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The c-Myc oncoprotein functions as a transcription factor that can transform normal cells into tumor cells,
as well as playing a direct role in normal cell proliferation. The c-Myc protein transactivates cellular promoters
by recruiting nuclear cofactors to chromosomal sites through an N-terminal transactivation domain. We have
previously reported the identification and functional characterization of four different c-Myc cofactors:
TRRAP, hGCNS, TIP49, and TIP48. Here we present the identification and characterization of the actin-
related protein BAF53 as a c-Myc-interacting nuclear cofactor that forms distinct nuclear complexes. In
addition to the human SWI/SNF-related BAF complex, BAF53 forms a complex with TIP49 and TIP48 and a
separate biochemically distinct complex containing TRRAP and a histone acetyltransferase which does not
contain TIP60. Using deletion mutants of BAF53, we show that BAF53 is critical for c-Myc oncogenic activity.
Our results indicate that BAF53 plays a functional role in c-Myc-interacting nuclear complexes.

Cell cycle progression is normally a carefully regulated suc-
cession of growth and genome replication steps that is moni-
tored by different checkpoint pathways. Cancer arises through
the accumulation of mutations that disrupt the normal balance
of growth-promoting or -suppressive signals and the different
checkpoints. Transcription factors ultimately mediate most of
these signals, either as the direct sites of mutation in tumor
cells or as downstream effectors of signaling or checkpoint
pathways. The Myc transcription factor family is among the
most frequently disrupted networks in human and animal can-
cers (15). Myc plays a direct role in G,-to-S progression by
regulating sets of target genes required for growth and DNA
replication, although the precise set of genes involved in var-
ious steps remains poorly defined. Myc can also induce pro-
grammed cell death (apoptosis), which may oppose the out-
growth of cancer cells that suffer mutations in this network
(27).

The biological activities of the c-Myc protein have been
dissected primarily through mutational analysis. Disruption of
the C-terminal DNA binding domain destroys both oncogenic
and apoptotic activities, establishing a requirement for the
recognition of chromosomal sites (2, 32). Beyond DNA bind-
ing, the function of transcription factors is to recruit other
proteins to specific sites to modulate transcription and/or alter
chromatin structure. Consistent with this role, the N-terminal
portion of c-Myc interacts with a number of nuclear factors
(28). Important insight into the functional significance of indi-
vidual cofactor interactions is provided by mutational analysis
of the c-Myc N-terminal domain. A number of studies have
identified an evolutionarily conserved sequence called Myc
homology box II (MBII) as essential for oncogenic and apo-
ptotic activities, as well as for blocking of differentiation and
stimulation of cell proliferation (7, 9, 19, 25, 32). Studies cen-
tered on understanding the function of MBII led to the puri-
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fication of TRRAP, a 430-kDa nuclear protein with homology
to the ATM/phosphatidylinositol 3-kinase family (21). Inhibi-
tion of TRRAP synthesis or function blocks Myc-mediated
oncogenesis, establishing an essential role for TRRAP in c-
Myc activity (21). The identification of TRRAP provided a key
mechanistic link to c-Myc function when it was found that
TRRAP was a component of the SAGA chromatin-modifying
complex in both yeast and mammalian cells (12, 22, 29, 33).
The yeast ortholog of TRRAP (Tralp) is also part of a sepa-
rate chromatin-modifying complex called NuA4 (1). These
large complexes regulate gene expression through enzymatic
subunits with histone acetylation activity, either GCN5/PCAF
in SAGA or Esalp in NuA4. The acetylation of histones ap-
parently stimulates transcription by reducing the affinity of
nucleosomes for DNA and facilitating the access of other tran-
scription factors or the movement of the transcription complex
along chromatin. It was subsequently shown that c-Myc re-
cruits the hGCNS histone acetyltransferase (HAT) and that
this enzyme is critical for Myc oncogenic activity (22). More
recent data demonstrate the recruitment of HAT activity to
Myc target genes in vivo (4, 8, 35). Since the Myc-related
Mad/Mxi proteins can suppress Myc activity through the re-
cruitment of histone deacetylases, chromatin remodeling
through the modification of histone tails is clearly linked to
oncogenic activity (18).

Although the recruitment of HAT activity offers one mech-
anism for Myc function, this is not sufficient to account for all
of its oncogenic activity. Affinity purification of other nuclear
factors that bind tightly to the c-Myc N terminus identified the
TIP49 and TIP48 proteins as critical cofactors (34). Like
TRRAP, TIP49 and TIP48 are highly conserved in evolution
and essential for viability in yeast, but the latter proteins con-
tain ATPase/helicase motifs rather than histone-modifying ac-
tivity. Mutation of the ATPase motif in TIP49 creates a dom-
inant inhibitor of c-Myc oncogenic activity, establishing a
critical role for this enzyme in Myc function (34). The precise
role of these ATPase/helicase family proteins in cell physiology
requires further study, but they have also been reported to bind
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to other transcription factors (3) and have recently been shown
to be present in a chromatin-remodeling complex in yeast (30)
as well as in a complex with TIP60, a HAT (16). Here we
report the identification and characterization of two new Myc
cofactors, BAF53 and B-actin, that complex with c-Myc in vivo
and are critical for Myc-mediated oncogenesis.

MATERIALS AND METHODS

Biochemical purification of c-Myc-associated nuclear proteins. Large-scale
affinity chromatography was performed as previously described (34). Briefly,
FLAG-GAL4 and FLAG-GAL4/c-Myc were mixed with HeLa nuclear extract
and supplemented with anti-FLAG antibody. For microsequencing, eluted pro-
teins were resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) (10% polyacrylamide), visualized by Coomassie staining, excised,
and submitted to the Harvard University Microchemistry Facility. Peptide se-
quences QGGPTYYIDTNALR and VDFPTAIGMVVER identified BAF53;
peptide sequence AGFAGDDAPR identified actin, and monoclonal B-actin
antibodies identified the polypeptide as B-actin. Full-length human cDNA for
BAF53 was obtained by ordering an expressed sequence tag from the American
Type Culture Collection (GenBank no. AA360918).

Transfection and immunoprecipitation. 293 cells were cultured in Dulbecco’s
modified Eagle’s media supplemented with 10% fetal calf serum (GIBCO-BRL).
Cells were transfected with 2 to 4 g of each indicated expression vector by using
the calcium phosphate method and lysed with F buffer (31). For immunopre-
cipitations, lysates were incubated with anti-FLAG or anti-HA antibodies in
conjunction with protein G beads. Precipitates were then analyzed by Western
blotting with anti-FLAG, anti-HA, anti-BAF53 (generated against the internal
peptide GKOGGPTYYIDTNALRVPRE), anti-B-actin, anti-TIP49 (34), or
anti-TIP48 (34). Protein expression was determined by analyzing the lysates by
Western blotting with the appropriate antibody. For the in vivo interaction
experiment, 293 cells were lysed in F buffer and subjected to immunoprecipita-
tion using anti-Myc-conjugated beads (C33; Santa Cruz Biotechnology) or anti-
FLAG-conjugated beads (Sigma). Antibody detection was performed using en-
hanced chemiluminescence (Amersham).

Chromatography and HAT assay. Nuclei were isolated by the Dignam proce-
dure (6) and extracted with soft lysis buffer (0.1% NP-40, 10 mM NaCl, 20 mM
Tris [pH7.0], 0.05% 2-mercaptoethanol, 5 mM EDTA, 1 mM phenylmethylsul-
fonyl fluoride, 40 mM NaF, 0.5 mM Na;VO,), which did not release TRRAP or
TRRAP/BAF HAT activity from nuclei. Then the nuclear pellet was extracted
with F buffer and loaded onto Q-Sepharose that was equilibrated with F buffer
(pH 7.5). After unbound proteins were collected as flowthrough, bound proteins
were sequentially eluted with 0.15, 0.4, and 1.0 M NaCl step gradients in F buffer.
The 0.15 M NaCl fraction from Q-Sepharose was dialyzed with P11 binding
buffer (20 mM HEPES [pH 7.8], 0.25 mM EDTA, 20% glycerol, 0.1% Tween 20)
and loaded onto a P11 phosphocellulose column. Bound proteins from the P11
column were sequentially eluted with 0.2, 0.4, and 0.75 M KCl step gradients in
P11 binding buffer. For the HA-BAF53-associated HAT assay, aliquots of each
fraction were dialyzed with soft lysis buffer, 20 ul of anti-HA antibody-agarose
conjugated beads was added, and bound proteins were eluted by adding HA
peptide (0.2 mg/ml). The HAT assay and relevant Ponceau S staining procedure
were described previously (24).

Transformation experiments. Rat embryo fibroblast transformation assays
were performed as previously described (21). Transfections included a cytomeg-
alovirus (CMV) promoter-driven FLAG epitope-tagged c-myc expression vector
(6 pg) and H-rasG12V (6 pg) supplemented with HA-BAF53 vectors (3 pg) or
empty vector control. The HA-BAF53 constructs included wild-type, A39-67,
A171-179, A233-255, and A319-324 constructs. Transfections were performed in
triplicate using the calcium phosphate method. For the colony growth assay,
early-passage primary rat embryo fibroblast cells were transfected with the same
CMV-driven cDNA expression vectors used in the rat embryo fibroblast trans-
formation assay. Expression constructs (6 pg) were transfected into the cells
along with RSV-neo (1pg) by the calcium phosphate method. Transfected cells
were selected in 400 pg of G418 (GIBCO-BRL) per ml for 14 days, at which time
the number of colonies per plate was determined.

RESULTS

Purification of Myc N-terminus-interacting factors. We
have previously described the affinity purification of nuclear
proteins that form a stable complex with the c-Myc transacti-
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vation domain (amino acids 1 to 262 fused to a FLAG epitope-
tagged GAL4 DNA-binding domain) (21, 34). The complex
was assembled in vitro, and proteins associated with the c-Myc
N terminus were eluted using the FLAG peptide. In addition
to the previously characterized proteins, TRRAP, TIP49, and
TIP48 (21, 34), two other polypeptides with apparent molec-
ular masses of 45 and 41 kDa were purified using the FLAG-
GAL4—c-Myc fusion protein (Fig. 1A, lane 1). The only other
specific proteins in the immunoprecipitates migrated as a dou-
blet with an apparent molecular mass of approximately 60 kDa,
which corresponds to the FLAG-GAL4-c-Myc fusion protein
used as the affinity substrate. The binding specificity was as-
sessed by using a control affinity matrix, FLAG-GAL4, which
failed to recruit polypeptides of similar size.

Identification of p45 as BAF53 and p41 as f-actin. The
immunoprecipitation experiment was scaled up to obtain suf-
ficient quantities of the 45- and 41-kDa polypeptides for se-
quencing. Two independent peptides unambiguously identi-
fied the 45-kDa polypeptide as a 429-amino-acid actin-related
protein named BAF53. BAF53 was originally identified as a
component of the mammalian SWI/SNF-related chromatin
remodeling complex known as the BAF complex (for “Brgl-
associated factors”) (36). BAF53 shows extensive homology to
actin and other actin-related proteins. Despite the general
homology to actin, the ATP-binding pocket in actin is poorly
conserved in BAFS53, suggesting that BAF53 may not have
ATP-binding activity (reference 36 and data not shown). To
confirm that the 45-kDa protein was BAF53, we performed
a Western blot analysis using two different anti-BAF53 an-
tibodies which both detected the same 45-kDa band isolated
through c-Myc interaction.

Sequences derived from the 41-kDa polypeptide proved to
correspond to actin. However, insufficient sequence was ob-
tained to distinguish between B-actin and «-actin. Western
blotting with monoclonal antibodies to both proteins indicated
that the 41-kDa protein is B-actin (data not shown). The iso-
lation of B-actin as a component of a nuclear protein complex
is consistent with the identification of B-actin and actin-related
proteins in the BAF complex and in chromatin-remodeling
complexes from yeast (11, 26, 36).

c-Myc interacts with BAF53 in vivo. The affinity purification
demonstrated that BAF53 formed a stable complex with the N
terminus of c-Myc in vitro. To determine whether this inter-
action existed in vivo, we precipitated c-Myc from lysates pre-
pared from 293 cells and probed the precipitates for BAF53
(Fig. 1B). As a control, we also probed the same blot for the
previously characterized cofactor TIP49. This experiment pro-
vided clear evidence for the specific coprecipitation of c-Myc
and BAFS53, demonstrating that these proteins interact in vivo
when expressed at normal physiological levels. Based on the
prior link between BAF53 and the BAF remodeling complex,
we probed the same immunoprecipitates for the Brgl protein
(Fig. 1B). No specific precipitation of c-Myc and Brgl was
observed, supporting the observation that no polypeptides
comparable in size to Brgl were isolated by affinity purification
with the c-Myc N terminus. Western blots of in vitro affinity-
purified Myc complexes also failed to detect Brgl or Brm (data
not shown). Therefore we conclude that c-Myc binds to the
actin family proteins BAF53 and B-actin independently of any
association with the BAF complex itself.
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FIG. 1. Affinity purification of nuclear proteins interacting with the Myc amino terminus. (A) Affinity purification performed as previously
described (34). Lanes 1, elution from the FLAG-GAL4/Myc (Fg-Gal-c-Myc) reaction; 2, elution from the FLAG-GALA4 reaction. The molecular
mass (indicated in kilodaltons) was determined by coelectrophoresis of a protein molecular mass marker (Amersham). (B) 293 cells were lysed and
subjected to immunoprecipitation using either anti-FLAG/agarose-conjugated beads or anti-Myc (C33)/agarose-conjugated beads. Precipitated
proteins were resolved by SDS-PAGE and Western blotted for c-Myc, TIP49, and BAF53 or for TRRAP, Brgl, and TIP49 as indicated. Lanes:
1 and 2, lysates alone; 3 and 4, lysates subject to immunoprecipitation using the antibodies indicated. (C) 293 cells were transiently transfected with
CMV-driven expression vectors for FLAG-tagged full-length c-Myc or an N-terminal mutant. Lysates were prepared, and c-Myc proteins were
immunoprecipitated (IP) with anti-FLAG antibody. Precipitated proteins were resolved by SDS-PAGE and Western blotted (WB) for either c-Myc
(with anti-FLAG antibody) or BAF53. Lanes: 1, immunoprecipitate from cells transfected with a vector expressing the FLAG epitope alone; 2,
immunoprecipitate from cells expressing FLAG—c-Myc; 3, immunoprecipitate from cells expressing FLAG—c-Myc(A118-152). (D) 293 cells stably
expressing HA-BAF53 were transiently transfected with CMV-driven expression vectors for FLAG—-c-Myc or the N-terminal mutants indicated,
and BAF53 coprecipitation was assayed by Western blotting. The MycS protein corresponds to the A1-110 mutant.

Deletion mutants of c-Myc were used to map the domain on
the N terminus of Myc required for interaction with BAF53.
Expression vectors for FLAG epitope-tagged wild-type or mu-
tant Myc proteins were transiently transfected into 293 cells,
the cells were lysed under native conditions, and the Myc
proteins were immunoprecipitated with anti-FLAG antibodies.
The precipitated material was then resolved by SDS-PAGE
and Western blotted using anti-BAF53 antibodies to deter-
mine the extent of coprecipitation. The same membrane was
subsequently probed with anti-FLAG antibodies to show
equivalent protein expression between the different constructs.
The full-length c-Myc protein coprecipitated with endogenous
BAFS53 (Fig. 1C, lane 2). In contrast, a deletion mutant with a
mutation in the MBII domain (MycA118-152; Fig. 1C, lane 3)
was defective for binding to BAF53. On the other hand, both

MycS and a deletion mutant with a mutation in the c-Myc
N terminus (A24-31) lack TRRAP-binding activity and the
ability to transform primary cells in cooperation with an
H-rasG12V oncogene (21). The binding of BAF53 was similar
to but distinguishable from that of TRRAP because a FLAG-
tagged MycS protein and c-Myc(A24-31) were defective for
efficient binding to TRRAP but still retained weak BAF53-
binding activity (Fig. 1D, lanes 4 and 5). Another mutant with
a deletion in the c-Myc N terminus (A33-38) retained the same
BAF53-binding activity (lane 6) as that of full-length c-Myc
protein. TIP49 and TIP48 bind to MycS and N-terminal mu-
tants in similar assays (data not shown).

A TIP49-TIP48-BAF53 complex is distinct from TRRAP
complexes. We were interested in determining if the different
cofactors that bound to the c-Myc transactivation domain ex-
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FIG. 2. TIP49, TIP48, and BAF53 form a distinct complex. (A) 293 cells stably expressing HA-BAF53 were lysed and subjected to immuno-
precipitation (IP) using either anti-FLAG antibodies or anti-HA antibodies and protein G beads. Precipitated proteins were resolved by
SDS-PAGE and Western blotted (WB) for BAF53. Lanes: 1, lysates subject to immunoprecipitation using the antibodies indicated; 2 and 3,
immunoprecipitation using anti-FLAG and anti-HA antibodies, respectively. (B) Same experimental procedure as for panel A, except that the
Western blot was probed for BAF53, TIP49, and TIP48. Lanes 1 and 2, immunoprecipitation using the antibodies indicated. (C) HeLa cells stably
expressing FLAG-TIP49 (Fg-TIP49) or FLAG epitope alone were lysed and subjected to immunoprecipitation using anti-FLAG antibodies.
Precipitated proteins were resolved by SDS-PAGE and Western blotted for TIP49 and BAF53, as indicated. Lanes 1, immunoprecipitate from cells
stably expressing FLAG-TIP49; 2, immunoprecipitate from cells stably expressing FLAG epitope alone. (D) Parental c-myc diploid (+) or c-myc
null (=) cells, both stably expressing either FLAG-TIP49 or the FLAG epitope alone, were lysed and subjected to immunoprecipitation using
anti-FLAG antibodies. Precipitated proteins were resolved by SDS-PAGE and Western blotted for BAF53 and TIP49, as indicated. Lanes: 1 and
3, immunoprecipitate from lysates prepared from null cells and diploid cells, respectively, expressing the FLAG epitope alone; 2 and 4,
immunoprecipitate from lysates prepared from c-myc null cells and diploid cells, respectively, expressing FLAG-TIP49.

isted as independent subunits or as distinct complexes. To
answer this question, we established a cell line with stable
expression of HA-tagged BAFS53 at a level approximately equal
to that of the endogenous BAF53 protein (Fig. 2A, lane 1).
HA-tagged BAF53 was immunoprecipitated from lysates, and
the precipitates were probed by Western blotting for different
proteins of interest. Interestingly, the HA-BAF53 protein did
not coprecipitate with the endogenous BAF53 protein, which
can be resolved from the epitope-tagged exogenous protein by
relative migration on the gel (lanes 1 and 3). This observation
suggests that BAF53 exists in nuclear complexes that are un-
likely to contain polymeric actin-related proteins.

We next considered if BAF53 might exist in a stable complex
with the TIP49 and TIP48 ATPase cofactors. Interactions be-
tween nuclear cofactors could be mediated by direct protein
contacts or by simultaneous recruitment to the same transac-
tivation domain. Immunoprecipitation with anti-HA from the
HA-tagged BAF53 cell line demonstrated that BAF53 exists in
a complex with both TIP49 and TIP48. (Fig. 2B, lane 2). To
perform the reciprocal immunoprecipitation and explore the
interaction between BAF53 and TIP49 in an additional cell
type, we constructed a HeLa cell line with stable expression of
FLAG-tagged TIP49. Immunoprecipitation with anti-FLAG
antibodies confirmed the association between TIP49 and en-
dogenous BAF53 shown above (Fig. 2C, lane 1, bottom panel),
as well as the association of FLAG-TIP49 with the endogenous

TIP49 (top panel) and TIP48 (data not shown) proteins de-
scribed previously (34). However, these experiments do not
rule out the possibility that the BAF53-TIP49 protein interac-
tion was bridged by endogenous c-Myc. To exclude the latter
possibility, we took advantage of companion Ratl-derived cell
lines, in one of which the endogenous c-myc genes have been
knocked out by targeted recombination (20). The c-myc-null
cells also lack any detectable expression of other myc family
members. The c-myc-expressing and c-myc-null cell lines were
each engineered to stably express FLAG-TIP49. Lysates were
prepared, and the FLAG-TIP49 protein was immunoprecipi-
tated using anti-FLAG antibody. Coprecipitation of endoge-
nous BAF53 and FLAG-TIP49 was observed in both cell lines
(Fig. 2D, lanes 2 and 4), irrespective of the presence or absence
of endogenous c-Myc expression (compare lanes 2 and 4).
These experiments establish that the BAF53-TIP49 interaction
is not mediated by c-Myc, but it remains possible that other
cellular transactivation domains could bridge the two proteins.

We wanted to determine if the nuclear cofactor complexes
that contain BAF53 and TIP49 were distinct from SAGA
or other TRRAP complexes. Previous studies showed that
FLAG-TIP49 does not bind to endogenous TRRAP in 293
cells (34). To extend this, we retested to see if there was any
coprecipitation of TRRAP with the TIP49-BAF53 complex.
Transient expression of FLAG-TIP49 and immunoprecipi-
tation with anti-FLAG antibodies precipitated endogenous
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FIG. 3. BAF53 associates with TIP49, but the complex lacks HAT
activity. (A) 293 cells transiently expressing FLAG-tagged TIP49 (Fg-
TIP49) or FLAG epitope alone were lysed, and anti-FLAG immuno-
precipitates (IP) were resolved on SDS-PAGE and probed for BAF53
and TRRAP by Western blotting (WB). (B) 293 cells transiently ex-
pressing FLAG-tagged TIP49 or FLAG epitope alone were lysed and
immunoprecipitated with anti-FLAG antibody-conjugated beads, and
FLAG-tagged proteins were eluted by FLAG peptide. The eluates
were subjected to a HAT assay and fluorography. As controls, buffer
alone and recombinant CBP were included in lanes 1 and 2.

BAFS53 but no TRRAP (Fig. 3A, lane 4). Endogenous proteins
were clearly visible in the cellular lysates prior to immunopre-
cipitation (lanes 1 and 2). Because TRRAP exists in multisub-
unit HAT complexes in yeast and humans, we also examined if
TIP49 is associated with any HAT activity in vivo. FLAG-
tagged TIP49 protein was transiently expressed in 293 cells,
immunoprecipitated with anti-FLAG antibodies, eluted from
the beads with an excess of FLAG peptide, and subjected to
the HAT using core histones as substrates (Fig. 3B). We found
that immunoprecipitates of FLAG-TIP49 protein from the 293
cells did not bring down any significant HAT activity (Fig. 3B,
lane 4), suggesting that the TIP49-TIP48-BAF53 complex is
biochemically distinct from the TRRAP HAT complex. Immu-
noprecipitates from the HeLa and 293 cells that stably express
FLAG-tagged TIP49 and TIP48 proteins also did not contain
TRRAP or other SAGA components (data not shown). Con-
versely, immunoprecipitation of ectopically expressed FLAG-
tagged TRRAP cDNA does not precipitate TIP49 and TIP48.
Finally, cotransfection of FLAG-TIP49 with wild-type c-Myc
does not stimulate the binding of TIP49 or BAF53 to endog-
enous TRRAP, indicating that the c-Myc transactivation do-
main does not bridge the TIP49/BAF53 complex to TRRAP
(data not shown). These data imply that c-Myc binds indepen-

ROLE OF BAF53 IN ¢-Myc-INTERACTING NUCLEAR COMPLEXES 1311

dently to distinct nuclear cofactor complexes and does not
simultaneously recruit both complexes. However, it remains
possible that these complexes are sequentially recruited by
Myc to an overlapping set of chromosomal sites.

BAF53 forms a new HAT complex with TRRAP. The actin-
related protein Act3/Arp4 is a stable subunit of the NuA4
complex in yeast and is proposed to play a role in the integrity
of the NuA4 complex (11). We are interested in determining if
BAF53, the human protein closest to Act3/Arp4, is present in
similar complexes in humans. HA-tagged BAF53 protein was
immunoprecipitated from cells stably expressing HA-BAF53,
eluted with an excess of HA peptide, and subjected to a HAT
assay using core histones and mononucleosomes as substrates
(Fig. 4). Interestingly, BAF53 immunoprecipitates contained
TRRAP protein (Fig. 4A) and a unique HAT activity (Fig.
4B). The BAF53-associated HAT activity has an equal prefer-
ences for histones H3, H2A, and H4, but not for H2B, in core
histones, and this specificity is similar to the substrate speci-
ficity of TIP60 but not GCNS5 (16, 23). When the HAT was
assayed with mononucleosomal substrates, H3 acetylation was
completely suppressed and approximately equal intensities of
H2A and H4 acetylation were obtained (Fig. 4B, right panel).
These results, along with the immunoprecipitation data in Fig.
3B, indicate that BAF53 is a stable subunit of a new TRRAP-
HAT complex that does not have TIP49-TIP48 or TIP60 (see
below).

To resolve the different HAT complexes more thoroughly,
we used conventional chromatography to monitor the fraction-
ation pattern of BAF53-containing complexes. Nuclear lysates
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amount of HA peptide and subjected to Western blotting (WB) with
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mononucleosomes (right panel) as substrates.
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recombinant CBP were included in the assay reactions. (B) The 0.15 M NaCl fraction of Q-Sepharose in panel A was used as input for a P11
phosphocellulose column. F buffer lysate was included in lane 1 of the Western blot analysis to identify the respective antigenic signals. Each
fraction from KClI step gradients was dialyzed with soft lysis buffer and immunoprecipitated with anti-HA antibody-conjugated beads. HA-BAF53
protein was released by HA peptide, and eluates were analyzed by SDS-PAGE and probed for antigens by Western blotting as indicated (left
panel). An aliquot of each fraction before immunoprecipitation was paired with the corresponding immunoprecipitate (indicated as — and +,
respectively). The same eluates from anti-HA immunoprecipitates were subjected to a HAT assay using core histones as substrates (right panel).

from 293 cells stably expressing HA-tagged BAF53 protein
were prepared by sequential lysis, loaded onto a Q-Sepharose
column, and eluted with a 0.15, 0.4, and 1.0 M NaCl step
gradient. Aliquots of each fraction were analyzed by West-
ern blot and probed for key proteins (Fig. 5A, left panel).
To analyze the BAF53-associated HAT activity, HA-tagged
BAF53 protein was immunoprecipitated with anti-HA anti-
bodies from each fraction and subjected to a HAT assay (right
panel). All of the proteins of interest to this study, TRRAP,
hGCNS5, TIP60, TIP49, and BAF53, cocluted at 0.15 M NaCl,

but BRM did not. TIP49 and BAF53 are equally distributed at
0.15 and 0.4 M NaCl as well as released by soft lysis buffer from
the nucleus, suggesting that complexes containing these pro-
teins are heterogeneous with respect to their subunit compo-
sition and cellular localization. Consistent with the previous
finding that BAF53 forms a HAT complex with TRRAP, the
relative HAT activity associated with BAF53 matched the
amount of TRRAP protein in each fraction (Fig. 5A, lanes 3
and 4).

The 0.15 M NacCl fraction from Q-Sepharose provided a
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source of protein devoid of the BRM ATPase, so we further
fractionated this sample using a P11 phosphocellulose column.
The 0.15 M NaCl fraction of Q-Sepharose was dialyzed, loaded
onto the P11 column, and eluted with a 0.2, 0.4, and 0.75 M
KClI step gradient (Fig. 5B). Each fraction was analyzed by
Western blotting for relevant proteins and for BAF53-associ-
ated HAT activity. For comparison, an aliquot of each fraction
before anti-HA immunoprecipitation (— lanes) was paired
with the corresponding HA-tagged BAF53 immunoprecipi-
tates (+ lanes) in the Western blot analysis (Fig. 5B, left
panel). The majority of the bound HA-tagged BAF53 eluted in
the 0.75 M KCl fraction, where it coimmunoprecipitated with
TRRAP but not with hGCNS5 (Fig. 5B, lane 10). TIP60 eluted
in the 0.4 M KCI fraction, which lacks TRRAP, TIP49-TIP48,
and BAFS53-associated HAT activity (lanes 7 and 8). Since
BRM was immunoprecipitated with HA-BAF53 in the 0.4 M
NaCl Q-Sepharose fraction, this separates the human SWI-
SNF-related complex from the TIP49-TIP48-BAF53 complex
and the TRRAP-BAF53 HAT complex. Although we could
not separate the TIP49-TIP48-BAF53 complex from the
TRRAP-BAF53 HAT complex by conventional chromatogra-
phy, based on reciprocal immunoprecipitation and the HAT
assay it is evident that these are biochemically distinct com-
plexes. Therefore, our results indicate that BAFS3 is a stable
subunit of three distinct nuclear complexes: the human SWI-
SNF complex, the TIP49-TIP48-BAF53 complex, and the
TRRAP-BAF53 HAT complex.

Targeted BAF53 deletion mutants inhibit transformation by
c-Myec. Since BAF53 interacts with cofactors that are essential
for oncogenesis (34), it was of great interest to determine
whether BAF53 might also play a role in Myc-mediated trans-
formation. The extensive homology between BAF53 and B-ac-
tin provided a means of predicting critical regions in BAF53.
The regions of BAF53 that place it in the actin-related gene
family can be superimposed onto the B-actin crystal structure
to create a hypothetical model. Virtually all of the major dif-
ferences between BAF53 and B-actin can be modeled as
BAFS53-specific loops on the surface of the protein. We predict
that these loops are important protein-protein interaction do-
mains that could be mutated without disrupting the underlying
actin folds. Four deletion mutants with deletions in BAF53
were constructed and tested in Myc-mediated transformation
assays (Fig. 6A). The first mutant (A39-67) has a deletion of
the BAF53-specific insertion found in the equivalent position
of the DNase 1-binding domain of B-actin. The BAF53(A171-
179) mutant has a deletion of the residues that would be
equivalent to those coordinating Ca** or Mg>* ions in B-actin.
The BAF53(A233-255) mutant has a deletion of an insertion
found in the equivalent of the nucleotide-binding cleft of B-ac-
tin. The BAF53(A319-324) mutant has a deletion of an inser-
tion in a hydrophobic region of B-actin that may mediate
protein-protein interactions. All of these BAF53 deletion mu-
tants are stably expressed and coprecipitate with c-Myc in
transient assays (data not shown).

The oncogenic activity of c-Myc can be assayed by cotrans-
fection of c-myc and the H-rasG12V oncogene into early-pas-
sage rat embryo fibroblasts, which leads to the formation of
foci that are strictly dependent on Myc protein function. The
number of oncogenic foci was scored after cotransfection of
c-myc and H-rasG12V with the BAF53 wild-type and dele-
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tion mutant expression vectors (Fig. 6B). Cotransfection of a
BAF53 wild-type vector with c-myc and H-rasG12V had no
effect on focus formation. In contrast, cotransfection with
three of the BAF53 deletion mutants (A39-67, A171-179, and
A319-324) resulted in substantial inhibition of Myc-mediated
transformation to 18, 35, and 12% of wild-type levels, respec-
tively (Fig. 6B). However, BAF53 (A233-255) had no effect on
transformation, indicating that the projected BAF53-specific
insertions in the nucleotide-binding cleft region of B-actin are
not critical for Myc oncogenesis. A trivial explanation for the
inhibitory effect of the deletion mutants could be a general
growth inhibition or toxicity. Both BAF53 wild-type and dele-
tion mutant proteins were tested for general growth inhibition
by assessing the efficiency of G418-resistant colony formation
in the primary rat embryo fibroblasts used in the transforma-
tion experiment. When the proteins were cotransfected with
pRSV-neo, nearly equal numbers of G418-resistant colonies
were observed with all expression vectors compared to the
empty vector control (Fig. 6C). This result indicates that there
was no inherent general growth inhibition or toxicity involved
with the BAF53 deletion mutants, although a minor suppres-
sion of colony formation was observed with wild-type BAF53
and BAF53(A233-255) that had no effect on oncogenesis. We
conclude that the wild-type BAF53 protein functions in vivo as
a cofactor for c-Myc in oncogenic transformation.

A BAF53 mutant is defective for HAT recruitment. To ex-
plore the molecular basis for the dominant inhibitory activity
of the BAF53 mutants, we tested each mutant for binding to
TRRAP and recruitment of HAT activity. All four deletion
mutants continued to bind to TRRAP and TIP49 (Fig. 7A).
There was no distinction in TRRAP binding between mutants
that were dominant inhibitors [BAF53(A171-179) and BAF53
(A319-324)] and the one mutant that was not inhibitory
(BAFA233-255). We presume that the dominant inhibitory
activity of these mutants is due to the direct involvement of
BAFS53 in functional activity of the HAT complex or in some
other aspect of complex assembly. One mutant, BAF53(A39-
67), consistently failed to recruit HAT activity and had reduced
binding to TIP49, even though as binding to TRRAP was
undiminished compared to that of wild-type wtBAF53 (Fig. 7).
This observation provides a molecular basis for the dominant
inhibition of Myc-dependent oncogenic activity by this mutant,
since Myc is known to recruit an H4-specific HAT activity to
cellular target genes (4, 8; M. A. Nikiforov, S. Chandriani, J.
Park, I. Kotenko, D. Matheos, A. Johnsson, S. B. McMahon,
and M. D. Cole, submitted for publication). Further studies are
required to unravel the dominant inhibitory activity of the
other mutants.

DISCUSSION

Functional data indicate that BAF53 is an integral compo-
nent of a nuclear complex required for c-Myc-mediated onco-
genic activity. BAF53 was originally identified as a component
of the mammalian BAF chromatin-remodeling complex, which
contains the Swi2/Snf2-related Brgl or Brm ATPases (36).
B-Actin was also identified as a subunit of the BAF complex,
and together with BAF53 these actin family proteins are nec-
essary for the full ATPase activity of Brgl and targeting of the
BAF complex to chromatin (36). BAF53 and B-actin were also
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FIG. 6. BAF53 deletion mutants block the transformation of rat embryo fibroblasts by c-myc and H-ras. (A) Schematic diagram of BAF53 and
B-actin. The amino acid (aa) sequence of BAF53 was aligned with B-actin to overlay known domains of B-actin onto BAF53. BAF53 deletions were
created by site-directed mutagenesis. (B) Primary rat embryo fibroblasts were transfected with expression vectors for c-Myc, H-RasG12V,
HA-BAF53, and deletion mutants of this construct in the different combinations indicated. wt, wild type. Three plates were assayed for each bar
in the graph. (C) Duplicate plates of rat embryo fibroblasts were cotransfected with pRSV-neo and CMV promoter-driven HA-BAF53 or deletion
mutants of this construct. Transfected cells were selected for 14 days, at which time the number of colonies per plate was determined. Two plates

were assayed for each bar in the graph.

found in a complex with TIP60, although no functional role
was established (16). The studies presented here establish a
new role for BAF53 as a component of nuclear cofactor com-
plexes recruited by c-Myc. A fraction of BAF53 is found in the
BAF complex, but separate fractions are found in complexes
with c-Myc, TRRAP, and TIP49-TIP48. Since the BAF53-
TIP49-TIP48 complex exists in the absence of c-Myc, this com-
plex presumably functions as a cofactor for other transcription
factors. The in vitro binding of B-actin to c-Myc and BAF53
indicates that it also serves as a c-Myc cofactor, although the
abundance of B-actin in other structures makes it difficult to
establish a direct functional role.

BAFS53 belongs to a family of actin-related proteins (ARPs)
with extensive identity (30 to 40%) to B-actin. Many ARPs
have recently been found predominantly in the nucleus as
components of chromatin-remodeling complexes. In yeast,
Act3/Arp4p, Arp7p, and Arp9p are essential for viability, and
their only known function is in chromatin modification or re-
modeling and the regulation of transcription (5, 11, 17, 26, 30).
The function of nuclear ARPs in transcriptional regulation
remains enigmatic. An important feature of B-actin is an in-
herent ATPase activity, which is likely to induce dynamic struc-
tural changes in the protein. However, attempts to detect ATP

binding or ATPase activity by BAF53 and other nuclear ARPs
have been unsuccessful to date. A study of potential ATP
binding by Arp7p and Arp9p involved the introduction of spe-
cific mutations targeted to the residues corresponding to those
that may be involved in ATP binding in actin, but these mu-
tations had no effect on Arp7p and Arp9p with respect to in
vivo function (5).

The Saccharomyces cerevisiae protein with the greatest sim-
ilarity to BAF53 is Act3p/Arp4p. Like BAF53, Act3p has in-
sertions into the actin homology domains that are likely to
form loops on the surface of protein (13), but the sequences of
the loops are not homologous between the yeast and human
proteins. ACT3 is an essential gene identified in a screen for
transcriptional defects in yeast that are similar to position
effect variegation in metazoans (17). More recently, Act3p was
found with Actlp (cellular actin) as a component of two dif-
ferent chromatin-modifying or -remodeling complexes. Act3p
and Actlp are part of the NuA4 complex, which also contains
the yeast homolog of the essential Myc/E2F1 cofactor TRRAP
(Tralp) and Esalp, an H4-specific HAT (11). Act3p and Actlp
are also found in a chromatin-remodeling complex containing
the Swi2/Snf2-related Ino80p ATPase and the yeast homologs
of ATPase proteins TIP49 (Rvblp) and TIP48 (Rvb2p) (30).
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FIG. 7. A dominant inhibitory BAF53 mutant is defective for HAT activity but not TRRAP binding. (A) HA-tagged wild-type BAF53,
HA-tagged BAF53 deletion mutants (A39-67, A171-179,A233-255, and A319-324), and empty vector were transiently expressed in HEK293 cells
and immunoprecipitated (IP) with anti-HA antibodies. Samples were eluted with HA peptide and either electrophoresed for Western blotting (top
three panels, with the antibody indicated at the right) or assayed for HAT activity with core histones or nucleosomes as indicated. All proteins were
expressed at similar levels (HA panel). (B) HA-tagged wild-type BAF53, HA-tagged BAF53(A39-67), and empty vector were transiently expressed
in HEK293 cells, immunoprecipitated with anti-HA antibodies, and eluted as for panel A. Mock and recombinant CBP were included as controls.
HA-tagged wild-type BAF53 (lane 4) immunoprecipitated with both TRRAP, TIP49, and a HAT activity that specifically acetylates H2A and H4
in nucleosomes. The HA-tagged BAF53(A39-67) mutant (lane 5) immunoprecipitated with TRRAP but showed reduced binding to TIP49 and no
detectable HAT activity. The wild-type and mutant proteins were expressed at similar levels (HA panel).

The overlap in shared components between these yeast com-
plexes and the c-Myc cofactors described in this study is strik-
ing, although the precise complexes are apparently not identi-
cal. Despite the differences in the enzymatic activities of the
two yeast complexes, one common element is the utilization of
nucleosomes for a substrate. A role for Act3p in binding to
core histones, specifically involving residues within one of the
proposed loops, has been proposed (14). No comparable do-
main has been shown to exist in Arp7p or Arp9p, which also
function in nuclear cofactor complexes (5, 26). The most com-
pelling evidence of a direct role for Act3p in a chromatin-
modifying complex comes from an analysis of temperature-
sensitive mutations in Act3p, which disrupt the integrity of the
NuA4 complex at the nonpermissive temperature (11). Thus,
ARPs may be involved in both the structure and function of
chromatin-modifying complexes, supporting the importance of
BAFS53 as a cofactor for the c-Myc transcription factor.
Biochemical fractionation identified at least three distinct
fractions that contain BAF53, one containing Brm, one con-
taining TIP49-TIP48, and one containing TRRAP and a pres-
ently unidentified HAT. Although TRRAP, BAF53, and
TIP60 were previously described in a HAT complex (16), our
data show no TIP60 in the complex. Furthermore, the yeast
homologs of TIP48(Rvb2p) and TIP49(Rvblp) were not found
in the yeast NuA4 complex (11). BAF53 was also found more
recently in a complex with TRRAP and the E1A-associated
p400 protein; however, this complex contained no detectable
HAT activity (10). The finding that the c-Myc transactivation
domain recruits TRRAP, hGCNS, TIP49-TIP48, BAF53 (our
studies), and p400 (10) makes it difficult to determine exactly
which complexes are predominantly bound to c-Myc in vivo. A
further complication may arise from the different extraction
and immunoprecipitation conditions used in different labora-

tories, which may dissociate less stable components. We are
presently purifying the BAF53-associated HAT detected in our
studies, and functional studies implicate a specific BAF53 do-
main (amino acids 39 to 67 [Fig. 7]) in the recruitment of HAT
activity into a TRRAP complex. However, existing data sup-
port the recruitment of several separate complexes by c-Myc.
The TRRAP-hGCNS5 complex was described previously (22),
but this complex does not contain the other Myc-associated
cofactors described here. TIP49 and TIP48 also associate with
c-Myc in vivo (34), and these proteins are also present in
association with BAF53 (Fig. 2). However, TIP49-TIP48 does
not associate with HAT activity in our hands (Fig. 3B), even
though c-Myc immunoprecipitates contain both H3- and H4-
specific HAT activities (Nikiforov et al., submitted). Myc pro-
teins promote the acetylation of both H3 and H4 at chromo-
somal sites (4, 8; Nikiforov et al., submitted). Further studies
should provide more detailed functional insight into the spe-
cific protein-protein interactions mediated by BAF53 in chro-
matin-modifying complex that participate in Myc oncogenic
activity.
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