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Oncoproteins from DNA tumor viruses such as adenovirus E1a, simian virus 40 T antigen, and human
papillomavirus E7 contain an LXCXE sequence, which they use to bind the retinoblastoma protein (Rb) and
inhibit its function. Cellular proteins such as histone deacetylases 1 and 2 (HDAC1 and -2) also contain an
LXCXE-like sequence, which they use to interact with Rb. The LXCXE binding site in Rb was mutated to assess
its role in Rb function. These mutations inhibited binding to HDAC1 and -2, which each contain an LXCXE-
like sequence, but had no effect on binding to HDAC3, which lacks an LXCXE-like sequence. Mutation of the
LXCXE binding site inhibited active transcriptional repression by Rb and prevented it from effectively
repressing the cyclin E and A gene promoters. In contrast, mutations in the LXCXE binding site did not
prevent Rb from binding and inactivating E2F. Thus, the LXCXE mutations appear to separate Rb’s ability to
bind and inactivate E2F from its ability to efficiently recruit HDAC1 and -2 and actively repress transcription.
In transient assays, several of the LXCXE binding site mutants caused an increase in the percentage of cells
in G1 by flow cytometry, suggesting that they can arrest cells. However, this effect was transient, as none of the
mutants affected cell proliferation in longer-term assays examining bromodeoxyuridine incorporation or
colony formation. Our results then suggest that the LXCXE binding site is important for full Rb function.
Mutation of the LXCXE binding site does not inhibit binding of the BRG1 ATPase component of the SWI/SNF
nucleosome remodeling complex, which has been shown previously to be important for Rb function. Indeed,
overexpression of BRG1 and Rb in cells deficient for the proteins led to stable growth inhibition, suggesting
a cooperative role for SWI/SNF and the LXCXE binding site in efficient Rb function.

The retinoblastoma protein (Rb) is an important regulator
of the cell cycle (42). One target of Rb is the E2F family of cell
cycle transcription factors, and binding of Rb blocks transcrip-
tional activation by E2F (1, 11, 25, 32, 34). There are conflict-
ing reports as to whether this inactivation results simply from
the binding of Rb to the transactivation domain of E2F, or
whether recruitment of chromatin remodeling enzymes is re-
quired. In in vitro transcription assays Rb blocks transcrip-
tional activation by E2F-1 in the apparent absence of chroma-
tin remodeling complexes, suggesting that Rb may function
simply by binding and masking the transactivation domain of
E2F-1 (33). However, other studies have demonstrated that Rb
can interact with chromatin remodeling enzymes to repress
E2F activity (3, 29). One of these enzymes is histone deacety-
lase (HDAC), a family of at least seven different enzymes that
removes acetyl groups from the tails of histone octamers. This
removal of acetyl groups appears to facilitate condensation of
nucleosomes into chromatin, which in turn blocks access of
transcription factors, leading to gene repression (23, 24, 45). In
contrast to in vitro assays, transfection assays in vivo have
suggested that interaction of Rb with HDAC is required for Rb
to inhibit E2F-1 (3, 29). Furthermore, the active repression by
the Rb-E2F complex at the promoters of cell cycle genes is
thought to be mediated at least in part by recruitment of
HDAC, and HDAC activity appears to be required for Rb to
repress several cellular genes (28). An IXCXE site in the C
terminus of HDAC1 seems to be important in mediating as-
sociation with Rb (29).

In addition to HDACs, Rb also interacts with two other

chromatin remodeling enzymes, BRG1 and BRM (8, 35, 38).
These proteins are ATPases which are central components of
the human SWI-SNF nucleosome remodeling complex. SWI-
SNF was first identified in yeast where the ATPase SWI2-
SNF2 appears to be a homologue of mammalian BRG1 and
BRM (reviewed in reference 23). SWI/SNF seems to function
by regulating nucleosome formation and positioning around
genes. Several different SWI-SNF-related remodeling com-
plexes have now been identified, and these complexes appear
to have similar activities in in vitro assays. While SWI-SNF has
been thought to be involved primarily in transcriptional acti-
vation, mutation of SWI2-SNF2 led to both activation and
repression of genes in yeast (more genes were activated than
repressed), suggesting that SWI-SNF may also be involved in
transcriptional repression (19). Additionally, SWI-SNF-related
complexes have been shown more directly to be involved in
transcriptional repression. For example, the Mi2b complex is
associated with repression, and it is thought that the presence
of HDAC1 in the complex is required for this activity (22, 40,
48).

It has been demonstrated that expression of BRG1 in SW13
cells, which are deficient for both BRG1 and BRM (30) but are
Rb1 leads to growth arrest (8). Inhibition of Rb function by
expression of adenovirus E1a prevented this arrest, and muta-
tion of E1a to selectively block its interaction with Rb signifi-
cantly reduced this effect of E1a. Additionally, a dominant-
negative form of BRM, containing a mutant ATPase domain
but an intact Rb binding site, was able to inhibit growth sup-
pression by Rb (8). Two additional studies also point to a role
for BRG1 in Rb function: recently, it was shown that SWI-SNF
activity is important for Rb repression of the c-fos gene (31),
and earlier studies provided evidence that expression of BRM
in BRG1/BRM-deficient cells was required for Rb to efficiently
inhibit transcriptional activation by E2F-1 (37). Taken to-
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gether, the above studies point to potentially important roles
for HDAC and SWI-SNF in Rb activity.

Like HDAC1, BRG1 contains an LXCXE site, and deletion
of a BRG1 region containing the LXCXE site results in loss of
binding to Rb (8). An LXCXE sequence is also found in
adenovirus E1a, human papillomavirus (HPV) E7, and simian
virus 40 T antigen (7, 10, 13, 20). These DNA tumor virus
oncogene products use the LXCXE motif for high-affinity
binding and inhibition of Rb. Without the LXCXE site, these
oncoproteins cannot transform cells. The fact that viruses tar-
get the LXCXE binding site of Rb and that this is necessary for
transformation points to the importance of this site in Rb
function. The Rb pocket has been cocrystallized with an
LXCXE peptide, allowing localization of the LXCXE binding
site (26). A hydrophobic groove in Rb pocket domain B forms
the binding site, where the four conserved amino acids Tyr 709,
Lys 713, Tyr 756, and Asn 757 are involved in contacting the
backbone of the LXCXE peptide. We found that mutation of
these contact amino acids inhibited binding of Rb to LXCXE-
like proteins such as adenovirus E1a and HDAC1 and -2 but
not HDAC3, which lacks an LXCXE-like motif. The LXCXE
binding site mutations inhibited HDAC-dependent active re-
pression and efficient growth suppression by Rb, providing
evidence that the LXCXE binding site is important for efficient
Rb function. However, the mutations did not affect either
binding of Rb to E2F or the ability of Rb to inhibit transcrip-
tional activation by E2F. These results suggest that although
the LXCXE binding site has a critical role in active transcrip-
tional repression by Rb and is important for full Rb function,
this site is not required for Rb binding and inhibition of E2F.
The LXCXE binding site mutations then separate Rb func-
tions of binding and inactivation of E2F from recruitment of
LXCXE proteins. The LXCXE binding site mutations in Rb
did not affect binding to the SWI-SNF ATPase, BRG1, and we
found that overexpression of BRG1 with the Rb mutants led to
growth arrest. These results suggest a level of cooperation
between LXCXE proteins and SWI-SNF in efficient Rb func-
tion.

MATERIALS AND METHODS

Transfection assays. Cells were cultured as described elsewhere (4). One-third
microgram of the adenovirus major late promoter (MLP)-chloramphenicol
acetyltransferase (CAT) reporter (MLPCAT) and 1.5 mg of the E2F-CAT re-
porter were cotransfected into C33a or CV-1 cells on 60-mm-diameter plates
along with 2 mg of Rb expression vectors (0.4 mg of E2F1 was used to activate
E2F-CAT), and cells were harvested 36 h after transfection. CAT activity was
determined as described elsewhere (5). For luciferase assays, 1.5 of cyclin E gene
(cycE)- or cycA-luciferase gene (luc) reporter was transfected, along with 2 mg of
Rb expression vector, into U2OS cells on 35-mm-diameter plates. Luciferase
assays were performed 36 h after transfection.

Plasmids. Plasmids Gal4-Rb, E2F-CAT, and CMV-E1a have been described
previously (4, 5, 43, 44). pBJ5-HDAC1-6F was kindly provided by S. L. Schreiber
(16, 36), G5MLPCAT was from D. E. Ayer (2), and CMV-E2F1 was a gift from
K. Helin (27). BRG1-F was constructed by inserting a Flag sequence at the C
terminus of BRG1 in plasmid pBJ5-Brg1, a gift from S. Goff (8). The cycE-luc
reporter was from R. Weinberg (15), and the cycA-luc reporter was provided by
C. Brechot (18). Mutagenesis of Rb was performed using the QuickChange
Mutagenesis system (Stratagene).

Coimmunoprecipitation assays. Coimmunoprecipitation assays were done es-
sentially as described elsewhere (5, 28). C33a cells were transfected with 12 mg
of Rb or Rb mutant expression vectors and 2 mg of HDAC1 or HDAC2 (10 mg
of HDAC3) expression vector. Cells were harvested 36 h later in lysis buffer
containing 250 mM NaCl (5). Lysates were precleared by 30 min of incubation
with Sepharose beads (Sigma). Cleared lysates were immunoprecipitated with
monoclonal anti-Gal4 antibody conjugated to agarose beads (Santa Cruz Bio-
technology). Precipitates were washed three times with lysis buffer and then
subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Proteins
were then immunoblotted with an anti-Flag polyclonal antibody (Santa Cruz) to
detect Flag-tagged HDAC1 or an anti-E2F-1 polyclonal antibody (Santa Cruz) to
detect E2F-1. Blots were then reprobed with an anti-Rb polyclonal antibody
(Santa Cruz) to determine the amount of precipitated Rb. Five micrograms of
the BRG1-F expression vector was cotransfected with Rb expression vectors for

wild-type or mutant Rb large pocket (amino acids 379 to 928) (44) to analyze
BRG1 binding, and BRG1-F was detected with the anti-Flag antibody. For E1A
binding, 5 mg of an E1a expression vector was transfected along with Rb expres-
sion vectors, and E1a was immunoprecipitated with an anti-E1a monoclonal
antibody (Calbiochem).

Growth suppression assay. For colony formation assays (4), Saos-2 cells were
grown to approximately 50% confluency on 100-mm-diameter plates and then
cotransfected with 2 mg of an expression vector for the neomycin resistance gene
and 20 mg of expression vector for wild-type or mutant Rb, using the calcium
phosphate method. Cells were treated with G418 (500 mg/ml) for 3 weeks and
then stained with crystal violet to assess colony formation. Colony formation
assays were done in C33a cells as we have described previously (49).

BrdU incorporation and flow cytometry. Bromodeoxyuridine (BrdU) incorpo-
ration was determined essentially as described previously (49). Cells were co-
transfected with 2 mg of puro-BABE and 20 mg of expression vector for Rb or Rb
mutant, and cells were selected in puromycin for 72 h. For flow cytometry, cells
were transfected with 2 mg of CD20 expression vector and 20 mg of Rb expression
vector. Cells were harvested 48 h later, and the cell cycle profile of at least 6,000
CD201 cells was determined as described elsewhere (49, 50).

RESULTS

Mutations in the LXCXE binding site of Rb. Both HDAC1
and BRG1 contain an LXCXE-like sequence, and deletion of
regions of the proteins containing this sequence prevents their
association with Rb (8, 29). Therefore, we reasoned that the
LXCXE binding site in Rb might have an important role in Rb
function because of its recruitment of these chromatin remod-
eling enzymes. The central pocket region of Rb is comprised of
two conserved domains, A and B. These domains interact with
one another to form the LXCXE binding site located in do-
main B (4, 26). Crystallization of the Rb pocket bound to an
LXCXE peptide revealed that Tyr 709, Lys 713, Tyr 756, and
Asn 757 in Rb domain B are involved in contacting the back-
bone of the LXCXE peptide (reference 26 and Fig. 1). To
assess the role of the LXCXE binding site in Rb function, we
created mutations in these amino acids individually and in
combinations.

LXCXE binding site mutations in Rb inhibit interaction
with E1a. Initially, we tested the LXCXE binding site mutants
for the ability to interact with the LXCXE protein E1a in
coimmunoprecipitation assays. A vector expressing either wild-

FIG. 1. Diagram of the LXCXE binding site derived from cocrystallization of
the Rb pocket with an LXCXE peptide (26). Tyr 709, Lys 713, Tyr 756, and Asn
757 are conserved amino acids in the Rb pocket that appear to make important
contacts with the backbone of the LXCXE peptide. Each of these amino acids
was mutated to alanine either individually or in combinations.
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type Rb or Rb with an LXCXE binding site mutation was
cotransfected with an expression vector for E1a. Cell lysates
were immunoprecipitated with an antibody to E1a and then
Western blotted to detect associated Rb. Not surprisingly, the
LXCXE binding site mutations inhibited binding of E1a to Rb
(Fig. 2). These results provide further evidence that these
contact amino acids identified in the crystal structure are im-
portant for binding to the LXCXE sequence in E1a.

Mutation of the LXCXE binding site in Rb does not affect
Rb binding or inactivation of E2F. Rb appears to be targeted
to a number of genes through its interaction with E2F family
members bound to E2F sites on promoters. Thus, for Rb to
recruit corepressors such as HDAC to promoters with E2F
sites, it must bind to both E2F and HDAC simultaneously.
While the binding site for E2F on Rb has not yet been defined,
E2Fs do not contain an LXCXE sequence, and it has been
demonstrated that Rb can bind to E2F-1 and HDAC1 simul-
taneously (3, 26). Therefore, we expected that the LXCXE
mutations would have no effect on binding to E2F, unless they
generally disrupted Rb pocket structure. Using coimmunopre-
cipitation assays, we found that mutations in the LXCXE bind-
ing site indeed did not affect binding of Rb to E2F-1 (Fig. 3A).
Thus, we conclude that the overall structure of the Rb pocket
(at least as assessed by ability to bind E2F) is not disrupted by
the LXCXE binding site mutations.

To test the effect of LXCXE binding site mutations on E2F
activity, a reporter plasmid containing a minimal promoter
comprised of E2F sites upstream of a TATA box was cotrans-
fected with either wild-type or mutant Rb. Each of the LXCXE
mutants inhibited E2F transcriptional activity to a similar ex-
tent as wild-type Rb in these assays (Fig. 3B). In these assays,
endogenous E2Fs were activating the E2F sites. However, we
also found that the Rb mutants efficiently blocked transcrip-
tional activity of the reporter when E2F-1 was overexpressed in
these assays (data not shown).

Efficient binding of E1a to Rb requires the LXCXE se-
quence located in conserved region 2 of E1a; however, once
bound, conserved region 1 of E1a can displace E2F from Rb
(13, 20). Therefore, we reasoned that mutation of the LXCXE
binding site in Rb should render it resistant to inhibition by
E1a. Indeed, we found that the ability of E1a to block Rb
inhibition of E2F was prevented with mutation of the LXCXE
binding site (Fig. 3C). The LXCXE binding site mutants then
appear to disrupt binding of LXCXE proteins to Rb without
preventing Rb from binding and inactivating E2F. Thus, we
reasoned that these mutants could be used to assess the role
for the LXCXE binding site under conditions where other Rb
functions (e.g., binding and inactivation of E2F) are intact.

Mutations in the LXCXE binding site of Rb inhibit binding
to HDAC1 and -2 and active transcriptional repression. The
interaction of HDAC1 with Rb was competed by E1a in co-
immunoprecipitation assays (Fig. 4A), suggesting that the pro-
teins may have been binding a similar sequence on Rb.
HDACs are a family of seven proteins (12, 16, 21, 36, 39, 41,
46, 47). Coimmunoprecipitation assays were used to examine
interaction of Rb with class I and II HDACs. We did not detect
interaction between Rb and the class II HDACs, HDAC4 to -6
(results not shown); however, Rb did interact with the class I
HDACs, HDAC1 to -3 (Fig. 4). It has been demonstrated
previously that HDAC3 has less deacetylase activity in vitro
than HDAC1 and -2 (47). Therefore, the bulk of HDAC ac-
tivity associated with Rb may be derived from HDAC1 and -2.
Interestingly, both HDAC1 and -2 have an LXCXE-like se-
quence, whereas HDAC3 lacks such a sequence (12, 47). Ac-
cordingly, mutation of the LXCXE binding site in Rb inhibited
Rb interaction with HDAC1 and -2 but not HDAC3 (Fig. 4).
Therefore, mutation of the LXCXE binding site only partially
inhibits HDAC binding to Rb.

We wondered what consequence mutation of the LXCXE
binding site and thus inhibition of HDAC1 and -2 binding
might have on Rb function. We and others have demonstrated
that repression of the adenovirus MLP by either Rb or Mad is
dependent on HDAC (2, 17, 28). Therefore, we examined the
ability of Rb mutants to collaborate with HDAC and repress
the MLP. For these studies, a reporter plasmid containing
Gal4 DNA binding sites upstream of the MLP was cotrans-

FIG. 2. Mutations in the LXCXE binding site of Rb inhibit interaction with
adenovirus E1a and HDAC1. A coimmunoprecipitation assay was used to assess
the effect of LXCXE binding site mutations on the binding of Rb to E1a. An
expression vector for the large pocket of Rb (amino acids 379 to 928) (WT [wild
type]) (44) or the indicated mutants were transfected into C33a cells along with
an expression vector for E1a (43). E1a was immunoprecipitated (I.P.), and
associated Rb was detected by Western blotting. “Control” indicates that an
irrelevant antibody (to HPV E7) was used for immunoprecipitation.

FIG. 3. Mutation of the LXCXE binding site in Rb does not affect interac-
tion with or inactivation of E2F-1. (A) Expression vectors for E2F-1 and either
wild-type (WT) or mutant Rb large pocket were cotransfected into C33a cells,
and interaction was followed by coimmunoprecipitation (I.P.) as in Fig. 2. (B)
The E2F-CAT reporter plasmid (44), which contains E2F sites upstream of a
TATA box, was transfected into CV-1 cells. Expression vectors for wild-type or
mutant Rb large pocket (4, 44) were cotransfected as indicated to determine the
effect of LXCXE binding site mutations on the ability of Rb to inhibit E2F
activity. (C) E1a cannot block Rb inhibition of E2F when the LXCXE binding
site is mutated. Wild-type Rb and LXCXE binding site mutant expression vec-
tors were transfected as in panel B along with an expression vector for an E1a
mutant where amino acids 2 to 36 are deleted (removes the p300/CBP binding
domain, leaving the Rb binding domain intact) (43). CAT activity is represen-
tative of five independent experiments, each done in duplicate.
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fected with expression vectors for wild-type or mutant Rb
fused to the DNA binding domain of Gal4 (28, 44). When
tethered directly to the promoter through Gal4, both Rb and
Mad repressed MLP activity, and this repression was largely
reversed by the HDAC inhibitor trichostatin A (Fig. 5A and
reference 28). In contrast, the LXCXE binding site mutants
were impaired in the ability to inhibit the MLP (Fig. 5A),

suggesting that the LXCXE binding site is important for effi-
cient Rb-HDAC repressor activity.

The cyclin E and A genes contain E2F sites and are exam-
ples of cellular genes repressed by Rb (15, 18). As with the
MLP, we found that LXCXE binding site mutants impaired Rb
repression of the cyclin A and E gene promoters in transfec-
tion assays (Fig. 5B and results not shown). These results
provide evidence that the LXCXE binding site is also impor-
tant for efficient Rb repression of cellular genes.

Sustained growth suppression by Rb requires the LXCXE
binding site. We wondered whether mutation of the LXCXE
binding site in Rb would affect its ability to suppress cell pro-
liferation. First, we examined the effect of the LXCXE binding
site mutants on the cell cycle in Rb2 Saos-2 cells. For these
experiments, wild-type Rb or the mutants were coexpressed
with the cell surface marker CD20 by transient transfection.
CD201 cells were then analyzed for DNA content by flow
cytometry 36 h following transfection. We found that several of

FIG. 4. Rb LXCXE binding site mutants show decreased binding to HDAC1
and -2 but retain binding to HDAC3. (A) E1a competes for binding of HDAC1
to Rb. An expression vector for wild-type (WT) or mutant Rb large pocket was
cotransfected into Rb2 C33a cells along with expression vectors for Flag-tagged
HDAC1 and, where indicated, E1a. Association of Rb and HDAC1 was detected
by coimmunoprecipitation (I.P.) as in Fig. 2. (B) C33a cells were cotransfected
with expression vectors for wild-type Rb large pocket or the indicated mutants
and HDAC1 containing a Flag tag (28). Association of Rb and HDAC1 was
assessed by coimmunoprecipitation as indicated. “758” indicates a control Ser-
to-Leu mutation at amino acid 758; this amino acid is adjacent to the LXCXE
binding site in the crystal structure, but it does not contact the LXCXE (26). (C)
Wild-type Rb large pocket or Rb mutant and Flag-tagged HDAC2 expression
vectors were transfected into C33a cells. Interaction between Rb and HDAC2
was determined by coimmunoprecipitation. (D) C33a cells were cotransfected
with LexA-tagged HDAC3 and Rb or Rb mutant expression vectors. Binding to
Rb was assessed by coimmunoprecipitation.

FIG. 5. Mutation of Rb’s LXCXE binding site results in abrogation of Rb’s
ability to actively repress. (A) A reporter (MLPCAT) containing the adenovirus
MLP with Gal4 DNA binding sites upstream (28) was cotransfected into CV-1
cells along with expression vectors for wild-type (WT) Rb large pocket or Rb
large pocket mutants fused to the DNA binding domain of Gal4 as indicated to
assess the effect of LXCXE binding site mutations on active transcriptional
repression. As a control, an expression vector for Gal4-Mad (28) was cotrans-
fected. The HDAC inhibitor trichostatin A (TSA) was added to the transfected
cells as described previously (28). (B) The cycA-luc reporter was transfected into
U2OS cells, along with wild-type Rb large pocket or Rb mutant expression
vectors, and luciferase activity was measured. Luciferase activities are plotted
relative to reporter alone activity, which is indicated as 100%. Transfection
assays are representative of five independent experiments, each done in dupli-
cate.

6802 DAHIYA ET AL. MOL. CELL. BIOL.

 on S
eptem

ber 22, 2019 by guest
http://m

cb.asm
.org/

D
ow

nloaded from
 

http://mcb.asm.org/


the mutants caused an increase in G1 (Fig. 6A), suggesting that
at least some of the mutants may be able to arrest cells in G1.
However, these flow cytometry assays measure only DNA con-
tent, not cell proliferation. Therefore, we examined the mu-
tants in colony formation assays in Saos-2 cells. For these
assays, the Rb2 Saos-2 cell line was cotransfected with an
expression vector for wild-type or mutant Rb and a vector
expressing the neomycin resistance gene. Transfected cells
were treated with the neomycin analogue G418 for 3 weeks,
and colony formation was analyzed (Fig. 6B). The mutants that
increased G1 by flow cytometry did not inhibit colony forma-
tion or colony size in these assays, suggesting that the G1 arrest
seen with several of the Rb mutants by flow cytometry is only
transient and is not capable of stably arresting cells. In further
support of this possibility, the 713 mutant (which did lead to an
increase in G1 when cells were examined 36 h after transfection
by flow cytometry [Fig. 6A]) did not inhibit incorporation of
BrdU in Saos-2 cells when cells were examined 5 days follow-
ing transfection (see Fig. 7C). Taken together, our results point
to an important role for the LXCXE binding site in efficient
(or at least sustained) growth suppression by Rb. Also, since
these mutants bind and block E2F activity as efficiently as
wild-type Rb, these results suggest that the ability of Rb to bind
and inactivate E2F is not sufficient for efficient growth sup-
pression—the LXCXE binding site is also required.

BRG1 can cooperate with Rb to suppress cell proliferation.
Previous studies suggested that SWI-SNF activity is important
for Rb growth suppression, and this is dependent on Rb bind-
ing to the ATPase, BRG1, which forms the core of SWI-SNF
(8). There is an approximately 30-amino-acid region in BRG1

that contains an LXCXE and shows some similarities to HPV
E7 (8). Deletion of the region of BRG1 containing the
LXCXE prevented Rb binding and the ability of BRG1 to
suppress cell proliferation and repress the c-fos gene (8, 31).
We also found that deletion of this E7-like region prevented
binding to Rb (data not shown). However, this deletion re-
moves approximately 12 kDa of the protein, making it difficult
to conclude that the LXCXE site alone is important for bind-
ing to Rb. In fact, we found that mutations in the LXCXE
binding site of Rb had no detectable effect on Rb binding to
BRG1 (Fig. 7A). These results suggest that even though BRG1
contains an LXCXE site, this sequence is not essential for
binding to Rb.

The C33a cell line is both Rb2 and deficient in BRG1 and
BRM (30). While expression of Rb in the BRG1/BRM1

Saos-2 cells leads to growth arrest, expression of Rb in C33a
cells is not sufficient for growth arrest (Fig. 7B). This raised the
possibility that Rb may not be functional in these cells because

FIG. 6. Mutation of the LXCXE binding site and growth suppression by Rb.
(A) Wild-type (WT) Rb large pocket or Rb mutant expression vectors were
cotransfected with an expression vector for CD20 into Rb2 Saos-2 cells. Cells
were harvested 36 h later, and CD201 cells were analyzed by flow cytometry for
DNA content. (B) Expression vectors for wild-type Rb large pocket or large
pocket mutants were cotransfected into Rb2 Saos-2 cells along with an expres-
sion vector for neomycin resistance. Cells were selected in G418 for 3 weeks;
colonies were stained with crystal violet and counted.

FIG. 7. BRG1 facilitates growth suppression by Rb and does not require the
LXCXE binding site for interaction with Rb. (A) Rb LXCXE binding site
mutants still bind to BRG1. Expression vectors for Flag-tagged BRG1 and either
wild-type (WT) or mutant Rb large pocket were cotransfected into C33a cells,
and association between BRG1 and Rb was assessed by coimmunoprecipitation
(I.P.). (B) Wild-type Rb large pocket was transfected into Rb2, BRG1/BRM-
deficient C33a cells along with an expression vector for neomycin resistance.
Cells were selected in G418 for 2 weeks; colonies were stained with crystal violet
and counted. Saos-2 cells were selected in G418 for 3 weeks. (C) C33a cells or
Saos-2 cells were transfected with the indicated expression vectors and a vector
expressing a puromycin resistance gene. Cells resistant to puromycin were ex-
amined 5 days after transfection for BrdU incorporation.
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they are deficient in BRG1 and BRM. Indeed, coexpression of
BRG1 with Rb led to efficient growth suppression, whereas
expression of BRG1 alone did not. These results provide ad-
ditional evidence that BRG1 and thus SWI-SNF activity is
important for Rb to function as a growth suppressor.

Since the LXCXE binding site Rb mutants still bound to
BRG1, but these mutants were unable to sustain growth sup-
pression, it appeared that interaction with BRG1 alone (in the
absence of the LXCXE binding site) was not sufficient for Rb
to suppress growth. However, it was possible that the transient
growth suppression with some of the mutants was due to the
interaction with BRG1. In partial support of this possibility, we
found that if BRG1 was overexpressed, it was then able to
cooperate with Rb mutants to stably arrest cells (Fig. 7C). In
these assays, cells were transfected with expression vectors for
Rb proteins and BRG1 along with a vector expressing a puro-
mycin resistance gene. Cells resistant to puromycin were then
examined 5 days after transfection for BrdU incorporation as
an indication of proliferation. In Rb2 and BRG1/BRM-defi-
cient C33a cells, the Rb mutants alone were unable to inhibit
proliferation, but when combined with BRG1, cell prolifera-
tion was inhibited, although not as efficiently as with wild-type
Rb (Fig. 7C). In Saos-2 cells, which express BRG1 (30), over-
expression of BRG1 allowed the mutants to suppress growth,
although again not as efficiently as wild-type Rb. We therefore
conclude that overexpression of BRG1 can restore at least
partial growth suppression activity to Rb that is defective in
binding to LXCXE proteins (Fig. 7B). Taken together, our
results suggest roles for both LXCXE proteins and SWI/SNF
in Rb activity, and they imply some level of cooperation be-
tween such proteins in Rb function.

DISCUSSION

Several DNA tumor viruses express proteins that target the
LXCXE binding site in Rb. These viral proteins (E1a from
adenovirus, E7 from HPV, and T antigen from SV40) block
Rb’s ability to suppress growth. Mutation of the LXCXE se-
quence in these proteins prevents their inhibitory effect on Rb
and their ability to transform cells. The fact that each of these
viral proteins uses an LXCXE motif to inhibit Rb function
provides genetic evidence of the importance of the LXCXE
binding site. Here, we have created mutations in the LXCXE
binding site of Rb to address the role of LXCXE proteins in
Rb function.

The LXCXE mutations appear to isolate the interaction of
LXCXE proteins from the interaction of the BRG1 compo-
nent of SWI-SNF. Using these mutants, we provide further
evidence that both LXCXE proteins and SWI-SNF are impor-
tant for efficient Rb function as a growth suppressor. The
LXCXE mutations had no effect on the ability of Rb to bind
and inhibit E2F, yet the mutants were unable to sustain growth
arrest, suggesting that inhibition of E2F activity alone is not
sufficient for sustained growth arrest. In contrast, the LXCXE
binding site mutations inhibited active transcriptional repres-
sion by Rb and its binding to the corepressors HDAC1 and -2,
suggesting that one role of the LXCXE binding site in Rb
growth suppression is the efficient recruitment of these chro-
matin remodeling enzymes.

SWI-SNF has been associated previously with transcrip-
tional activation (23). Thus, the question arises as to how this
chromatin remodeling activity can be associated with transcrip-
tional activation in some cases and repression in others. It is of
note that efficient growth suppression by Rb requires the
LXCXE binding site (at least in the absence of BRG1 overex-
pression), which is important for recruitment of HDAC1 and

-2. Thus, the role of SWI-SNF in Rb growth suppression ap-
pears linked, at least in part, to the ability of Rb to efficiently
recruit HDAC1 and -2. Recruitment of HDAC is also thought
to be important for repression by the SWI-SNF-related com-
plex Mi2b (48). Interestingly, in genes such as HO in yeast,
where SWI-SNF is important for transcriptional activation (6),
it is associated with activators and histone acetyltransferase
(HAT) activity. Additionally, Rb is also associated with tran-
scriptional activation in some situations. For example, Rb can
enhance BRG1-dependent transcriptional activation by the
glucocorticoid receptor (14). In this situation, SWI-SNF and
Rb are recruited to a promoter in the presence of a transcrip-
tional activator associated with HAT activity (the glucocorti-
coid receptor). Thus, the role of SWI-SNF may depend on
whether it is recruited to promoters in an environment domi-
nated by HAT or HDAC activity.
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