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The yeast SWI/SNF complex is involved in remodeling of chromatin structure during
transcriptional modulation. One of the key subunits of this complex, called SWI2/SNF2,
has a DNA-dependent ATPase activity. Two different types of mammalian homolog of
yeast SWI2/SNF2, called BRM and BRG1, were recently identified. They are closely simi-
lar in structure but have distinct functions. We investigated the expression of BRM and
BRG1 during differentiation of neural precursor cells (NPCs) cultured in vitro. The
expression of BRM was very low in NPCs and was induced to a high level during differ-
entiation to neurons and astrocytes. In contrast, BRG1 was constantly expressed
throughout differentiation. These phenomena were also observed in differentiation of
P19 embryonal carcinoma cells to neural cells. Immunocytochemical analyses revealed
that the expression of BRM started even in the undifferentiated nestin-positive cells.
These results indicate that BRM may have an important role in neural cell differentia-
tion.

Key words: BRG1, BRM, chromatin remodeling factor, differentiation, neural precursor
cell.

The modification of chromatin structure is increasingly rec-
ognized to be an important factor in transcriptional regula-
tion (1). So far, it is known that the state of chromatin
compaction is controlled by two major mechanisms (2, 3).
One is a histone acetyltransferase and deacetylase system
(4), the other a regulatory system containing chromatin-
remodeling complexes (5). The former enzymes acetylate or
deacetylate N-terminal tail structures of histones and con-
trol chromatin opening and compaction (4). The chromatin-
remodeling complex was characterized first in Saccharomy-
ces cereuisiae as a multi-protein complex that controls mat-
ing type switch (SWI) and sucrose non-fermenting (SNF)
genes. ATP-dependent chromatin remodeling activity of the
complex was recently identified (6). This SWI/SNF complex
has an ATPase subunit called SWI2/SNF2, and its activity
is essential for chromatin remodeling (6). The homologs of
SWI2/SNF2 have been identified in higher eukaryotes, and
they also form multi-protein complexes of chromatin-re-
modeling factors (1).

Mammalian SWI/SNF complexes are composed of more
than eight subunits (7). Of these, two ATPase subunits
have been identified and named BRM and BRG1 (8, 9).
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These two proteins are mutually exclusive in the SWI/SNF
complex. Recently, it was reported that BRM or BRG1
alone shows chromatin-remodeling activity, and other sub-
units of the complex, such as INI1, BAF155, and BAF170,
increase the activity (7). The SWI/SNF complex containing
either BRG1 or BRM shows chromatin-remodeling activity
and activates or inactivates gene expression (10-16). BRM
and BRG1 have high sequence homology to each other and
were reported to have both common and distinct roles. For
instance, both of them bind retinoblastoma (RB) protein
(17, 18), cyclin E (19), several nuclear hormone receptors
(10-12), and transcription factors (13,14,16). Since both of
them bind RB protein, they seem to be important for cell
cycle control. In fact, forced expression of either BRM or
BRG1 results in growth arrest (18-20). In spite of these
common features, only BRM is down-regulated by ras-
transformation and up-regulated by growth arrest induced
by serum starvation (20). Sumi-Ichinose et al. recently
reported that inactivation of one of two brgl genes in F9
embryonal carcinoma cells alters their capacity for prolifer-
ation but not for differentiation (21). They also reported
that inactivation of both brgl alleles severely affects F9 cell
viability. In contrast, BRM knockout mice survive with
almost normal phenotypes except for increase in body
weight; and in this regard, cells isolated from the knockout
animals showed increased growth ability (22). From these
results, Yaniv et al. speculated that the BRM-containing
complex may be important for the expression of genes re-
lating to quiescence and terminal differentiation (20), but
functions of BRM in cell differentiation are poorly under-
stood.

In this article, we analyzed BRM expression during neu-
ral differentiation of NPCs and P19 embryonal carcinoma
cells to study its role in neural differentiation.
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MATERIALS AND METHODS

Cell Culture—Mouse NPCs were obtained from cere-
brums of E10 ddY mouse embryos based on the method
described by Kitani et al. (23). DMEM/F12 (Life Technolo-
gies, Rockville, MD) supplemented with 0.03 M NaHCO,,
1% fetal bovine serum, 10 ji-g/ml insulin (Wako Pure Chem-
ical Industries, Osaka), 10 n-g/ml transferrin (Wako), 10 ng/
ml cholera toxin (Sigma Chemical, St. Louis, MO), 0.01 (xM
sodium selenite, 80 jJLg/ml penicillin, and 90 |xg/ml strepto-
mycin was used as culture medium. NPCs were plated at a
density of approximately 0.5 X 107 cells per 100-mm plastic
dish coated with poly-D-lysine (Sigma). Primary neurons
were obtained from cerebrums of E17 ddY mouse embryos.
Cerebrums were cut into small pieces and washed with
phosphate buffered saline (PBS). Cells were dissociated by
the treatment with PBS containing 0.25% trypsin, 0.5%
glucose, and 100 M-g/ml DNase I at 37°C for 20 min. After
washing, cells were plated on poly-D-lysine-coated 100-mm
tissue culture dishes at a density of 2 X 107 cells per plate
and cultured in DMEM/F12 supplemented with 10% fetal
bovine serum for 2 days. In order to concentrate neurons,
the medium was replaced with fresh medium containing 10
|iM cytosine arabinoside (Sigma) and cells were cultured
for an additional 2 days. By microscopic observation, more
than 80% of cells were neurons as judged by their morphol-
ogy. Primary astrocytes were obtained from cerebrums of
newborn ddY mice as described previously (24) and cul-
tured in DMEM (Life Technologies) supplemented with
10% fetal bovine serum. When astrocytes were matured by
treatment with dibutyryl-cAMP (25) or forskolin (26), the
serum was withdrawn from the medium. Isolated astro-
cytes were almost subconfluent after 7 days of culture. Con-
fluent culture was achieved after 14 days. Cell growth was
analyzed by [3H]thymidine incorporation.

P19 embryonal carcinoma cells were maintained in
aMEM (Life Technologies) containing 10% fetal bovine
serum as described previously (27). In monolayer culture,
cells were plated at a density of 1 X 106 cells per 100-mm
plastic dish and differentiated into endodermal and meso-
dermal cells by adding 0.5 \xM a\\-trans retinoic acid (RA)
(Wako). For differentiation into neural or muscle cells, cells
were grown in the medium containing 0.5 |j.M al\-trans RA
or 1% dimethyl sulfoxide (DMSO) (Wako), respectively, at a
density of 1 x 106 cells per 100-mm bacteriological-grade
petri dishes. After 4 days, cell aggregates were transferred
into tissue culture dishes and cultured in the medium with-
out inducers for an additional 6 days. All cultures were
maintained at 37°C in humidified 5% CO2.

Antiserum and Western Blot Analyses—Anti-BRM anti-
body was produced by use of a glutathione S-transferase
(GST)-fusion protein expressed in Escherichia coll. An ex-
pression plasmid was constructed by inserting the cDNA
fragment of mouse BRM (encoding amino acid residues 50—
214 in the corresponding human sequence) into pGEX-5X-2
(Amersham Pharmacia Biotech, Buckinghamshire). The
cDNA was prepared by reverse transcription-polymerase
chain reaction (RT-PCR) by using primers designed on the
corresponding sequence obtained from GenBank/EMBI/
DDBJ database. The fusion protein was expressed in E. coli
BL21 and purified on a glutathione-Sepharose 4B column
(Amersham Pharmacia Biotech). For production of anti-

BRG1 antibody, GST-BRG1 fusion protein was produced in
a similar way with the cDNA fragment of mouse BRG1
encoding amino acid residues 49-330. The sequences of
cloned DNA fragments were confirmed by using dye termi-
nator cycle sequencing kit (Amersham Pharmacia Biotech).
These fusion proteins were used as immunogens for pro-
duction of polyclonal antibodies by rabbits. Antibodies were
affinity purified by using their respective antigens immobi-
lized on CNBr-activated Sepharose 4B (Amersham Phar-
macia Biotech). These two antibodies were raised against
N-terminal portions of BRM and BRG1, which show lower
homology than other domains (28). Nevertheless, each anti-
body showed a low cross-reactivity to the other's antigen.
The cross-reactivity to the BRG1 antigen was removed
from anti-BRM antibody by using a BRGl-immobilized col-
umn. The anti-BRGl antibody was similarly treated by use
of a BRM-immobilized column.

Brains were isolated from E10, E15, newborn, and adult
(8 weeks) mice. After removing meninges, cells were disso-
ciated by use of a homogenizer and sonically disrupted.
Whole cell extracts were prepared as described previously
(20). Western blotting was performed by the standard pro-
cedure. In addition to anti-BRM and anti-BRGl antibodies,
mouse monoclonal anti-rat nestin (Pharmingen, San
Diego, CA), mouse monoclonal anti-bovine microtubule-as-
sociated protein 2 (MAP2) (Leinco Technologies, St. Louis,
MO) and rabbit polyclonal anti-human glial fibrillary
acidic protein (GFAP) (Biomeda, Foster City, CA) were used
as primary antibodies. Immunoreactivity was determined
with horseradish peroxidase-conjugated anti-rabbit IgG
antibody, and detected by using enhanced chemilumines-
cence reagents (Amersham Pharmacia Biotech).

RNA Isolation, RT-PCR, and Northern Blotting—-Total
RNA was isolated by use of an RNeasy Midi Kit (Qiagen,
Hilden) according to the manufacturer's instructions. After
DNase I (Sigma) treatment, 5 |xg of total RNA was primed
with oligo (dT) primers and reverse-transcribed by using
ReverTra Ace (Toyobo, Osaka). Control experiments were
done without reverse transcriptase. Cycle parameters for
PCR were 30 s at 94°C, 1 min at 55°C, and 1 min at 72°C
for 25 cycles. RedTaq DNA polymerase was purchased from
Sigma and used for PCR. The following primers were
designed from the DNA sequences obtained from GenBank/
EMBL/DDBJ database (BRM, BRG1, Etl-1, and (3-actin)
and from the previous report (CHD-1) (29): mouse BRM
sense (5'-GACCTCCCAGCGTCTCACAT-3') and antisense
(5'-CAGGKDAAGlGTCCTTTTTCCC-3'), mouse BRGl sense
(5'-GACCTCCTTCAGCAGGAC-3') and antisense (5'-TCT-
GCGGTGGCATTACA-3'), mouse CHD-1 sense (5'-AGTTA-
CAGACCCGTGCAGAC-3') and antisense (5'-TGATGGCG-
GTCCTTGTGATG-3'), mouse Etl-1 sense (5'-GCTTAAGG-
AGCATGAGTGGA-3') and antisense (5'-TCCCGGTGAGC-
ATCGTAACT-3'), mouse (3-actin sense (5'-TGAGACCTTC-
AACACCCCAG-3') and antisense (5'-GAGCCAGAGCAG-
TAATCTCC-3'). Since the cDNA sequence of mouse SNF2h
has not been reported, the EST database was searched by
using the human SNF2h cDNA sequence and yielded two
sequences (AA407249 and AA190286) that showed close
similarity to the human sequence. Primers were designed
based on these sequences: mouse SNF2h sense (5'-ATCT-
TCAGGCTATGGACCG-3') and antisense (5'-TCTCCTTTT-
CTTCTAGTTCC-3'). For detection of mRNA level, all PCR
products were visualized on a 1.0% agarose gel.
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For Northern blot analyses, 30 u.g of total RNA samples
were fractionated by electrophoresis on a 1.0% agarose gel
containing 6.0% formaldehyde and transferred to Hybond-
C pure nitrocellulose membranes (Amersham Pharmacia
Biotech). The cDNA fragment of mouse BRM encoding
amino acid residues 50-214 in the corresponding human
sequence was used as the probe. The mouse (3-actin probe
was obtained by RT-PCR. These probes were labeled with
[a-32P]dCTP (Amersham Pharmacia Biotech) by using a
BcaBEST labeling kit (Takara, Tokyo).

Immunocytochemical Analyses—NPCs cultured on cover-
slips were rinsed with cold PBS and fixed with freshly pre-
pared 3.7% formaldehyde for 10 min at room temperature.
Cells were then washed in PBS and permeabilized with
PBS containing 1% Triton X-100 for 5 min at room temper-
ature. After washing with PBS again, cells were incubated
overnight at 4°C in PBS containing 5% goat serum and 1%
bovine serum albumin. The coverslips were rinsed with
PBS and dipped in primary antibodies in PBS for 2 h at
room temperature. Primary antibodies used were affinity-
purified anti-BRM and anti-BRGl polyclonal antibodies,
mouse monoclonal anti-rat nestin and mouse monoclonal
anti-bovine MAP2. After rinsing with cold PBS three
times, cells were incubated with goat anti-mouse IgG cou-
pled to tetramethylrhodamin-isothiocyanate (Leinco Tech-
nologies) and goat anti-rabbit IgG coupled to fluorescein
isothiocyanate (Zymed Laboratories, Southern San Fran-
cisco, CA) for 30 min at room temperature. After washing
with PBS, the coverslips were mounted onto slide glasses
with 90% glycerol and 10% PBS. Samples were analyzed by
using a confocal fluorescence microscope (MRC-1024, Bio
Rad, Hercules, CA).

RESULTS

The Level of BRM but Not BRG1 Is Up-Regulated during
Differentiation of NPCs—Since SWI2/SNF2 family sub-

units such as BRM and BRG1 have an ATPase activity and
a helicase motif, they are believed to be key subunits for
remodeling activity (7). Messenger RNA levels of various
SWI2/SNF2-related proteins in cultured NPCs were stud-
ied by RT-PCR in order to detect changes in mammalian
chromatin-remodeling complexes during neural develop-
ment. Under our culture conditions, NPCs gradually differ-
entiated to neurons and glial cells. As shown in Fig. 1,
BRM mRNA gradually increased, while mRNA levels of
other SWI2/SNF2 homologs such as BRG1, SNF2h (30),
CHD-1 (29), and Etl-1 (37) remained constant. By Northern
blotting, the expression level of BRM was very low on day 1
when NPCs were dominant, but the mRNA level increased
on day 5 (Fig. 2A). On the other hand, the expression of
BRG1 was almost constant throughout the culture (data

Fig. 1. Expression of several mammalian ATPase subunits of
chromatin-remodeling factors relating to SWI2/SNF2. Total
RNA was prepared from NPCs cultured for the indicated number of
days and analyzed by RT-PCR with suitable primers in the presence
(+) or absence (-) of reverse transcriptase. Since the amount of am-
plified (3-actin cDNA increased colinearly up to PCR cycle number
30, the cycle number of PCR reaction was set at 25.
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Fig. 2. Expression of BRM and BRG1 dur-
ing neural differentiation. (A) Northern blot
analysis of BRM mRNA in cultured NPCs. Total
RNA was prepared from NPCs cultured for the
indicated number of days, and 30-p.g samples of
mRNA were fractionated by gel electrophoresis.
(B) Western blot analyses of BRM, BRG1, nes-
tin, MAP2, and GFAP in cultured NPCs. Whole
cell extracts were prepared from NPCs cultured
for as above. (C) Western blot analysis of BRM
during brain development. Whole cell extracts
were prepared from brains of E10, E15, new-
born, and adult mice and NPCs cultured for 9
days. (D) Western blot analysis of BRM-protein
expression in NPCs without culture, neurons,
and subconfluent astrocytes. Whole cell extracts
were prepared from NPCs obtained from 10-day
embryos, neurons from cerebrums of 17-day em-
bryos and astrocytes from newborn mice. (E)
Western blot analysis of BRM-protein expres-
sion in astrocytes. Confluent and subconfluent
cells were cultured in the medium containing
10% fetal bovine serum. Alternatively, subcon-
fluent cells were cultured in serum-free medium
for 24 h, then medium was changed to serum-
free medium containing 0.5 mM dibutyryl-cAMP (db-cAMP) or 10 \iM forskolin. After 24 h, whole cell extracts were prepared. For Western
blot analyses, samples containing 30 |ig of protein were fractionated by SDS-PAGE (6% polyacrylamide).
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Fig. 3. Immunocytochemical analyses of BRM and BRG1 in
cultured NPCs on day 5. NPCs cultured for 5 days were immuno-
stained and observed with a confocal fluorescent microscope. (A) and
(B), double staining with anti-nestin and anti-BRM. (C) and (D), dou-
ble staining with anti-MAP2 and anti-BRM. (E) and (F), double stain-

ing with anti-nestin and anti-BRGl. (G) and (H), double staining
with anti-MAP2 and anti-BRGl. Arrowheads and arrows in panels
(A) and (B) indicate BRM-negative and BRM-positive cells expressing
nestin, respectively.
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Up-Regulation of BRM during Neural Differentiation 47

not shown). Western blotting by using anti-BRM and anti-
BRG1 antibodies also confirmed these results (Fig. 2B);
BRM expression level was low on day 1, increased thereaf-
ter and was constant after day 5.

To examine the expression of BRM in vivo, Western blot-
ting was performed on protein samples of brains at several
developmental stages (Pig. 2C). The BRM expression was
induced between E10 and E15 and decreased in adult
brain. This fact is consistent with induction of BRM during
differentiation of NPCs isolated at E10. In addition, the
level of BRM in NPCs cultured for 9 days was almost the
same as that of in vivo NPCs.

NPCs were dominant in the original preparations of cells
under the culture conditions, differentiation to neurons
started from day 3, and astrocytes appeared on around day
7 as judged by the appearance of cell-type-specific markers
(Fig. 2B). Nestin is a marker for proliferative NPCs, MAP2
for neurons and GFAP for astrocytes (32). To clarify
whether up-regulation of BRM occurred in fetal neurons
and astrocytes isolated from newborn mice, BRM expres-
sion level was studied by Western blotting. As shown in Fig.
2D, both cell types showed high level expression of BRM.
Since astrocytes have growth ability, the expression of
BRM in these cells is not consistent with the previous
report that BRM is up-regulated by growth arrest (20).
Therefore, we analyzed BRM expression in confluent astro-
cytes to examine whether it is up-regulated by growth
arrest. Growth arrest was confirmed by [3H]thymidine in-
corporation. Although we cultured growth-arrested conflu-
ent astrocytes for 3 days, BRM expression was the same as
that of dividing subconfluent cells (Fig. 2E). Astrocytes stop
growing and mature upon adding dibutyryl-cAMP (25) or
forskolin (26) in serum-free medium. However, no change
in the BRM expression level was observed after adding
these reagents (Fig. 2E). We also confirmed BRM expres-
sion in astrocytes differentiated from NPCs (data not
shown).

Expression of BRM Started in NPCs—To study the rela-
tion between neural cell differentiation and BRM expres-
sion, cultured NPCs were double-stained with anti-BRM
and either anti-MAP2 or anti-nestin antibody. In 5-day
NPC culture, both NPCs and neurons were observed, and a
part of the population expressed nestin, while the remain-
der exhibited MAP2. As shown in Fig. 3, A and B, some
nestin-positive cells showed BRM expression (arrows in
Fig. 3, A and B) but others did not (arrowheads in Fig. 3, A
and B). On the other hand, all the MAP2-positive cells
expressed BRM (Fig. 3, C and D). NPCs isolated from E10
embryos did not express BRM protein at all (Fig. 2D) and
BRM- and nestin-positive cells could not be detected in
NPCs cultured for 12 h (data not shown). The heterogene-
ity of BRM expression in nestin-positive cells in 5-day cul-
ture seems to be due to unsynchronized differentiation.
These results suggest that BRM expression begins in a
subset of NPCs and is eventually detected in all mature
MAP2-positive neurons. In contrast, double staining with
anti-BRGl and either anti-nestin or anti-MAP2 antibody
showed that all the nestin- and MAP2-positive cells ex-
pressed BRG1 (Fig. 3, E-H).

Expression of BRM Was Induced during Differentiation
of P19 Cells—To confirm the induction of expression of
BRM in neural differentiation, P19 cells were also studied.
Exposure of aggregated P19 cells to DMSO leads to the for-
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Fig. 4. Expression of BRM and BRG1 during differentiation of
P19 cells. (A) P19 cells as monolayer culture were differentiated by
all-trans RA to endodermal and mesodermal cells or as aggregate
culture by all-trans RA to neural cells or by DMSO to muscle cells.
Whole cell extracts (30 |xg) were fractionated by SDS-PAGE (6%
polyacrylamide) and probed with anti-BRM or anti-BRGl antibod-
ies. (B) Time course analyses of BRM, BRG1 and MAP2 expression
during neural differentiation of P19 cells. On day 0, all-trans RA was
added to aggregate cultures. Analyses were the same as in (A).

mation of cardiac and skeletal muscle cells. Alternatively,
treatment of aggregated cells with al\-trans RA results in
differentiation to cells that resemble either neurons and
glial cells, and treatment of monolayer cells with all-trans
RA stimulates the formation of endodermal and mesoder-
mal derivative cells (33).

Figure 4A shows the BRM and BRG1 expression levels
when P19 cells were differentiated to three different cell
linages. Undifferentiated P19 cells showed a low level of
BRM expression, but differentiated muscle, neural, and en-
dodermal and mesodermal cells expressed higher levels of
BRM independent of cell type. On the other hand, BRG1
was expressed constantly before and after differentiation.
We analyzed the time course of BRM expression during
neural differentiation of P19 cells. As shown in Fig. 4B,
BRM expression started to increase on day 2, prior to the
appearance of MAP2 on day 6. The induction of BRM
observed in neural cells generated from P19 cells was in
good accordance with the results of primary NPCs.

DISCUSSION

To assess the function of chromatin-remodeling factors in
differentiation, cell systems that can be differentiated in in
vitro culture were studied. We initially screened the mRNA
levels of several ATPase subunits of remodeling factors in
cultured NPCs. Among them, only BRM showed a change
in expression level. Both in NPCs and P19 cells, expression
of BRM increased during differentiation to neural cells.
Furthermore, cytochemical analyses showed that a part of
the nestin-positive cells started to express BRM protein.
Since nestin-positive NPCs are committed to neural differ-
entiation but still have growth ability (32), it is suggested

Vol. 129, No. 1,2001

 at Peking U
niversity on O

ctober 1, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/


48 Y. Machida et al.

that expression of BRM starts prior to final differentiation.
Similarly, BRM expression started 3-4 days before the ap-
pearance of MAP2 in differentiation of P19 cells. These re-
sults support the hypothesis that BRM plays an important
role in neural differentiation (20). Increased expression of
BRM was also observed in differentiation of P19 cells to
other cell types, suggesting that BRM may generally work
in differentiation.

Because several transcription factors recruit BRM and
BRG1 to specific sites on the chromosome, it is possible
that BRM controls expression of genes relating to neural
cell differentiation. In this regard, it is noteworthy that the
Drosophila homolog of BRM (Brahma) activates expression
of Hox genes. Recently, it was reported that the mamma-
lian homolog of trithorax, named MLIVALL-1, is a positive
regulator of Hox genes (34) and physically interacts with
SW1/SNF through INI1, as is the case with Drosophila
(35).

Yaniv et al. proposed that BRM plays a role in growth
arrest accompanied by differentiation (20). Our finding of
increased BRM expression during differentiation of NPCs
to neurons and of P19 cells to several cell types that ceased
growing supports this hypothesis. However, the expression
of BRM in glial cells (Fig. 2, D and E) suggests that growth
arrest is not necessary for expression, since glial cells have
strong growth ability. Conversely, the expression of BRM
did not change when growth arrest was induced by contact
inhibition or treatment with dibutyryl-cAMP or forskolin.
These results indicate that induction of BRM expression
does not directly lead to or result from growth arrest in
glial cells.

Recently, it was reported that several SWI/SNF subunits,
such as BAF155, BRG1, and BRM, directly interact with
cyclin E, and cyclin E modulates the activity of the chroma-
tin-remodeling factor (19). Zhang et al. reported that a his-
tone deacetylase-RB-BRGl triple complex persists in Gl-
arrested cells and an RB-BRG1 complex regulates exit
from S phase (36). These results indicate that histone de-
acetylase, cyclin and SWI/SNF complex interact with RB,
possibly with plO7 and pl30, and cell cycle progression
may be controlled in a very complicated manner with these
complexes. It is also possible that this regulation may be
cell-type-specific, since the levels of these proteins are dif-
ferent depending on cell type. In this regard, it is necessary
to study the complex formation of BRM in each cell type. If
BRM plays a role in growth arrest of neuronal cells, it is
possible that BRM could form a complex with RB and other
proteins such as cyclin E. Our preliminary results showed
that the levels of RB and pl30 in primary neuron and glial
cells were almost the same (Machida, Y., unpublished re-
sults). Now we are analyzing the complex formation both in
neurons and glial cells to clarify whether BRM plays a role
in growth arrest during differentiation.
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