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Background: The ARID2 protein is specific for a certain subset of SWI/SNF chromatin-remodeling complexes known as
PBAF.
Results: ARID2 is essential for gene activation along the osteoblast phenotype.
Conclusion: ARID2-containing complexes play a major role in lineage commitment and differentiation.
Significance: Manipulating levels of ARID family subunits (of which there are three mutually exclusive alternatives in SWI/
SNF) may influence precursor state and lineage determination without compromising full SWI/SNF function.

Unfolding of the gene expression program that converts pre-
cursor cells to their terminally differentiated counterparts is
critically dependent on the nucleosome-remodeling activity of
the mammalian SWI/SNF complex. The complex can be pow-
ered by either of two alternative ATPases, BRM or BRG1. BRG1
is critical for development and the activation of tissue specific
genes and is found in twomajor stable configurations. The com-
plex of BRG1-associated factors termed BAF is the originally
characterized form of mammalian SWI/SNF. A more recently
recognized configuration shares many of the same subunits but
is termed PBAF in recognition of a unique subunit, the poly-
bromoprotein (PBRM1). Two other unique subunits, BRD7 and
ARID2, are also diagnostic of PBAF. PBAF plays an essential
role in development, apparent from the embryonic lethality of
Pbmr1-null mice, but very little is known about the role of
PBAF, or its signature subunits, in tissue-specific gene expres-
sion in individual differentiationprograms.Osteoblast differen-
tiation is an attractive model for tissue-specific gene expression
because the process is highly regulated and remains tightly syn-
chronized over a period of several weeks. This model was used
here, with a stable shRNA-mediated depletion approach, to
examine the role of the signature PBAF subunit, ARID2, during
differentiation. This analysis identifies a critical role forARID2-
containing complexes in promoting osteoblast differentiation
and supports a view that the PBAF subset of SWI/SNF contrib-
utes importantly to maintaining cellular identity and activating
tissue-specific gene expression.

Osteoblast differentiation has several advantages as a model
of tissue-specific gene expression.Osteoblasts, the cells respon-
sible for bone formation, are derived from multipotent mesen-
chymal stemcells. The commitment ofmesenchymal stemcells
to the osteoblastic lineage and further differentiation to osteo-

blasts and ultimately to mature osteocytes is tightly regulated
and synchronized over a period of several weeks (see Fig. 1A).
Successive changes in osteogenic gene expression patterns are
controlled by specific transcription factors acting in concert
with chromatin modifiers that determine acetylation and
methylationmarks and with chromatin-remodeling complexes
that alter nucleosome positioning in an ATPase-dependent
manner (1–7).
Unfolding of the gene expression program that converts pre-

cursor cells to osteoblasts is critically dependent on the nucleo-
some-remodeling activity of the mammalian SWI/SNF com-
plex (reviewed in Refs. 8–10). Understanding how SWI/SNF
acts to maintain or advance specific stages of differentiation is
basic to understanding molecular mechanisms of tissue devel-
opment. The complex can be powered by either of two
ATPases: BRMor the BRM-related gene product BRG1. BRG1-
containing SWI/SNF generally acts to induce osteogenic genes,
whereas BRM-specific complexes can play auxiliary, comple-
mentary, or opposing roles. In osteoblast precursors, BRM-spe-
cific complexes, sometimes acting in concert with p130 and
repressor E2Fs, primarily restrain differentiation, helping to
maintain the committed precursor state until the pre-osteo-
blasts receive appropriate signals for differentiation (2, 3).
BRG1 participates in two related SWI/SNF complexes, des-

ignated BAF2 or PBAF (11). BAF and PBAF sharemost subunits
but can be distinguished by the presence of the polybromo
(PBRM1) and BRD7 subunits in PBAF (see Fig. 1B) and by the
choice of another component that occurs as related alterna-
tives: the ARID family subunit. ARID family proteins (reviewed
in Ref. 12) are characterized by a consensusAT-rich interaction
domain, which comprises a DNA binding motif of loose speci-
ficity (13). Mammalian cells encode 15 ARID family proteins,
three of which are identified as SWI/SNF subunits. The family
also includes a set of histone demethylases (14), so it is closely
linked with chromatin regulation. The SWI/SNF-associated
ARID subunits are large proteins containing multiple protein
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interactive domains. BAF complexes contain ARID1A or
ARID1B (15, 16), whereas PBAF contains ARID2 (alias
BAF200) (17). In addition to the N-terminal ARID motif,
ARID2 contains two classic C2H2 zinc fingers at the carboxyl
terminus (18).
The choice of ARID1A over ARID1B favors cell cycle arrest

over continued proliferation (19, 20), and the proteins have
distinct expression profiles during embryogenesis and the cell
cycle (21). ARID1A is recognized as a tumor suppressor (22–
25), and ARID2 may have such a role as well (26). Induction of
the osteogenic marker, alkaline phosphatase, is impaired in
either ARID1A-depleted or ARID1B-depleted pre-osteoblasts
(19) in a milder version of the BRG1 depletion phenotype,
implying a specific requirement for BAF in osteoblast differen-
tiation. However, these studies did not consider the role of the
PBAF configuration, a significant question because identifying
specific gene expression patterns determined by the alternative
subunits offers the potential to influence parameters such as the
rate of bone formation, the size of progenitor pools, and the
balance of lineage determination.
PBAF plays a required role in development (27, 28) but has

not been studied in specific differentiation systems. In this
study, to determine whether PBAF is required during osteo-
blast differentiation, we used an shRNA approach to target
ARID2 in MC3T3-E1 pre-osteoblasts. The specific analysis
described here identifies a critical role for ARID2-containing
complexes in promoting osteoblast differentiation and sup-
ports a view that the PBAF subset of SWI/SNF contributes
importantly to maintaining cellular identity and tissue-specific
gene expression.

EXPERIMENTAL PROCEDURES

Materials—Ascorbic acid, �-glycerol phosphate, sodium
phosphate mono- and dibasic, Alizarin Red S, puromycin, and
protease inhibitors were obtained fromSigma. Penicillin-strep-
tomycin solution was purchased from Mediatech (Herndon,
VA). Fetal bovine serum (FBS) was purchased from Atlanta
Biologicals, and �-modified essential medium was purchased
from Irvine Scientific (Santa Ana, CA).
Cell Culture—MC3T3-E1 cells, obtained from the ATCC

(catalogue number: CRL-2593), weremaintained in�-modified
essential medium supplemented with 10% FBS and 1% penicil-
lin-streptomycin solution. Differentiation of low passage
MC3T3-E1 cellswas induced by the addition of 50�g/ml ascor-
bic acid and 10 mM �-glycerol phosphate to the standard
growthmedium.Themediumwas changed every 3–4days, and
the inducing agents were replaced with each medium change.
shRNA and Isolation of Stable ARID2 Knockdown Cell Lines—

To generate stable ARID2-depleted cell lines, MC3T3-E1 cells
were transfected with pRS vectors containing ARID2 shRNA-
encoding sequences or a scrambled sequence purchased from
OriGene (Rockville, MD) and selected with puromycin (4
�g/ml). The specific knockdown sequences were 5�-TGAGAC
GAG CCA GTG CTC ACT AAT CAG CA-3� for clone 1
(S4C1) and 5�-CAG CCA CAA GAC ACT GTT ATC ATA
GCA CC-3� for clone 2 (S3.AA4), respectively. Puromycin-re-
sistant clones were expanded and then screened by Western
blot for ARID2 expression. The decreased expression of ARID2

was confirmed by quantitative reverse transcription PCR
(qRT-PCR).
Growth Analysis of ARID2 Stable Knockdown (ARID2.KD)

Cell Line—For growth analysis, parental and ARID2.KD (clone
1) cells were seeded into 6-well plates (in triplicate) at 20,000
cells/well and cultured in�-modified essential medium supple-
mentedwith 10% FBS and 1% penicillin-streptomycinmedium.
To determine the cell number, cells were trypsinized and
counted using a Vi-CELL cell viability analyzer (Beckman
Coulter) every 24 h for 7 days. Data are presented as mean cell
number per well with the S.E. of triplicate determinations in
each line. The cells were photographed with an EVOS AME
i2111 phase contrast microscope (Advanced Microscopy
Group, Bothell, WA).
Staining for Alkaline Phosphatase Activity and Miner-

alization—These assays were carried out as described previ-
ously (3).
Immunoblotting—The antibodies used were: ARID2 (H-182,

sc-98299), BRG1 (H-88, sc-10768), and HSC70 (B-6, sc-7298)
from Santa Cruz Biotechnology, Inc., (Santa Cruz, CA). The
procedure was previously described (29).
qRT-PCR—Total RNA was isolated using TRIzol (Invitro-

gen) according to the manufacturer’s instructions. Quality and
concentration of RNA were determined using a NanoDrop
ND-1000 system. Total RNA (5 �g) was primed with oligo(dT)
and reverse-transcribed using the SuperScript III first strand
synthesis supermix kit (Invitrogen). SYBR Green-based quan-
titative PCRs were carried out using an ABI PRISM 7500 real
time PCR system (Applied Biosystems, Foster City, CA). The
gene-specific primers used for PCR are: Arid2 (forward,
5�-GCA GCC AAT TTC CAC TCC TGT TG-3�; reverse, 5�-
GAT TGG TGA CAG GAG TCC TCT G-3�), Brg1 (forward,
5�-GAAAGTGGCTCTGAAGAGGAGG-3�; reverse, 5�-TCC
ACC TCA GAG ACA TCA TCG C-3�), Alpl (forward, 5�-CCA
GAA AGA CAC CTT GAC TGT GG-3�; reverse, 5�-TCT TGT
CCG TGT CGC TCA CCA T-3�), Bglap (forward, 5�-GCA ATA
AGGTAGTGAACAGACTCC-3�; reverse, 5�-GCGTTTGTA
GGC GGT CTT CAA G-3�), Fgfr2 (forward, 5�-GTC TCC GAG
TAT GAG TTG CCA G-3�; reverse, 5�-CCA CTG CTT CAG
CCATGACTAC-3�), Bmp4 (forward, 5�-GCCGAGCCAACA
CTGTGAGGA-3�; reverse, 5�-GATGCTGCTGAGGTTGAA
GAGG-3�),Dmp1 (forward, 5�-TTGTGGGAAAAAGACCTT
GG-3�; reverse, 5�-AATCACCCGTCCTCTCTTCA-3�), Phex
(forward, 5�-CTGGCTGTAAGGGAAGACTTCC-3�; reverse,
5�-GCT CCT AAA AGC ACA GCA GTG TC-3�), and Gapdh
(forward, 5�-GTCTCCTCTGACTTCAACAGCG-3�; reverse,
5�-ACC ACC CTG TTG CTG TAG CCA A-3�). Expression of
Gapdh was used as an internal control. Data are presented as
means � S.E.
Chromatin Immunoprecipitation (ChIP) Assays—ChIP assays

were performed with the EZ-ChIPTM system (Millipore, Lake
Placid, NY), according to the manufacturer’s directions, modi-
fied to include preclearing of lysateswith 60�l of a 50% slurry of
protein G/salmon sperm DNA for 1 h at 4 °C and again over-
night. The antibodies used were: ARID2 (H-182x, sc-
98299x), BRG1 (H-88, sc-10768), BRM (N-19, sc-6450), Pol II
(H-224, sc-9001), RUNX2 (H-300, sc-33170), and osterix
(OSX) (A-13x, sc-22536x) from Santa Cruz Biotechnology.
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Monoclonal antibodies specific for ARID1A (PSG3) and
ARID1B (KMN1) were described previously (16, 20) and are
available from Millipore (04-080) and Santa Cruz Biotechnol-
ogy (sc-32761 and sc-32762). PCR conditions were 40 cycles at
30 s at 95 °C, 30 s at 72 °C, and 30 s at 60 °C. The primers used
forChIP are:Alpl (forward, 5�-AAGGGGTCTCCTTCTGCT
TC-3�; reverse, 5�-CTT TGT CCC TCG ATG GTT GT-3�),
Bglap (forward, 5�-GAG TGT CGT CCC CAA TCC-3�;
reverse, 5�-CTG CTA CCA CCG AGG CTG-3�), Fgfr2 (for-
ward, 5�-GAG GCT TTG GAT GAC TCT GC-3�; reverse,
5�-CCA TGG GAA AAG GCA ATC TA-3�), Bmp4 (forward,
5�-TCC CAT GGG TAT TTT TGG AA-3�; reverse, 5�-CTT
CCC TCC TCC CTT AAT CG-3�), Dmp1 (forward, 5�-GAA
GGT CTC TAC CCG CCT CT-3�; reverse, 5�-CCC ATA CAC
CCA CAC TTC CT-3�), Phex (forward, 5�-CCT GAG TTT
GGGGTGAAATG-3�; reverse, 5�-TGACACCAGACCTCA
GCAAG-3�), and 3�-untranslated region (3�-UTR) ofAlpl (for-
ward, 5�-TTG TTC CTC TTG CCT CAG GT-3�; reverse,
5�-TGA CAA TCA CAT GGC CTC TC-3�).

RESULTS

Generation of Stable ARID2-depleted Cell Lines—Osteo-
blast-specific gene expression can be studied in MC3T3-E1
cells, which are cell culture-adapted, non-transformed precur-
sor cells committed to the osteoblast lineage but not yet differ-
entiated. The cells proliferate indefinitely as precursors, but
when stimulated by bone anabolic agents, they undergo termi-
nal differentiation in a tightly synchronized program lasting
more than 2weeks (30, 31). Induction of alkaline phosphatase is
an early stage event, coordinated closely with differentiation-
associated cell cycle arrest.Within a week, the arrested cells are
laying down a collagenous extracellular matrix, which under-
goes mineralization apparent by day 21.
Depletion of BRG1 severely impairs the ability of these cells

to mineralize or to induce the key markers of osteoblast differ-
entiation, i.e. alkaline phosphatase activity and osteocalcin (3).
In addition to markers of osteoblast differentiation, gene array
analysis identified two other classes of genes dependent on
BRG1-mediated regulation. Expression of the genes encoding
bone morphogenic protein, BMP4, and the fibroblast growth
factor receptor, FGFR2, is characteristic of osteoblast precur-
sors. Both genes are implicated in lineage commitment in mes-
enchymal stem cells, with FGFR2 particularly implicated in
osteogenesis (32–35). Expression of these genes drops sharply
in BRG1-depleted cells. The third class of genes regulated by
BRG1 in pre-osteoblasts is negatively regulated and comprises
genes considered diagnostic of the fullymature osteocyte stage.
Expression of these genes rises sharply in BRG1-depleted pre-
cursor cells. The appropriate peak expression time for these
genes is shown in Fig. 1A.
Because the SWI/SNF complexes coordinately control broad

patterns of gene expression, they afford ameans of understand-
ing the temporal dynamics of gene expression during differen-

FIGURE 1. Generation of stable ARID2-depleted MC3T3-E1 cell lines. A, the
program of osteoblast differentiation can be divided into four phases: (a)
proliferative pre-osteoblasts expressing Fgfr2 and Bmp4; (b) early differentia-
tion characterized by Alpl expression; (c) late differentiation distinguished by
highly induced expression of Bglap (encoding osteocalcin); and (d) terminal
differentiation to the fully mature osteocyte phenotype marked by expres-
sion of Dmp1 and Phex. B, the multisubunit SWI/SNF complex contains a core
ATPase plus seven or more non-catalytic subunits. The BAF complex can con-
tain either the BRG1 or the BRM ATPase; its signature subunits are the mutu-
ally exclusive ARID1A and ARID1B proteins. The PBAF complex is only known
to contain BGR1; it is distinguished by the presence of three unique subunits:
ARID2 (alias BAF200), polybromo/PBRM1 (alias BAF180), and BRD7. C, total
cell lysates from parental cells, cells transfected with an empty vector, vectors
encoding a non-targeting control sequence, or either of two lines expressing
ARID2-targeting sequences (ARID2.KD) were probed in a Western blot with
antibodies specific to either ARID2 or BRG1. The constitutively expressed
HSC70 protein was used as a loading control. D, expression of Arid2 and Brg1
in ARID2-depleted cells (ARID2.KD, clone 1) or the cell line transfected with
the non-targeting control sequence, relative to the parental cells, was deter-
mined by qRT-PCR, normalized to Gapdh expression. Shown are mean values
relative to the parental line with the S.E. (n � 3). E, representative pictures of
the general morphology of parental cells and ARID2-depleted cells. F, the

growth rate of parental and ARID2.KD cells. Cells were seeded in 6-well plates
at 2 � 104 cells/well, and the medium was changed on day 4 after seeding.
Each point on the growth curve shows the mean value with the S.E. from three
wells.
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tiation. Thus, it is important to distinguish the specific roles of
different SWI/SNF subsets. To this end, we investigated here
whether ARID2-containing SWI/SNF plays a specific role in
any of the osteogenic gene regulatory patterns now linked with
BRG1. To address this question, MC3T3-E1-derived cell lines
were generated that stably express shRNA sequences targeting
ARID2. Two independent lines were isolated using two differ-
ent shRNA sequences. Western blot analysis (Fig. 1C) shows
strong depletion of ARID2 levels in these lines when compared
with control lines isolated after transfection with an empty vec-
tor or a vector carrying a non-targeting shRNA sequence. The
effect on BRG1 levels is relatively mild. The ARID2-depleted
lines both showed the same phenotype in a standard assay of
osteoblast differentiation. Results with clone 1 are shown here,
with quantification of ARID2 mRNA levels for this line shown
in Fig. 1D. Quantification shows severe depletion of ARID2
accompanied by partial depletion of BRG1; this is not unex-
pected as ARID2 depletion may make a portion of BRG1 extra-
neous (17). Depletion of ARID2 does not impair the overall
health of the cells as the general morphology remains indistin-
guishable from the parental cells (Fig. 1E), and the doubling
time remains essentially the same (Fig. 1F).
ARID2 Is Required for Normal Osteoblast Differentiation—

Normally differentiating osteoblasts reach a mineralization
phenotype that can be detected as Alizarin Red S reactive
deposits by day 21 (Fig. 2A). By day 28, it is clear that ARID2-
depleted cells are severely impaired for this phenotype, indicat-
ing that ARID2-containing SWI/SNF plays a specific crucial
role in osteogenic differentiation. This phenotype was exam-
ined further at the level of gene expression.
The key genetic markers of differentiation are induction of

the alkaline phosphatase gene, Alpl, which occurs early, and
induction of the osteocalcin gene, Bglap, which correlates with
late-stage osteoblast differentiation. The level of alkaline phos-
phatase activity can be detected in an in situ enzymatic assay.
Normal cells show a positive colorimetric response within 4
days of transfer to osteogenic medium, but ARID2-depleted
cells are severely impaired for induction of this marker, show-
ing very low levels even up to day 14 (Fig. 2B). A previous anal-
ysis showed a similar pattern in ARID1A/B-depleted lines (19).
The effect of ARID2 depletion on induction of Alpl was

determined quantitatively by qRT-PCR analysis of RNA col-
lected at day 14 of exposure to differentiationmedium (Fig. 2C).
ARID2-depleted cells are severely impaired for induction of
Alpl, and in fact, do not even sustain the low level of expression
seen in the parental pre-osteoblasts at day 0, establishing the
finding that ARID2-containing complexes play an important
role in osteogenic gene activation. BRG1 is already known to
target Alpl directly during activation (1), and ChIP assays here
confirm that the ARID2 subunits, including ARID2, occupy the
promoter as well (Fig. 2D). A parallel ChIP assay in the ARID2-
depleted cells shows that ARID2 depletion does not impair pro-
moter association by the otherARID family subunits, and occu-
pation by the canonical osteogenic transcription factors
RUNX2 and OSX remains detectable. Other association pat-
terns are radically altered, however. In the ARID2-depleted
cells, the promoter does not switch from occupation by BRM-
containing SWI/SNF, which characterizes repression, to

FIGURE 2. Stable depletion of ARID2 represses osteoblast differentiation.
A, parental cells, a cell line isolated after transfection with a vector encoding a
non-targeting control sequence, or ARID2-depleted cells were treated with
differentiation medium for the time intervals indicated and then stained with
Alizarin Red S to reveal the presence of calcium-containing compounds in the
cell matrix (mineralization). B, the same panel of cell lines was induced for the
time intervals indicated and stained with 5-bromo-4-chloro-3-indolyl phos-
phate/nitro blue tetrazolium to reveal alkaline phosphatase (ALP) activity as
the production of a purple-black deposit following substrate hydrolysis.
C, parental cells, the cell line transfected with the non-targeting control
sequence, or ARID2-depleted cells were induced for the time intervals indi-
cated, at which point total RNA was isolated and qRT-PCR was performed to
determine Alpl expression levels. Shown here are mean values relative to the
parental line with S.E. (n � 3). D, ChIP analysis was performed on the Alpl
promoter from parental cells and ARID2-depleted cells at day 14 after induc-
tion to determine the association pattern of the ATPase and ARID family sub-
units as well as selected transcriptional activators, as indicated in the figure.
The same immunoprecipitated DNA was also amplified with primers corre-
sponding to the 3�-UTR of Alpl as a negative control. IP, immunoprecipitation.
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BRG1-SWI/SNF, which characterizes activation. In addition,
RNA polymerase II (pol II) is not detected at the promoter,
consistent with a previous finding that pol II recruitment to
Alpl is BRG1-dependent (1). Thus, ARID2-containing com-
plexes act directly at the Alpl promoter and play a vital role in
pol II recruitment. Probing the same immune complexes with
primers complementary to the Alpl 3�-untranslated region
serves as a negative control.
Progression to the mineralization phenotype requires

expression of late-stage genes as well. The best-studied late-
stage marker is Bglap, the gene encoding osteocalcin. Bglap
expression increases dramatically at 2–3 weeks after induction
(Fig. 3A). Comparison with the ARID2-depleted line (Fig. 3B)
shows that expression increases somewhat despite ARID2 defi-
ciency, but not on the same scale as in normal cells. At day 21,
expression is almost 200-fold less than in the parental line. We
have shown previously that the ARID1A/B proteins target
Bglap directly with ARID1A dissociating upon induction (3). A
ChIP assay here shows that ARID2 also targets this promoter
directly and that ARID2 occupation continues through peak
activation (Fig. 3C). On Bglap, BRG1-SWI/SNF occupies the
promoter constitutively in parental cells, but pol II is not
recruited until BRM-SWI/SNF dissociates (3). Probing the pro-
moter in ARID2-depleted cells shows that depletion does not
affect SWI/SNF and pol II occupation patterns on Bglap as was
seen on Alpl. In this case, BRM-SWI/SNF successfully dissoci-
ates, and pol II is successfully recruited; this correlates with
modest induction of Bglap (Fig. 3B) when compared with pro-
foundly impaired expression ofAlpl (Fig. 2C). The poor expres-
sion ofBglap despite recruitment of pol II suggests that ARID2-
containing complexes may have a role in transcriptional
progression as well as initiation. The dissociation of BRM and
recruitment of pol II indicate that transcription signals are still
operable in ARID2-depleted cells, but not fully able to reach
fruition.
ARID2 Is Required to Maintain Expression of Genes Charac-

teristic of Committed Pre-osteoblasts—Another pattern of
BRG1-dependent gene regulation revealed by earlier gene array
analysis (3) is maintenance of expression of certain osteogenic
genes already elevated in committed, but undifferentiated,
osteoblasts. This includes several forms of collagen, as well as
two genes encoding products that play important roles in signal
transduction: the anabolic growth factor BMP4 and the growth
factor receptor FGFR2.
Expression of Bmp4 and Fgfr2 is sharply reduced in BRG1-

depleted cells, and the same effect is seen in ARID2-depleted
cells (Fig. 4A), indicating that ARID2-containing SWI/SNF
plays a major role in maintaining active expression of these
genes. ChIP assays (Fig. 4B) show direct occupation by ARID2
and BRG1 of both promoters in the pre-osteoblasts. ARID1B
was not detected on either promoter, and ARID1A was
detected only on Bmp4. Depletion of ARID2 results in a dimin-
ished signal for pol II on Bmp4 and no detected signal on Fgfr2,
concordant with the respective decline in expression of each
gene in the depleted cells.
ARID2 Is Not Required for BRG1-dependent Repression of

Markers of Fully Mature Osteocytes—SWI/SNF specifically
containing the ATPase BRG1 is essential for activated expres-

sion of osteoblast markers during differentiation. However,
BRG1-dependent effects are not limited to gene activation.
Analysis of BRG1-depleted MC3T3-E1 cells on an osteogenic

FIGURE 3. ARID2 is essential for activation of expression of Bglap (encod-
ing osteocalcin). A, expression of Bglap during differentiation in MC3T3-E1
cells was determined by qRT-PCR with Bglap-specific primers. Shown are
mean values relative to uninduced (Day 0) with S.E. (n � 3). B, parental cells,
the cell line transfected with the non-targeting control sequence, or ARID2-
depleted cells were cultured in differentiation medium, and total RNA was
isolated at days 0 and 21 as indicated; qRT-PCR was performed with Bglap-
specific primers. Shown here are mean values relative to the parental line with
S.E. (n � 3). C, ChIP analysis was performed on parental and ARID2-depleted
cells at days 0, 14, and 21 after induction to determine the association pattern
of the ATPase and ARID family subunits and selected transcriptional activa-
tors on the Bglap promoter. IP, immunoprecipitation.

Activation of Tissue-specific Genes by ARID2/PBAF

FEBRUARY 10, 2012 • VOLUME 287 • NUMBER 7 JOURNAL OF BIOLOGICAL CHEMISTRY 5037



gene array showed that repression of markers associated
with full maturation to the terminal osteocyte phenotype
requires the combined action of BRM and BRG1 (3). Dentin
matrix protein 1, encoded by theDmp1 gene, plays a key role
in controlling osteocyte formation and phosphate homeo-
stasis in bone and is expressed predominantly in osteocytes
(36–38). Expression of the Phex gene, which encodes a phos-
phate-regulating enzyme, is also characteristic of osteocytes
(39). BRG1-depleted pre-osteoblasts show premature
expression of both these classic osteocyte marker genes, but
parallel analysis shows that their expression is essentially
unaffected in ARID2-depleted cells (Fig. 5A). Thus, this
repression function is independent of ARID2-containing
configurations, in strong contrast to the required role of
ARID2-containing SWI/SNF in activation.
ChIP analysis (Fig. 5B) shows that Phex is targeted directly by

both BRM and BRG1 in undifferentiated pre-osteoblasts, con-
sistent with the requirement for both SWI/SNF ATPases in
Phex repression. ARID2 was not detected on the Phex pro-
moter, as expected from the lack of effect of ARID2 depletion
on Phex expression. Dmp1 likewise is not targeted by ARID2.
These primer probes were performed on the same set of chro-
matin immunoprecipitations probed for Fgfr2 in Fig. 4, which

thus serves as a positive control for ARID2. Somewhat surpris-
ingly, ChIP analysis does not show occupation of Dmp1 by
BRG1 either. Repressor BAF complexes can act at sites very
distal to the transcriptional start (40), so they may be outside
the detection range of the primers used here, although BRM
complexes were readily detected. Alternatively, BRG1-depen-
dent repression of Dmp1may be exerted indirectly. ChIP anal-
ysis shows thatDmp1 and Phex are each targeted by at least one
of the ARID1 subunits, consistent with a conclusion that
repression of premature expression of these genes is linked pre-
dominantly with other SWI/SNF compositions and not with
ARID2-containing complexes.
Overall, this analysis defines the ARID2-containing SWI/

SNF configuration (PBAF) as crucial to the activation of osteo-
genic genes and to osteoblast differentiation. As yet, there is no
indication that ARID2 plays a role in osteogenic gene repres-
sion in these cells.

DISCUSSION

This study identifies a critical role for ARID2-containing
complexes in promoting osteoblast commitment and differen-
tiation. Key osteogenic markers are targeted directly by the
ARID2-conaining complexes, which in some cases contribute

FIGURE 4. ARID2 is required to maintain expression of genes characteris-
tic of committed pre-osteoblasts. A, total RNA was isolated from parental
cells, the non-targeting control line, and BRG1-depleted and ARID2-depleted
pre-osteoblasts, and qRT-PCR was carried out to assess the relative expres-
sion of Bmp4 and Fgfr2. Shown are mean values relative to parental cells with
S.E. (n � 3). B, parental and ARID2-depleted pre-osteoblasts were analyzed by
ChIP assay for association of the ATPase and ARID family subunits as well as
selected transcriptional activators with the Bmp4 and Fgfr2 promoters. IP,
immunoprecipitation.

FIGURE 5. ARID2 is not required for BRG1-dependent repression of mark-
ers of fully mature osteocytes in pre-osteoblasts. A, total RNA was isolated
from parental cells, the non-targeting control line, and BRG1-depleted and
ARID2-depleted pre-osteoblasts, and qRT-PCR was carried out to assess the
relative expression of Dmp1 and Phex. Shown are mean values relative to the
parental cells with S.E. (n � 3). B, parental and ARID2-depleted pre-osteo-
blasts were analyzed by ChIP assay for association of the ATPase and ARID
family subunits as well as selected transcriptional activators with the Dmp1
and Phex promoters. IP, immunoprecipitation.
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substantially to recruitment of RNA polymerase II. These find-
ings represent an important advance over the very few studies
to date that have considered the role of PBAF in development or
differentiation and support a view that the PBAF subset of SWI/
SNF plays amajor role inmaintaining cellular identity and acti-
vating tissue-specific gene expression.
The BAF complex is critical from the earliest stages of

development, with knock-out of BRG1 or ARID1A fatal by
the peri-implantation stage or embryonic day 6.5, respec-
tively (41, 42). A modified BAF complex is critical to embry-
onic stem cell pluripotency (43). Probing the role of PBAF in
embryonic stem cells via depletion of BRD7 suggested that
the majority of BRG1-dependent transcriptional regulation
in these cells requires BAF specifically, although activation
and repression targets of PBAF were identifiable (44). The
role of PBAF appears to become increasingly important as
development proceeds. Depletion of BRD7 identified an
essential role for PBAF in maintaining expression of critical
neural crest specifiers in eight-cell Xenopus embryos (45).
Knock-out of the polybromo (PBRM1/BAF180) subunit
becomes fatal in mice by about embryonic days 12.5–15. At
this point, the embryos succumb to severe heart defects with
impaired expression of certain retinoic acid-response genes
(27, 28, 45). BAF and PBAF make distinguishable contributions
to activation of hormone-responsive promoters (reviewed in Refs.
10 and 46).
In earlier studies, exploring the role of PBAF through the

ARID2 subunit showed that ARID2 depletion impairs the
ability of interferon to induce the interferon-response gene
IFITM1 in HeLa cells, whereas a panel of other interferon-
response genes is unaffected (17). Overexpression of ARID2
can activate transient expression of a set of cardiac reporter
genes in NIH3T3 cells (18), and depletion of ARID2 in
human lymphoid CEM cells impairs Tat-activated transcrip-
tion of the HIV-LTR (47). No previous studies have followed
the role of PBAF through a tissue-specific transcription
program.
The current study focuses on an individual model of line-

age commitment and differentiation. The effect of BRG1
depletion on endogenous osteogenic gene expression was
reported previously and revealed distinct BRG1-dependent
transcriptional programs (2, 3). This information was used
to examine the specific contribution of ARID2-containing
complexes. Biologically, maturation of osteoblasts to the
mature mineralization phenotype is severely impaired in
ARID2-depleted cells. The requirement for ARID2 in main-
taining expression of Bmp4 and Fgfr2 in pre-osteoblasts
implies a significant role for PBAF in establishing osteoblast
commitment. The requirement for ARID2 in transcriptional
activation of Alpl and Bglap shows that PBAF plays an
important role in activating major markers of tissue-specific
gene expression. Alpl activation is an example of cooperativ-
ity between BAF and PBAF (19) (Fig. 2). Common gene tar-
gets have been noted before, both cooperative and antago-
nistic (44), with a suggestion that hybrid complexes are
capable of forming on individual promoters (48). Neverthe-
less, the lack of requirement for ARID2 in maintaining early
repression of the late-stage markers Dmp1 and Phex clearly

distinguishes the role of ARID2-containing complexes from
the totality of BRG1 functions. BRD7 and polybromo are also
implicated in proliferative controls and tumor suppression
(49–53), and the ARID2-depleted osteoblast precursor lines
derived here will be useful in future studies to help elucidate
the contribution of PBAF to those processes.
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