol acetyltransferase (CAT)
gene. In the absence of pRB, there was little or no effect
of MyoD on the MCK promoter (Fig. 2E). MyoD activa-
tion of the MCK promoter was, as expected, restored in
the presence of wild-type pRB, but not pRBAex22. Each
pRB mutant that induced flat cells (such as pRBA651,
pRBA663, pRBA685) was likewise capable of cooperating
with MyoD to activate the MCK promoter (cf. Fig. 2D
and E). In contrast, mutants that did not induce flat cells
(such as pRBA657) also failed to rescue MyoD activation
(Fig. 2D,E). These data suggested that the ability of pRB
to cooperatively activate transcription might underlie its
ability to induce flat cells.

Flat cells display markers indicative of differentiation

The ability of pRB to cooperate with MyoD to activate a
late differentiation promoter (MCK) suggested that the
flat cell phenotype observed in SAOS2 osteosarcoma
cells might reflect the ability of pRB to cooperate with
one or more endogenous transcription factors involved
in bone differentiation. If so, flat cells might express
markers indicative of osteoblast differentiation. In keep-
ing with this view, flat cells induced by wild-type RB
exhibited a 7- to 8-fold increase in bone alkaline phos-
phatase activity compared to cells transfected with the
backbone expression plasmid (Fig. 2F). Similarly, all of
the pRB mutants capable of inducing flat cells induced a
6- to 10-fold increase in alkaline phosphatase activity.
Conversely, those mutants that failed to induce flat cells
also failed to induce bone alkaline phosphatase activity.
These results were corroborated by assaying SAOS2 cells
for bone mineral deposition by use of a modified von
Kossa stain. Flat cells induced by wild-type pRB or
pRBAG663 scored positively in this assay, whereas cells
producing pRBAEx22 did not (Fig. 3).

pRB, p107, and p130 differ in their ability to activate
transcription and promote differentiation

p107 and p130, like pRB, interact with certain E2F fam-
ily members and can induce a G, /S block (Schwarz et al.
1993; Zhu et al. 1993; Claudio et al. 1994; Vairo et al.
1995). To determine whether these proteins were like-
wise capable of inducing flat cells, SAOS2 cells were
transiently transfected with plasmids encoding either
HA-pRB, HA-p107, HA-pl130, or mutant derivatives

Differentiation promotion by pRB

thereof (HA-pRBA22, pl07-DE, and HA-p130A21, re-
spectively), along with a neomycin resistance plasmid.
All of these proteins were produced at comparable levels
as determined by anti-HA western blot analysis of ex-
tracts prepared from transiently transfected cells (Fig.
5A). Two weeks after drug selection, the number of flat
cells was determined. p107 and p130 induced flat cells
far less effectively than pRB (Fig. 5C). The relative ability
of p107 and p130 to induce flat cells mirrored their abil-
ity to cooperate with MyoD in transcriptional activation
assays in the RB —/- MEFs (Novitch et al. 1996). p107
and pl30, like pRB, were capable of arresting SAOS2
cells in G, following transient transfection (Fig. 5B). In
contrast, the mutant derivatives of these proteins failed
to induce either flat cells or a G,/S block (Fig. 5B,C).
Thus, pRB, p107, and p130 differ in their ability to acti-
vate transcription and promote differentiation. Notably,
the ability of the various pRB family members to induce
a G, /S block (Fig. 5B) did not fully predict their ability to
promote flat cells (Fig. 5C). In particular, p130 was com-
parable with pRB in arresting cells in G, and yet was
barely capable of inducing flat cells.

pRB mutants associated with a low-risk

of retinoblastoma are defective for E2F-binding
but retain the ability to activate transcription
and promote differentiation

Certain germ-line RB-1 mutations give rise to retinoblas-
toma at a much lower frequency than expected for a null
RB allele. Carriers of such alleles frequently develop be-
nign retinal proliferations (retinomas) and the rare reti-
noblastomas that do develop are typically unifocal.
Thus, these partially penetrant alleles preserve, to a sig-
nificant degree, the ability to suppress tumor formation.
We noted that one such allele, affecting pRB residue 661
(pRB;661W), mapped near pRBA663. Furthermore,
pRB;661W suppresses colony formation in vitro when
ectopically produced in RB -/- cells and yet, like
pRBA663, does not bind to E2F (Kratzke et al. 1994) and
is unable to repress transcription in assays similar to that
depicted in Figure 2C (Sellers et al. 1995). This raised the
possibility that growth suppression by partially pen-
etrant mutants such as pRB661W might be linked to
their ability to promote differentiation.

To address this, the protein products of two partially
penetrant alleles, pRB;661W and pRBAex4 (deletion of
exon 4), were characterized and compared with the pro-
tein product of a presumed null allele isolated from the
germ line of a child with bilateral retinoblastoma
(pPRB;567L; Yandell et al. 1989; Templeton et al. 1991;
Onadim et al. 1992; Dryja et al. 1993; Kratzke et al. 1994;
Lohmann et al. 1994). Nuclear extracts were prepared
from SAOS?2 cells transiently transfected with plasmids
encoding HA-pRB(wt), or the aforementioned mutant de-
rivatives, and tested in mobility-shift assays by use of an
E2F-binding site. All of these mutants were produced at
comparable levels in these cells as determined by anti-
HA Western blot analysis (Fig. 6A). Extracts from back-
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Figure 5. pRB family members differ in flat A
cell induction. (A) Production of pRB family
members in SAOS2 cells. SAOS?2 cells tran-
siently transfected with plasmids encoding
the indicated HA-tagged wild-type or mu-

RB(WT)
RBAoxN22
pl107{WT)

Vactor

p107-DE

p130(WT)

pi130Aa21

tant pRB family members were lysed and
immunoprecipitated with an anti-HA anti-
body. The immunoprecipitates were re-
solved by electrophoresis in a 7.5% SDS-
polyacrylamide gel and immunoblotted
with an anti-HA antibody. (B) pRB family
members induce a cell cycle block in
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the percentage of cells in G, relative to cells

transfected with the backbone expression plasmid. Data shown is from a single experiment and is representative of data obtained in
three independent experiments. (C) Flat cell induction. SAOS2 cells were transfected with plasmids encoding the indicated wild-type
or mutant pRB family members, along with a neomycin resistance plasmid. The number of flat cells per ten 100x fields following 2
weeks of G418 selection was determined by manual counting. Data shown are from a single experiment and is representative of data

obtained in three independent experiments.

bone vector transfected cells contained free E2F com-
plexes (solid arrows) but no E2F-pRB complex (open ar-
row; Fig. 6B). Wild-type pRB, as expected, led to a loss of
free E2F and the formation of a pRB/E2F/DNA complex.
In contrast, extracts from the pRBAex22, pRB;661W,
pRBAex4, and pRB;567L transfectants did not contain
this new complex (Fig. 6B). Note that the complete dis-
appearance of free E2F in this transient transfection as-
say likely reflects the ability of pRB to bind to E2F de-
rived from untransfected cells after cell lysis. If so, this
would not undermine the conclusion that pRB;661W and
pRBAex4 are incapable of forming stable pRB/E2F/DNA
complexes.

In parallel, SAOS2 cells transiently transfected with
plasmids encoding wild-type pRB, or the aforementioned
mutant derivatives, were lysed and immunoprecipitated
with an anti-HA antibody. Bound E2F was released by
treatment with deoxycholate and scored in gel-shift as-
says. As expected, E2F bound to wild-type pRB but not to
the null pRB mutants pRBAex22 and pRB;567L. E2F
binding to pRB;661W was likewise undetectable and
binding to pRBAex4 was grossly impaired (Fig. 6C). Fi-
nally, pRB;661W, like pRBAex22, did not inhibit the abil-
ity of a GAL4-E2F1 chimera to activate transcription in
vivo (data not shown). Thus, differences in E2F binding
did not appear to account for the markedly different risks
of developing retinoblastoma associated with germ line
transmission of 567L compared with 661W or Aex4.

In contrast, the two partially penetrant mutants,
pRB;661W and pRBAex4, but not the two null mutants
pRB;567L and pRBAex22, induced flat cells and cooper-
ated with MyoD and GRa with seemingly wild-type ef-
ficiency (Fig. 7A,B, and C, respectively). Nuclear extracts
prepared from pRB;661W and pRBAex4-induced flat cells
did not contain an E2F-pRB complex (Fig. 6D), in keep-
ing with the results obtained following transient trans-
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fection. Finally, pRB;661W and pRBAex4, unlike
pRBAex22, cooperated with MyoD to induce muscle dif-
ferentiation in vitro (Fig. 8; data not shown). Thus,
pRB;661W and pRBAex4 can induce both osteoblastic
and myogenic differentiation in vitro.

Discussion

E2F is thought to be a physiologically relevant target of
pRB action. We found that the ability to bind to E2F in
solution, at least as measured in IP-DOC release experi-
ments, was not sufficient for pRB to induce an acute
G, /S block. The latter required an intact transcriptional
repression domain and the ability to form stable com-
plexes with E2F bound to DNA. These observations ar-
gue against the notion that pRB simply sequesters E2F
and are consistent with emerging data which suggest
that pRB/E2F complexes actively repress the transcrip-
tion of E2F-responsive promoters in G,/,; (Weintraub et
al. 1992; Sellers and Kaelin 1996).

pRB-induced SAOS flat cells displayed two hallmarks
of osteoblast differentiation relative to the parental cells,
namely, increased expression of bone alkaline phospha-
tase and increased bone mineral deposition. Data pre-
sented here suggest that induction of osteoblast differ-
entiation by pRB is not linked to its ability to repress
E2F-dependent promoters and induce a G,/S block. An
E2F1-RB chimera and p130, although capable of repress-
ing E2F-dependent transcription and arresting cells in
G,, were either unable to induce flat cells (E2F1-RB) or
did so poorly (p130). Furthermore, pRB mutants such as
pRBA651 were able to bind to E2F and yet were unable to
induce flat cells. Conversely, pRB mutants such as
pRBA663 were unable to bind stably to E2F, unable to
repress transcription when bound to DNA, and unable to
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Figure 6. Proteins encoded by partially penetrant RB-1 alleles
are defective for E2F binding. (A,C) SAOS2 cells transiently
transfected with plasmids encoding the indicated HA-tagged
pRB proteins were lysed and immunoprecipitated with an anti-
HA antibody. The immunoprecipitates were immunoblotted
with an anti-HA antibody (A) or were assayed for coimmuno-
precipitated E2F by gel-shift analysis of deoxycholate released
proteins by use of a 3?P-radiolabeled E2F DNA-binding site (C).
(B) E2F DNA-binding activity in transiently transfected cells.
Nuclear extracts were prepared from SAOS2 cells transiently
transfected with plasmids encoding the indicated HA-tagged
pRB proteins and analyzed in gel-shift assays using an 3?P-ra-
diolabeled E2F DNA-binding site. (Solid arrows) Complexes
containing free E2F; (open arrow and solid circle) pRB/E2F and
p107/E2F complexes, respectively. (D) E2F complexes in stably
transfected cells. SAOS2 cells were transfected with plasmids
encoding the indicated HA-tagged pRB proteins along with a
neomycin resistance plasmid. Following 2 weeks of selection in
media containing G418, nuclear extracts were prepared and ana-
lyzed as in B.

induce an acute G,/S block, and yet were able to induce
flat cells.

In contrast, the ability of the various pRB mutants to
induce flat cells was accurately predicted by their ability
to activate transcription of the MCK promoter in coop-
eration with MyoD. This suggests that ability of pRB to
induce SAOS-2 flat cells might reflect the ability of pRB
to cooperate with one or more endogenous transcription
factors involved in bone differentiation. Furthermore,
pRB mutants that promoted osteoblastic differentiation
were likewise capable of inducing myogenic conversion
of fibroblasts in vitro.

Taken together, these data suggest that pRB performs
two functions, namely, regulation of cell cycle progres-
sion through its ability to repress E2F-dependent pro-

Differentiation promotion by pRB

moters and promotion of differentiation through its abil-
ity to activate transcription in concert with certain non-
E2F transcription factors (Fig. 9). pRB can cooperate with
a variety of transcription factors including, ATF-2,
MyoD, GRa, C/EBP, and NF-IL6 (for review, see Chen et
al. 1996a; Sellers and Kaelin 1996). The biochemical ba-
sis of this cooperation, which may involve physical as-
sociation with pRB, is not well understood.

The link between tumor suppression and various pRB
biochemical functions has been inferred from studies of
naturally occurring pRB mutants. Typical of such mu-
tants, pRBAex22, encoded by a tumor-derived, somati-
cally altered, RB allele, and RB;567L encoded by a germ-
line allele from a patient with bilateral retinoblastoma,
lack any measurable ability to interact with E2F, to ar-
rest cells in G,, to activate transcription, or promote
differentiation. In contrast, two partially penetrant mu-
tants, pRBAex4 and pRB;661W, were grossly defective for
E2F binding but were capable of activating transcription
and promoting differentiation. Thus, in the simplest
view, tumor suppression by pRB is linked both to its
ability regulate cell cycle progression and to its ability to
promote differentiation. According to this model, the
marked reduction in the risk of retinoblastoma associ-
ated with pRBAex4 and pRB;661W compared with null
pRB mutants reflects the fact that they retain one of
these pRB functions, namely, the ability to activate tran-
scription and promote differentiation.

pRB;661W suppresses colony formation when reintro-
duced into RB -/~ cells (Kratzke et al. 1994). Therefore,
growth suppression by pRB;661W is measurable both in
vitro and in vivo. Furthermore, SAOS2 cells induced to
differentiate by pRB mutants such as pRB;661W and
pRBAex4 arrest with either 2N or 4N DNA content (data
not shown). Similarly, murine cells induced to undergo
myogenic differentation by pRB;661W ceased proliferat-
ing as determined by absent bromodeoxyuridine incor-
poration (data not shown). SAOS?2 flat cells lack free E2F
as measured in gel-shift assays (Fig. 6D). This loss of E2F
DNA-binding activity need not reflect a biochemical
interaction between E2F and pRB. For example, during
adipocyte differentiation, phosphatase PP2A is down-
regulated leading to phosphorylation of the E2F heterodi-
meric partner DP-1 and consequent loss of E2F DNA-
binding activity (Altiok et al. 1997). Thus, one possibil-
ity, given the available biochemical data, is that loss of
E2F DNA-binding activity, and subsequent growth ar-
rest, is an indirect consequence of differentiation promo-
tion by pRB;661W and pRBAex4. If true, this would sug-
gest that pRB has both direct and indirect effects on E2F.

SAOS2 osteogenic sarcoma cells contain wild-type
p107 and p130 (H. Stubdal and J. DeCaprio, unpubl.).
Thus, the endogenous levels of p107 and p130 in these
cells do not support the formation of flat cells. Similarly,
these two proteins were significantly impaired relative
to pRB in their ability to activate transcription in concert
with MyoD in RB -/- MEFs (Novitch et al. 1996). Thus,
in at least certain cell lineages, the differentiation pro-
motion activities of the pRB family members measur-
ably differ. A similar conclusion has been reached by
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Figure 7. Proteins encoded by partially penetrant RB-1 alleles preserve the ability to induce flat cells and to cooperate with MyoD.

(A) Flat cell induction. SAOS2 cells were transfected with plasmids encoding the indicated HA-tagged pRB proteins along with a
neomycin resistance plasmid. The number of flat cells per ten 100x fields was determined after G418 selection for 2 weeks. (B)
Transactivation of the muscle creatine kinase promoter. RB —/- MEFs were cotransfected with plasmids encoding the indicated pRB
proteins along with a plasmid encoding MyoD and a plasmid containing the MCK promoter upstream of CAT. CAT activity relative
to that obtained in the presence of wild-type RB is shown. Data are representative of two independent experiments. (C) Transactivation
of a glucocorticoid responsive promoter. SAOS2 cells were transiently transfected in duplicate with plasmids encoding the indicated
HA-tagged pRB proteins along with a plasmid encoding GRa, an MTV-promoter luciferase reporter plasmid and a plasmid encoding
B-galactosidase. Dexamethasone was added 16 hr after transfection to one of each duplicate. Fold dexamethasone induced activity after
correction for B-galactosidase activity is shown. Data shown are representative of two independent experiments.

Harlow and coworkers by use of an adipocyte differen-
tiation model (M. Classon and E. Harlow, pers. comm.).

p107 and p130 can, like pRB, repress E2F-dependent
promoters and induce a cell cycle block. Unlike pRB,
however, p107 and p130 have not been identified as re-
current targets of mutations in human tumors (Weinberg
1995). Furthermore, mice lacking either p107 or p130 are
viable and do not develop tumors (Cobrinik et al. 1996;
Lee et al. 1996). In contrast, RB knockout embryos are
not viable, and RB heterozygous mice develop pituitary

MyaD MHC
o -

Figure 8. Myogenic conversion of embryonic fibroblasts. RB
—-/- MEFs were transiently transfected with plasmids encoding
MyoD and the indicated pRB proteins. Differentiation media
were added to the cells 24-48 hr after transfection. Two to four
days later cells were immunostained for MyoD and myosin
heavy chain (MHC) as indicated.
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tumors (Clarke et al. 1992; Jacks et al. 1992; Lee et al.
1992). RB -/-embryos do not die until gestational day 13
and neuronal and melanotrophic cells in RB +/- and RB
-/- embryos exhibit increased DNA synthesis, selective
loss of specific neuronal markers, failure of timely inner-
vation, altered morphology, and increased apoptosis
(Clarke et al. 1992; Jacks et al. 1992; Lee et al. 1992,
1994; Nikitin and Lee 1996). Partial restoration of pRB
function in such embryos allows one to observe a defect
in muscle differentiation that becomes manifest later
during development (Zacksenhaus et al. 1996). Thus, the
selection pressure to mutate RB in human tumors, and
the requirement for pRB during development, may re-
flect its ability to regulate both the cell cycle and, in
certain tissues, differentiation. On the basis of the
mouse data, and the tight association between RB germ-
line mutations and the development of retinoblastoma

Repress TfiﬂSETi:Vw:th'au transcription

EZF family e.g. MyoD
GRa
NF-ILE
C/EBP
Cell-Cycle Control  Differentiation

Figure 9. Model for pRB function.
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and sarcomas, one might infer that p107 and p130 cannot
fully compensate for the effect of pRB loss on differen-
tiation in neuroectodermal and mesenchymal tissues.

Our data do not preclude, however, the possibility that
p107 and p130 can, like pRB, regulate the cell cycle and
differentiation in certain tissues. In this regard, p107 -/-,
p130 -/- succumb to a specific defect in chondrocyte
maturation suggesting that the proper differentiation of
these cells depends on these two proteins (Cobrinik et al.
1996). It is likely that broad functional overlap exists
amongst pRB, p107, and p130 as most developing tissues
in both RB -/-and p107 -/-, p130 —/- embryos appear to
be normal (Clarke et al. 1992; Jacks et al. 1992; Lee et al.
1992; Cobrinik et al. 1996).

This dual function model for pRB-mediated tumor
suppression may account for the fact that, to date, mu-
tations have been identified in RB-1, and its upstream
regulators, but not in downstream components such as
E2F. Furthermore, this dual function model may account
for the underepresentation of missense mutations
among naturally occurring RB-1 mutations. Pathological
examination of human tumors reveals that proliferation
and differentiation are both commonly deregulated and
are typically inversely correlated. The frequent loss of
both pRB functions in human tumors, either as a direct
result of mutation, or as an indirect consequence of al-
terations in upstream pRB regulators (p16, cdk4, Cyclin
D1), may, at least in part, underlie these observations.

Materials and methods
Cell culture and transfection

SAOS2 cells were grown in Dulbecco’s modified Eagle media
(DMEM), supplemented with 10% fetal bovine serum (FBS), and
transfected by the calcium-phosphate method (Chen and
Okayama 1987).

RB -/- MEFs isolated from day 13 embryos were grown in
DME supplemented with 10% FBS and were used between pas-
sages 3 and 10. MEFs were plated at 1.5 x 10° to 1.75 x 10° cells
per 60 mm plate the day before transfection with a total of 2 ug
of DNA by use of lipofectamine (GIBCO BRL) (Skapek et al.
1995). Myogenic conversion of embryonic fibroblasts was in-
duced 24-48 hr after transfection by changing the media to
DMEM containing 2% horse serum plus 10 pg/ml of insulin
(differentiation media; DM) for 2-4 days.

Plasmids

pSG5L is a derivative of pSG5 (Stratagene) with a modified
polylinker (R. Scully and D.M. Livingston, unpubl.). To intro-

Table 1. Oligonucleotides used in site-directed mutagenesis

Differentiation promotion by pRB

duce an HA tag, the HindlIlI-EcoRlI insert from pSP72-HA-E2F1
(Krek et al. 1993) was ligated into pSG5L restricted with these
two enzymes to make pSG5L-HA-E2F1. pSG5L-HA-E2F1 was
restricted with BamHI and EcoRI (removing the E2F1 cDNA,
but leaving the HA-tag) and ligated to the BamHI-EcoR|l RB
cDNA insert from pSG5-TETr-RB(379-928) (Sellers et al. 1995)
to make pSG5L-HA-RB(379-928). pSG5L-HA-RB(WT) was
made by replacing the BamHI-Nhel RB cDNA fragment in
pSG5L-HA-RB(379-928) with the corresponding fragment in
pSG5-RB (Shirodkar et al. 1992). A three-way ligation of the
vector generated by BamHI-EcoRI digestion of pSG5L-HA-
RB(379-928), the BamHI-Mlul insert from pSG5L-HA-RB and
the Mlul-EcoRlI insert from pSG5-TETr-RB(379-928;A22) (Sell-
ers et al. 1995) was performed to make pSG5L-HA-RBA22.

pSG5L-HA-RB;567L, pSG5L-HA-RB;661W and the pRB
NAAIRS substitution mutants were all generated by site-di-
rected mutagenesis by use of single-stranded anti-sense DNA
derived from pSG5L-HA-RB(wt) and the indicated sense oligo-
nucleotides. The NAAIRS mutant RB cDNAs were then excised
by restriction with Bst11071 and Nhel and ligated into similarly
restricted pSG5-TETr-RB(379-928) to make the corresponding
TETr-RB(379-928) mutants. All mutations were confirmed by
sequencing (Table 1).

The Hpal-Mlul RB cDNA insert from pCl-neo-RBA4 (G.A.
Otterson and F.J. Kaye, unpubl.) was ligated into similarly re-
stricted pSG5L-HA-RB to make pSG5L-HA-RBAexA4.

The BamHI inserts from pcDNA-HAE2F1(1-368)RB(379-
792), pcDNA-HAE2F1(1-368)RB(379-928;A22) and pcDNA-
HAE2F1(1-368;132)RB(379-792) (Sellers et al. 1995) were li-
gated into the BamHlI site of pPCMV-neo-Bam (Baker et al. 1990)
to make pCMV-E2F1-RBSP, pCMV-E2F1-RBLPA22 and
pCMV-E2F1(132)-RBSP, respectively.

pCD19 (Tedder and lIsaacs 1989), pCMVneo (Baker et al.
1990), pCMV-RB (Qin et al. 1992), pPCMV-RBA22 (Qin et al.
1992), pPGL2ANATETO (Sellers et al. 1995), pPCMV-BGal, pCSA-
MyoD (Skapek et al. 1995), p-3300-MCK-CAT (Jaynes et al.
1988), pCMVneoBam-HAp107 (Zhu et al. 1993), pRS-hGRa
(Giguere et al. 1986), pCMVneoBam-HAp107DE (Zhu et al.
1995), and pCDNA1-HAp130 (Vairo 1995) have been described
previously. pMTV-GRE-Luc was the gift of William Chin
(Brigham and Women’s Hospital, Harvard Medical School, Bos-
ton, MA) and pCDNA1-HAp130A21 was the gift of Juan Zal-
vide and James DeCaprio (Dana-Farber Cancer Institute, Har-
vard Medical School, Boston, MA).

Flat cell assays

SAOS?2 cells grown on p100 plates were transfected with 4 pg of
pCMV-Neo and 20 pg of the indicated pSGL-HA-RB plasmids.
Stable transfectants were selected and grown in DMEM con-
taining 10% FCS and 500 pg/ml of G418 for 2 weeks. The num-
ber of flat cells per ten 100x microscopic fields was determined
manually.

Mutation Oligonucleotide

RBA651 (NAAIRS) TCTCTTTCACTGTTTaatgctgctatacgatcgCTAGCCTATCTCCGG
RBA657 (NAAIRS) AAAAAAGTGTATCGGaatgctgctatacgatcgAATACACTTTGTGAA
RBA663 (NAAIRS) GCCTATCTCCGGCTAaatgctgctatacgatcgCTTCTGTCTGAGCAC
RBA685 (NAAIRS) ATCTGGACCCTTTTCaatgctgctatacgatcgGAGTATGAACTCATG
RB;567L GCATGGCTCTCAGATCttCCTTTATTTGATCTT

RB;661W GTGTATCGGCT aGCCTATCTCcGGCTAAATACA
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von Kossa staining

SAOS?2 flat cells generated as above were grown in DMEM con-
taining 10% FCS, 500 pg/ml of G418, 50 pug/ml of L-ascorbic
acid, and 10 mm B-glycerol phosphate for 2 weeks. The cells
were then fixed for 10 min in freshly prepared 4% paraformal-
dehyde in TBS, washed twice with TBS, once with ddH,O, and
incubated in freshly prepared 3% AgNO; for 30 min in the dark.
The cells were then exposed to UV light on a UV transillumi-
nator (Fotodyne) for 1 min to allow for color development (Asa-
hina et al. 1996)

Immunoprecipitation and immunoblot analysis

Whole cell extracts were prepared as in Krek et al. (1993). Im-
munoprecipitation and immunoblotting were performed essen-
tially as described previously (Harlow and Lane 1988). Immu-
noprecipation reactions contained 500 pl of cell extract (derived
from the adherent cells in a nearly confluent p100 plate) and
(1.5 pg of 12CAS5 anti-HA antibody (Boehringer Mannheim) or
1 pl of N9 anti-RB sera (Sellers et al. 1995). Immunoprecipitates
recovered on protein A-Sepharose were either eluted by boiling
in SDS-containing protein sample buffer or with deoxycholate
(see below).

For immunoblotting, filters were blocked and probed in TBS
and 4% powdered milk for 1 hr. mAb12CA5 was used at a
concentration of 1 pg/ml. N9 serum was used at a dilution of
1:1500. Bound protein was detected colorimetrically by use of
an alkaline phosphatase conjugated goat anti-mouse antibody.

Immunofluorescence staining

Anti-MyoD and anti-MHC immunofluorescence staining was
as described previously (Novitch et al. 1996).

FACS/Cell cycle analysis

SAOS2 cells grown on p100 plates were transfected with 4 pg of
pCD19 and 20 pg of the indicated pSGL-HA-RB plasmid. Cells
were harvested 72 hr later by treatment with trypsin—-EDTA,
and stained with anti-CD19 antibody (Tedder and Isaacs 1989),
FITC-conjugated goat anti-mouse antibody and propidium io-
dide as described previously (Qin et al. 1995). Samples were
analyzed by two-color FACS with a Beckton-Dickinson FAC-
scan.

Gel shift assays

Nuclear protein extracts were prepared as described previously
(Hurst et al. 1990). Two microliters of nuclear extract (10 pg of
total protein) was added to 20 ul of Gel-shift buffer [20 mm
HEPES (pH 7.5), 50 mm KCI, 10 mm MgCl,, 10% glycerol, 0.5
mm DTT, 0.1% NP-40, 0.1 mm EDTA at pH 8.0, 2 mg/ml of
BSA, 200 pg/ml of sonicated salmon sperm DNA] containing 1
ng of 2P-end-labeled double-stranded E2F oligonucleotide (5’
E2F site from the E2F1 promoter or the E2F site from the ad-
enoviral E2 promoter). The reactions were incubated at 20°C for
20 min before electrophoresis.

For the DOC release experiments, immune complexes bound
to protein A-Sepharose were washed twice with buffer A(1) [20
mm HEPES (pH 7.5), 50 mm KCI, 1 mm MgCl,, 10% glycerol,
0.1% NP-40, 0.5 mm DTT). Bound E2F was released by incubat-
ing the Sepharose in 15 pl of buffer A(1) with 0.8% DOC for 10
min at 4°C. The resulting supernatant (10 pul) was then removed
and incubated with 15 pl of buffer A(1) supplemented with 0.6%
NP-40, 2 mg/ml of BSA, and 200 ng/ml of sonicated salmon
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sperm DNA for 15 min at 20°C. The end-labeled E2F oligo-
nucleotide (1 ng) was then added and incubated for 15 min at
20°C. Complexes were resolved on a 0.25x TBE 4% acrylamide
gel run at 300 V for 90 min.

Alkaline phosphatase activity

Alkaline phosphatase activity was determined as described pre-
viously (Asahina et al. 1996). SAOS2 cells grown in six well
plates were washed twice with Tris-buffered Saline at pH 8.0
(TBS) and lysed in 100 pl of TBS+1% Triton X-100 for 20 min at
4°C. Lysate (5 pl) was added to 50 pl of assay buffer [50 mm
Na,CO; (pH 10.0), 10 mm MgCl,, 20 mm p-Nitrophenol Phos-
phate]. The reactions were stopped 15-30 min later with 50 pl of
0.5 N NaOH and the absorbance measured at 450 nm. A standard
curve was generated by use of assay buffer containing from 1 to
10 nmoles of p-nitrophenol. Alkaline phosphatase activity was
expressed as nmoles of nitrophenol generated per minute reac-
tion time per microgram of total protein (as determined by Brad-
ford assay).

MyoD and glucocorticoid receptor transactivation assays

For MyoD transactivation experiments, RB -/- MEFs were
transfected with 0.5 pg pCSA-MyoD, 0.5 pg of p-3300-MCK-
CAT, and 0.5-1.0 pg of the indicated pSG5L-HA-RB plasmids
or the empty vector. Following 2 days under muscle differen-
tiation culture conditions, cell were assayed for CAT activity.
CAT assays were performed as described previously (Skapek et
al. 1995).

For GRa transactivation experiments, SAOS2 cells were tran-
siently transfected in six-well plates in duplicate with 3.0 pg of
plasmids encoding the indicated HA-tagged pRB proteins along
with 200 ng of pRS-GRa plasmid encoding GRa receptor, 1.0 pg
of pMTV-GRE-luciferase, and 1.0 pg of pPCMV-B-gal. The me-
dium was changed 16 hr after transfection, and dexamethasone
was added to a final concentration 107 m to one well of each
duplicate set. Luciferase actvity and B-gal activity was deter-
mined for each sample as described previously (Qin et al. 1995).

Transcriptional repression assays

Transcriptional repression assays were performed essentially as
described previously (Sellers et al. 1995). Briefly, SAOS2 cells
grown on pl00 plates were transfected with 8 pg of
pGL2ANATETO, 4 pug of pPCMV-BGal, and 10 g of the various
pSG5-TETr plasmids. Thirty-six hours later, luciferase and B-
gal activities were determined for each sample as described pre-
viously (Qin et al. 1995).
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Stable binding to E2F is not required for the retinoblastoma protein to
activate transcription, promote differentiation, and suppress tumor
cell growth
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