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A variety of chromatin remodeling complexes are thought to assist sequence-specific transcription factors.
The complexes described to date are expressed ubiquitously, suggesting that they have general transcriptional
functions. We show that vertebrate neurons have a specialized chromatin remodeling complex, bBAF,
specifically containing the actin-related protein, BAF53b, which is first expressed in postmitotic neurons at
about murine embryonic day 12.5 (E12.5). BAF53b is combinatorially assembled into polymorphic complexes
with ubiquitous subunits including the two ATPases BRG1 and BRM. We speculate that bBAF complexes
create neuronal-specific patterns of chromatin accessibility, thereby imparting new regulatory characteristics
to ubiquitous sequence-specific transcription factors in neurons.
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The recent discovery that the mammalian genome en-
codes only about two- to threefold as many genes as in-
vertebrates was surprising, particularly in light of the
more complex nervous systems of mammals. In addi-
tion, many of the mammalian genes seem to have arisen
by expansion of gene families, the members of which
often have at least partially redundant functions. Thus
the increase in gene number in mammals compared to
invertebrates may have little additional informational
content at the protein level. This conundrum may be
partially addressed by the clear expansion of noncoding
regulatory sequences in the mammalian genome and the
growing notion that the function of a gene is diversified
by its pattern of expression, that is, the context in which
it functions.

Specialized chromatin remodeling complexes may
change the overall pattern of expression of mammalian
genes, allowing a common set of transcription factors
and signaling pathways to produce different genomic
transcriptional responses to common signals. This
mechanism would diversify the function of each gene
and might be particularly useful in the neuronal cell lin-
eage, which gives rise to hundreds of cell types of diverse
form and function (Stevens 1998). The expected charac-
teristics of such a chromatin remodeling complex would
be that it be expressed in all neuronal cell types, not be
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expressed outside the nervous system, and that it be ac-
tivated at or near the time of neuronal subtype differen-
tiation. We describe a complex, bBAF, for brain-specific
BAF complex, that fits these criteria.

Results

Isolation of BAF53b

We previously cloned and characterized BAF53a (Gen-
Bank/EMBL accession no. AF041474), an actin-related
protein (ARP), which is a subunit of mammalian BAF
chromatin remodeling complexes (Zhao et al. 1998; Xue
et al. 2000; Olave et al. 2002). BAF complexes (Khavari et
al. 1993; Kwon et al. 1994; Wang et al. 1996a; Xue et al.
2000; Lemon et al. 2001) are related to the yeast SWI/
SNF (Stern et al. 1984; Peterson and Herskowitz 1992;
Cote et al. 1994), RSC (Cairns et al. 1996), INO80 (Shen
et al. 2000), and the Drosophila BAP complex (Papoulas
et al. 1998), but unlike invertebrate complexes are com-
binatorially assembled and functionally diverse (Wang et
al. 1996a,b; Chi et al. 2002). Screening of a human brain
cDNA library with the BAF53a probe resulted in the iso-
lation of a 1492-bp cDNA encoding the entire open read-
ing frame of a protein that is 84 % identical (93 % similar)
to BAF53a over its 426 amino acids (GenBank/EMBL ac-
cession no. AF041475). A region of approximately 42
amino acids (amino acids 40-82 on BAF53b) at the N
terminus is divergent with only 39% similarity (Fig. 1).
This allowed us to raise specific antibodies to BAF53a
and the related protein, which we termed BAF53b.
Sequence database searches revealed only one protein
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Protein sequence alignment of human BAF53 pro-
teins and homologs in Drosophila and C. elegans. Human (Hu)
BAF53 proteins have a single homolog in Drosophila (Dm) and
in C.Elegans (Ce). Protein sequence alignment was done using
the CLUSTAL method. Conserved amino acid residues are
boxed in black.

Figure 1.

homologous to BAF53a and b in Drosophila (CG6546)
and a hypothetical protein in C. elegans (ZK616.4) with
54% and 46 % respective identity that extended through
the entire sequence of hBAF53b (Fig. 1). Thus, while
mammals have two distinct genes present at different
genomic loci encoding highly homologous actin-related
BAF53 proteins, Drosophila and C. elegans have only
one. This observation is consistent with the notion that
combinatorial assembly of BAF complexes is confined to
vertebrates.

BAF53b is part of a brain-specific chromatin
remodeling complex

The isolation of BAF53b ¢cDNA from a human brain
c¢DNA library and an analysis of EST databases suggested
that BAF53D is expressed selectively in the brain. Indeed,
RNase protection assays (Fig. 2A) revealed that while
BAF53a is expressed in all adult mouse tissues exam-
ined, BAF53b transcripts appear to be restricted exclu-
sively to the brain and peripheral nervous tissue (see be-
low). Although BAF53a transcripts are detected at low
levels in the adult brain, we have been unable to detect
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BAF53a protein in neurons with our affinity-purified an-
tibodies, indicating that BAF53a transcripts in the brain
probably arise from meninges and vascular components
(see below).

The knowledge that BAF53a is a subunit of human
SWI/SNF complexes (Zhao et al. 1998) and the extensive
amino acid sequence identity between BAF53a and
BAF53b prompted us to test whether BAF53b is a mem-
ber of a brain-specific chromatin remodeling complex.
By Western analysis we found that, in contrast to
BAF53a, BAF53b protein is expressed in murine brain
but not in liver or HeLa cell nuclear extracts (Fig. 2B, top,
lanes 1-3) as expected from the pattern of expression of
its mRNA (Fig. 2A). We used antibodies against BRGI, a
DNA-dependent ATPase subunit, to immunoprecipitate
BAF complexes. The J1 BRGI antibody coimmunopre-
cipitated BAF53b from brain but not from HeLa or liver
nuclear extracts (Fig. 2B, top, lanes 4-7). As expected,
anti-BRG1 antibodies immunoprecipitated BRG from all
extracts examined (Fig. 2B, bottom, lanes 1-3). Antibod-
ies to BAF53b coimmunoprecipitated BRG1 protein from
mouse brain but not from HeLa cell or liver nuclear ex-
tracts (Fig. 2B, bottom, lanes 4-7), confirming the asso-
ciation of these two proteins specifically in brain nuclear
extracts. The conditions used for immunoprecipitation
were highly stringent, and complexes remained intact
even in the presence of 2 M salt and extensive washing
over a 3-h period.

To investigate the subunit composition of complexes
containing BAF53b, we purified the complexes from
nuclear extracts derived from either mouse brain or
HeLa cells. Specific and distinctive complexes were af-
finity-purified using the J1 anti-BRG1 antibody (Fig. 2C)
compared to the control 12CA5 antibody (Fig. 2C, lane 4)
or normal rabbit serum (data not shown). The most sig-
nificant difference between these two BAF complexes is
with the subunits ranging from 155 to 180 kD. The dif-
ferences are not due to degradation, since Western analy-
sis of the extracts revealed no protein fragmentation.
Two new specific bands, p180 and p160, remained asso-
ciated with the brain BAF complex even after purifica-
tion under highly stringent conditions and are either
modifications of BAF170 and BAF155, or new subunits.
Importantly, while BAF53b was present only in the com-
plex purified from brain nuclear extracts, BAF53a was
present in complexes from HeLa cells and all mouse tis-
sues examined except the brain (Fig. 2C, bottom; data
not shown). This suggests that assembly of the two sub-
units is mutually exclusive, with BAF53b replacing
BAF53a in BAF complexes present in the murine nervous
system. We call the brain-specific complex “bBAF.”

If the bBAF complex is involved in controlling acces-
sibility of regulatory regions to DNA binding proteins,
one would expect that it would remodel nucleosomes in
vitro similarly to other mammalian chromatin remodel-
ing complexes (Wang et al. 1996a; Nie et al. 2000; Xue et
al. 2000; Lemon et al. 2001). Indeed, highly purified bBBAF
complexes (Fig. 2C, lane 1) were able to remodel mono-
nucleosomes in an ATP-dependent fashion (Fig. 2D). To
our knowledge, the bBAF complex represents the first
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Figure 2. BAF53b is a subunit of a brain-specific chromatin remodeling complex. (A) BAF53b mRNA expression is restricted to the
nervous system. Expression patterns for BAF53D (top) and BAF53a (bottom) in different adult mice tissues using ribonuclease protec-
tion assay. Arrows, protected fragments for both RNAs. Note that the faint upper band in all lanes of the BAF53D gel is the undigested
probe. (B) BAF53b protein is expressed exclusively in mouse brain nuclear extract and reciprocally immunoprecipitates with the BAF
ATPase subunit BRG1. Western blots for BAF53b (top) and BRG1 (bottom) using anti-BAF53b or anti-BRG1 antibodies. (Lanes 1-3)
Nuclear extracts (10 pg) prior to purification. Immunoprecipitations using the antibodies shown on top of each panel are in lanes 4-7.
(C) The bBAF complex is unique. (Top) Silver-stained SDS-PAGE gel (7.5%) showing immunopurified chromatin remodeling com-
plexes from mouse brain nuclear extracts (Brain, lane 1) or HeLa cells (lane 3) using anti-BRG1 antibodies. (Lane 4) Immunopurification
control of brain extracts with 12CA5 antibodies. Molecular weight markers (MW, lane 2) are indicated at the right. BAF subunits are
shown at the Ieft. Asterisks indicate nonspecific proteins. IgG is immunoglobulin heavy chain. (Bottom) BAF53b and BAF53a are
mutually exclusive subunits of BAF chromatin remodeling complexes. After immunopurification of BAF complexes with the indicated
antibodies, blots were analyzed with BAF53b- and BAF53a-specific antibodies. (Lane 3) Control immunoprecipitation using 12CA5
antibody. (Lanes 4,5) Input nuclear extracts [HeLa (He); Brain (Br); 10 ng]. (D) bBAF has ATP-dependent mononucleosome disruption
activity. bBBAF complexes attached to beads were immunopurified as described above and assayed on mononucleosomes in the absence
(lane 7) or presence (lane 8) of 1 mM ATP. As a control, BAF complexes from Jurkat cells were used (lanes 5,6). No disruption is
observed in the absence of chromatin remodeling complexes (lanes 3,4). Arrows show the ATP-dependent disruption of mononucleo-
somes (cf. lanes 5-8 and 3,4). Lanes 1 and 2 show controls for naked DNA and mononucleosomes alone, respectively.
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tissue-specific chromatin remodeling complex described
to date.

bBAF is polymorphic and combinatorially assembled

Our previous studies showed that the subunits of BAF
complexes are combinatorially assembled from the prod-
ucts of gene families encoding the different subunits
(Wang et al. 1996a,b). For example, the ATPase subunit
can either be BRGI or hBRM, either of which can be
paired with BAF60a, BAF60Db, or BAF60c. Despite their
coexpression in all tissues studied to date, this biochemi-
cal polymorphism produces complexes with apparently
unique functions, because BRG1 and BRM deletions in
mice give different phenotypes (Reyes et al. 1998; Bult-
man et al. 2000; Chi et al. 2002). To determine whether
the brain-specific bBAF complex is also combinatorially
assembled, we investigated the association of these com-
plexes with the homologous BRG1 and BRM ATPases.
Immunoprecipitation of BAF53b from murine brain
nuclear extracts revealed that it was tightly associated
with the BRG1 ATPase (Fig. 2B) and also the BRM
ATPase (Fig. 3B). Since these subunits occupy mutually
exclusive positions in BAF complexes (Wang et al.
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1996b), we concluded that bBBAF complexes are polymor-
phic, at least with respect to the ATPase involved. In
addition, since the brain expresses BAF60a, b, and c (the
products of three distinct genetic loci in mammals) as
well as BAF250a and b (W. Wang and G.R. Crabtree, un-
publ.), it is likely that bBAF complexes are combinato-
rially assembled with respect to other subunit family
members.

BAF complexes in brain extracts also appear to have
different subunit composition than the well studied
HeLa SWI/SNEF-like BAF complexes. Western analysis of
purified complexes revealed that BAF250, BRGI
(BAF190), BAF170, BAF155, BAF60b, BAF57, BAF47, and
B-actin subunits were all present in affinity-purified
complexes from both the brain and HeLa cells. However,
BAF155, which shares several domains with yeast Swi3p
(Wang et al. 1996b), is present in sub-stoichiometric
amounts in the affinity-purified bBAF complex com-
pared to the complex derived from HeLa cells (Fig. 3A,
lanes 1,2 on BAF155 blot). A clear difference in BAF155
expression between the brain and the HeLa complex is
also observed on a silver-stained gel of a separate purifi-
cation (Fig. 2C). Importantly, degradation products were
not present in either extract. Thus, the sub-stoichiomet-

B
IP Antibody: _ BAFS3b  12CA5 @ E £
: 1] 2
I I 1@ 5 m
s £ £ % 3% 3
Nuclear Extract : :E ﬂLS E 8 8 E-
BRMe=-- En—— P
1 2 a4 5 6
C
IP Antibody: Brg1 NRS 3 3
I —lr— 2 @
5 i 3 5 5
[ o a
& E z E £

"'
,

=
o

Figure 3. DBAF is a combinatorially assembled chromatin remodeling complex distinct from BAF and PBAF. (A) BAF complexes from
Brain (Br) and Hela cells (He) were immunoprecipitated and blotted with antibodies to different BAF subunits. Brain (Br, lane 1) and
HeLa-derived BAF complexes (He, lane 2). (Lane 3) Control immunopurification using 12CA5 antibodies. (Lanes 4,5) Input nuclear
extracts (10 ng). (B) BAF53b containing bBAF complexes also associates with BRM ATPase subunit. Anti-BAF53b antibodies were used
to immunoprecipitate BAF complexes from either HeLa cells or mouse brain nuclear extracts. Western blots with anti-hBRM anti-
bodies (dil 1:1000) show that BRM ATPase coimmunoprecipitates with BAF53b in brain (lane 2) but not from HeLa nuclear extracts
(lane 1). Lane 3 is a control immunoprecipitation using 12CA5 antibodies. Whole RIPA cell extracts (15 ng) of the BRG1/BRM-deficient
cell line C33A transiently transfected (36 h) with Brgl (lane 4) or hBrm (lane 5) expression vectors show the specificity of the anti-BRM
antibody. (Lane 6) Input mouse brain nuclear extract (10 pg) used in the immunoprecipitation. (C) BAF180 is not a subunit of bBAF.
Anti-BRGI antibodies were used to immunoprecipitate BAF complexes from mouse brain or HeLa nuclear extracts and analyzed for
the presence of BAF180 using specific antibodies. BAF180 is present in the HeLa (BAF)- but not brain (bBAF)-derived complex (lanes
1,2), although both input nuclear extracts (10 pg) contain 180 kD proteins (lanes 4,5). Note that the brain p180 runs at a different
mobility, and at this time it is not certain that the band seen from the brain represents authentic p180 or a cross-reacting protein. (Lane
3) Control immunoprecipitation using normal rabbit serum (NRS).
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ric amounts of BAF155, the presence of p180 and p160
polypeptides described above, and the exclusive presence
of BAF53b but not BAF53a distinguishes bBAF from BAF
complexes in nonneuronal tissues. Examples of special-
ized BAF complexes include E-RC1, which is involved in
the efficient in vitro expression of the B-globin gene by
EKLF (Armstrong et al. 1998; Lee et al. 1999; Kadam et
al. 2000), and more recently PBAF, which has been
shown to be necessary for ligand-dependent transactiva-
tion by nuclear hormone receptors (Xue et al. 2000;
Lemon et al. 2001). One of the biochemical hallmarks of
the PBAF complex is the absence of BAF250 and the
presence of the polybromo subunit BAF180 (Xue et al.
2000). The bBAF complex contains BAF250 and a com-
ponent of 180 kD (p180) which could be the previously
identified BAF180 (Xue et al. 2000). We determined
whether p180 was BAF180 by using immunopurification
of bBAF and Western blotting for BAF180 (Fig. 3C). We
found that BAF180 is present in BAF but not bBAF com-
plexes, even though it is present in the input brain
nuclear extract used in the immunopurification. To-
gether, these results suggest that bBAF complexes are
unique in their subunit composition.
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Developmental expression of BAF53b

Cell-type specification in the murine nervous system de-
pends on both extrinsic and intrinsic signaling mecha-
nisms, and in mice begins between embryonic day 9.5
(E9.5) and E10.5 and continues until after birth in the case
of glial cells (for review, see Edlund and Jessell 1999;
Anderson 2001; Livesey and Cepko 2001; Zhang 2001).
In agreement with previous reports (Zhao et al. 1998;
Bultman et al. 2000; Machida et al. 2001), BAF53a and
BRGI1 were ubiquitously expressed at all stages of mu-
rine development examined. In contrast, BAF53D protein
was not observed in whole mouse embryo extracts until
E12.5 (Fig. 4A) and is specifically expressed in nervous
tissue such as brain (Figs. 2A, 4A,B).

Whole-mount in situ hybridization experiments re-
vealed that BAF53b mRNA was undetectable in E9.5 em-
bryos (Fig. 4C). However, by E10.5, BAF53b expression
was apparent in the nervous system, with high levels
observed in the telencephalon, and less in the diencepha-
lon, mesencephalon, and spinal cord (Fig. 4D). This pat-
tern of expression of BAF53b persisted and became more
defined in embryos at E12.5 (Fig. 4E-H) and at later

Figure 4. BAF53b expression during murine develop-
ment. (A) Western blots for BAF53b (top), BAF53a
(middle), and BRG1 (bottom) expression in whole cell
RIPA extracts (15 pg) from murine embryos of different
developmental stages (lanes 1-4). Lanes 5 and 6 show
control nuclear extracts (10 pg) from adult mouse brain
and HeLa cells, respectively. (B) BAF53b is not ex-
pressed in endoderm-derived tissues of E12.5 mouse
embryo. Western blots for BAF53b (top) and BRG1 (bot-
tom) expression in liver, stomach, and brain RIPA ex-
tracts (30 pg; lanes 1-3). (Lane 4) Control nuclear ex-
tract (10 pg) from adult mice brains. (C-H) BAF53D is
expressed in the nervous system. Whole-mount in situ
hybridization using a specific antisense probe for
BAF53b. Sense probe (data not shown) showed minimal
staining. (C,D) Lateral view of E9.5 and E10.5 embryos,
respectively. (E-H) E12.5 embryos showing lateral (E),
frontal (F), dorsal (G), and dorsolateral (H) views. Dorsal
root ganglia derived from the neural crest are clearly
staining in H.

GENES & DEVELOPMENT 2513



Olave et al.

stages of development (Fig. 2A; data not shown). Specific
neural crest derivatives that give rise to neurons, such as
the dorsal root ganglia, were also BAF53b-positive (Fig.
4H). However, neural crest derivatives that have non-
neuronal characteristics, such as the great vessels, were
not BAF53b-positive. These results demonstrate that
BAF53b expression begins near the time of neuronal cell
type specification. The disparity between the appearance
of BAF53b protein (E12.5) and mRNA (E10.5) is likely
related to the relative insensitivity of the whole embryo
protein analysis or to posttranscriptional regulation of
BAF53b mRNA.

BAF53b is expressed exclusively
in postmitotic neurons

To determine whether BAF53b and its chromatin remod-
eling complexes were restricted to specific cell types
within the nervous system, we analyzed its expression in
a subpopulation of cells derived from post-natal day 0
(PO) rat hippocampus. Double immunofluorescence ex-

TUJ1: red

Figure 5. BAF53b is expressed in postmitotic
neurons but not glia. (A,B) BAF53b is expressed C
in the nucleus of neurons but not glia cells. A
mixed population of neurons and glia cells de-
rived from PO rat hippocampus were cultured for
10 d, and BAF53b detected by immunofluores-
cence. (A) Costaining of neurons with the neuro-
nal-specific marker TUJ1 (red) and BAF53b
(green) antibodies as indicated. (B) Costaining
with the astrocyte-specific marker GFAP (red)
and BAF53Db (green) antibodies as indicated. Note
the empty nuclei denoting no detectable BAF53b '\‘
staining. (C-G) BAF53b is expressed in postmi-
totic neurons. Double immunohistochemistry
on paraffin-embedded embryo sections using an-
tibodies against BAF53b (black-labeled cells) and
the proliferation markers Ki-67 (C, E-G) or BrdU
(D, red-labeled cells). (C) Sagittal section of E12.5
embryo head. BAF53D is expressed in the postmi-
totic cells of the nervous system. (D) Transverse
section of cervical spinal cord from E12.5 embryo
pulse-labeled in utero with BrdU. (E) Sagittal sec-
tion of spinal cord from E12.5 embryo. (F) Sagittal
section of olfactory bulb from E15.5 embryo. (G)
Sagittal section of retina from PO mouse. Tel, tel-
encephalon; Die, diencephalon; Met, meten-
cephalon; Mye, myelencephalon; PF, pontine
flexure; Sp C, spinal cord; VZ, ventricular zone;
ManL, mantle layer; Olf B, olfactory bulb; SVZ,
subventricular zone; GCL, granule cell layer;
MCL, mitral cell layer; Ret, retina; ONL, outer
neuroblastic layer; GCL, ganglia cell layer.
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periments showed that BAF53b was a nuclear protein
(green label) expressed exclusively in neurons, which ex-
press the neuron-specific type III B-tubulin (TUJ-1; Fig.
5A, white arrow). BAF53b was not expressed in glial
cells, which express glial acidic fibrillary protein (GFAP;
Fig. 5B, arrowheads). We found that BAF53b, but not
BAF53a, was present in virtually all neurons in the ce-
rebral neocortex (layers II-VI), hippocampus (CA1-CA3
region and dentate gyrus), cerebellum (molecular, granu-
lar, and Purkinje cell layers), spinal cord (dorsally and
ventrally), dorsal root ganglion, retina, and the olfactory
bulb (mitral and granule cell layers) of adult mice (L.
Olave and G.R. Crabtree, unpubl.; data not shown). The
above observations indicate that BAF53b-containing
bBAF chromatin remodeling complexes are likely to be
present in all types of neurons, raising the issue of when
BAF53b expression begins relative to the time that mul-
tipotential neural precursor cells begin to differentiate.
Neuronal differentiation occurs by an anatomically or-
derly process in which precursors to both glia and neu-
rons originate in a germinal or proliferative zone. Prolif-
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eration of multipotential precursor cells is followed by
migration of postmitotic neurons to specific locations or
layers (Edlund and Jessell 1999; Lee and Jessell 1999;
Briscoe et al. 2000; Desai and McConnell 2000) where
they establish a rich variety of different forms and func-
tions. To determine whether BAF53b is expressed in
neuronal precursor cells located in the ventricular zones,
we studied mouse embryos that had been either pulsed-
labeled with BrdU (Fig. 5D) or stained with the cell pro-
liferation marker Ki-67 (Fig. 5C, E-G). Double immuno-
histochemical analysis using anti-BAF53b (black stain-
ing) and anti-BrdU or Ki-67 antibodies (red staining)
showed that BAF53b is expressed in postmitotic cells in
the murine CNS (Fig. 5C). Importantly, BAF53b was not
detected in actively proliferating precursor cells (Fig. 5C—
G). In the spinal cord of E12.5 embryos, BAF53b expres-
sion was restricted to postmitotic neurons present in the
mantle layer (ManL) but clearly absent from cells present
in the ventricular zone (VZ, Fig. 5E). Ventrally located
neurons, such as motor neurons, and the more dorsally
located interneurons of the spinal cord of E12.5 embryos,
were equally stained for BAF53b (Fig. 5D). In the olfac-
tory bulb of E15.5 embryos (Fig. 5F), all neurons that
were actively dividing in the subventricular zone (SVZ)
did not express BAF53b. However, granule cells (GCL)
and mitral cells (MCL) that were in the process of or
terminated their differentiation showed light or strong
staining for BAF53Db, respectively. A clear example of
BAF53b expression in postmitotic neurons was seen in
the retina of neonate embryos (Fig. 5G). BAF53b expres-
sion was found only in retina ganglion neurons in the
ganglia cell layer, which are the first type of neuron to
differentiate during retinal development. In contrast, mi-
totically active cells present in the outer neuroblastic
layer (ONL) lack BAF53b expression.

Discussion

We have shown that murine neurons have a specific
chromatin remodeling complex (bBAF) based on the neu-
ron-specific expression of BAF53b. bBAF is assembled
with either BRG1 or BRM (which are expressed in all cell
types) as the ATPase (Fig. 3B). Since BAF60a, b, and ¢ as
well as BAF250a and b are present in neurons, we assume
that the complex is combinatorially assembled with re-
spect to the other subunits, as well. However, definitive
demonstration of polymorphism for these other subunits
may be very difficult because of the cellular heterogene-
ity of neurons. Combinatorial assembly appears to be
unique to vertebrates, because Drosophila and C. el-
egans have only one gene encoding each subunit includ-
ing BAF53 (Fig. 1), and Tamkun et al. found no evidence
of combinatorial assembly of the Drosophila complex
(Papoulas et al. 1998). Analyses of the subunits present
in bBAF suggest that these complexes are unique, distin-
guishing themselves from other mammalian SWI/SNF-
related chromatin remodeling complexes studied to date.
The exclusive presence of BAF53b but not BAF53a (Fig.
2B,C), substoichiometric levels of BAF155 (Figs. 2C, 3A),
and the presence of two new putative subunits, p160 and
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p180, that are different from the polybromo BAF180 pre-
sent in PBAF (Figs. 2C, 3C) support this notion.

Our studies indicate that BAF53Db protein is first ex-
pressed in neuronal precursor cells that have become
postmitotic (Fig. 5). Thus, BAF53b expression appears
after the determination of the neuronal lineage, but close
to the time when neurons become functionally distinct.
Studies of neuron cell lineage specification in the verte-
brate spinal cord have indicated that homeodomain and
bHLH transcription factors play critical roles (Tsuchida
et al. 1994; Pfaff et al. 1996; Briscoe et al. 2000; for re-
view, see Marquardt and Pfaff 2001). Although some of
these transcription factors are expressed before the last
cell cycle division of neurons (hence before BAF53Db),
others, such as the motor neuron specification transcrip-
tion factor Islet-1, are expressed postmitotically (Pfaff et
al. 1996). The polymorphic bBAF complexes present in
postmitotic vertebrate neurons (Fig. 5C-G) have the ca-
pacity to remodel chromatin in vitro (Fig. 2D) and may
functionally cooperate in vivo with such postmitotic lin-
eage specification transcription factors in accessing their
regulatory targets.

The remarkable neuron-specific expression of BAF53b
(Figs. 4,5), and therefore bBAF complexes, contrast with
the expression patterns found for other proteins/com-
plexes involved in chromatin regulation to date. The
murine acetyltransferase Querkopf and its human homo-
log, MORF (Champagne et al. 1999) have a wide pattern
of expression during development. Consistent with this,
Querkopf mutant mice show defects not only in neural
but also in skeletal development (Thomas et al. 2000).
The histone deacetylase RPD3 is highly expressed in the
Drosophila nervous system but widespread defects are
seen in rpd3 mutant flies, consistent with its expression
in other tissues (De Rubertis et al. 1996; Chen et al.
1999; Mannervik and Levine 1999).

Certain subunits of the general transcription factor
TFIID seem to have specialized functions, apparently
arising from their restricted patterns of expression. For
example, specific TBP-associated factors [TAF(II)s] have
been found in B cells (Dikstein et al. 1996), granulosa
cells of the murine ovarian follicle (Freiman et al. 2001),
and in the male primary spermatocytes of Drosophila
(Hiller et al. 2001).

In the course of purifying and cloning the subunits of
ATP-dependent chromatin remodeling complexes (Kha-
vari et al. 1993; Wang et al. 1996a,b; Zhao et al. 1998), we
searched extensively for tissue-specific subunits, and to
date BAF53b is the only one that we and others have
identified, raising the question of why neurons should
have a dedicated chromatin remodeling complex. At
least two possible answers can be suggested. The first is
simply that bBAF is dedicated to the transcription of
genes that distinguish neurons from other cell types,
that is, those involved in processes such as axonal guid-
ance and electrical excitability. A second possibility has
to do with the very large number of cell types in the
vertebrate nervous system, which may be equivalent to
or exceed the number of all the other nonneuronal cell
types (Stevens 1998). Production of neural-specific chro-
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matin remodeling complexes based on BAF53b rather
than BAF53a could aid in establishing neural-specific
chromatin structures, thereby broadly changing the ge-
nomic regulatory regions accessible to ubiquitous tran-
scriptional factors in neurons. Such a restructuring of
chromatin could impart neural patterns of expression to
genes used both in neurons and nonneurons. Further di-
versification of bBAF complexes by combinatorial as-
sembly could allow any single gene to gain new patterns
of expression, thereby increasing the potential to gener-
ate new cell types within the neuronal lineage. Analysis
of neuronal development in mice with disruptions of the
BAF53b gene will be necessary to test these speculative
models of bBAF chromatin remodeling complexes.

Materials and methods

Immunoblots, immunoprecipitation, and affinity purification
of bBAF

Rabbit anti-BAF53b antibodies were raised against an MBP fu-
sion protein containing amino acids 30-119 of the BAF53b pro-
tein sequence. BAF53a cross-reacting antibodies were immuno-
depleted by successive passages of the BAF53b serum over an
MBP-BAF53a affinity column. Finally, affinity purification of
BAF53b-specific antibodies was performed by successive pas-
sages of the BAF53a-free cross-reactive serum over an affinity
column containing GST-BAF53b fusion protein. Affinity-puri-
fied anti-BAF53a antibodies were produced in a similar way
using the respective epitopes. Anti-BRG1 antibodies were de-
scribed (Wang et al. 1996a). Anti-BRM serum was a gift from Dr.
Moshe Yaniv.

Proteins were run on 8% SDS-PAGE mini-gels, transferred to
PVDF membrane, blocked with 5% milk on PBST-0.3 M (0.1%
Tween-20; PBS; 0.3 M NaCl) prior to incubation with primary
antibodies. After washing with PBST-0.3M (PBST-0.6M for anti-
BAF180 antibodies) and incubating with secondary antibody,
blots were developed with enhanced chemiluminescent re-
agents (Amersham) and exposed to film.

Immunoprecipitations and affinity purification of bBAF were
performed overnight at 4°C with 100 pg of nuclear extract and
antibodies crosslinked to protein-A beads in a total volume of
200 pL using RIPA buffer (for anti-BRG1). Because the interac-
tion with BAF53b antibodies is disrupted in RIPA buffer, 0.4 M
Buffer D (Wang et al. 1996a) was used instead. Beads were
washed, and interacting proteins were eluted with 0.1M glycine
pH2.5 and neutralized with 1M Tris at pH 8.0 before SDS-PAGE
and Western analysis.

BrdU pulse labeling, immunohistochemistry,
immunofluorescence, and whole-mount in situ hybridization

For BrdU pulse labeling, staged pregnant CD1 female mice were
injected intraperitoneally with bromodeoxyuridine (BrdU;
Sigma) at 50 pg/g of body weight 3 h prior to sacrifice. Embryos
were dissected, processed, paraffin-embedded, and sectioned (5
pm) using standard procedures. Immunocytochemistry was
done using rabbit affinity-purified anti-BAF53b (dil 1:300) and
anti-BrdU (dil 1:1000; Neomarkers clone BRD.2) or anti Ki-67
(dil 1:30; DAKO, clone TEC-3) monoclonal antibodies as indi-
cated. Development was done with a Vectastain Elite ABC Kit
(Vector Labs) using DAB staining (for BAF53b) or alkaline phos-
phatase (for BrdU or Ki-67) following kit instructions.
Immunofluorescence on rat (PO) hippocampus primary cul-
ture was performed using standard procedures. Primary antibod-
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ies used were TU]J1 (dil: 1:1000, Covance), a cocktail anti-GFAP
(dil 1:100, PharMingen), and rabbit affinity-purified anti-
BAF53b. Detection was performed with goat anti-rabbit Alexa
488 and goat anti-mouse Alexa 594 secondary antibodies (Mo-
lecular Probes). Imaging was performed using a Zeiss Axiophot
fluorescence microscope.

Whole-mount in situ hybridizations were performed using
standard procedures with digoxigenin-labeled probes specific for
BAF53b. A 400-bp fragment that extended until 171 bp of the
3'-UTR of the Celera genomic mouse BAF53b sequence was
cloned by PCR using genomic mouse DNA into pGEM3{z(+)
vector. The construct was sequenced and used for in vitro tran-
scription of antisense and sense probes.

Mononucleosome disruption assay and RNase protection

The mononucleosome disruption assay was done as described
previously (Nie et al. 2000). For RNase protection, the BAF53a-
specific riboprobe was done by cloning an EcoR1-Kpnl (nt 992—
1344) cDNA fragment into xhomid vector and transcribed with
T7 RNA polymerase. The BAF53b riboprobe was obtained by
transcribing an EST clone (AA003209) that corresponds to the
region between nt 930 and nt 1220 of the published BAF53b
cDNA sequence.
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