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Drosophila BAP and PBAP represent two evolutionarily conserved subclasses of SWI/SNF chromatin re-
modelers. The two complexes share the same core subunits, including the BRM ATPase, but differ in a few
signature subunits: OSA defines BAP, whereas Polybromo (PB) and BAP170 specify PBAP. Here, we present
a comprehensive structure-function analysis of BAP and PBAP. An RNA interference knockdown survey
revealed that the core subunits BRM and MOR are critical for the structural integrity of both complexes.
Whole-genome expression profiling suggested that the SWI/SNF core complex is largely dysfunctional in cells.
Regulation of the majority of target genes required the signature subunit OSA, PB, or BAP170, suggesting that
SWI/SNF remodelers function mostly as holoenzymes. BAP and PBAP execute similar, independent, or
antagonistic functions in transcription control and appear to direct mostly distinct biological processes. BAP,
but not PBAP, is required for cell cycle progression through mitosis. Because in yeast the PBAP-homologous
complex, RSC, controls cell cycle progression, our finding reveals a functional switch during evolution. BAP
mediates G,/M transition through direct regulation of string/cdc25. Its signature subunit, OSA, is required for
directing BAP to the string/cdc25 promoter. Our results suggest that the core subunits play architectural and
enzymatic roles but that the signature subunits determine most of the functional specificity of SWI/SNF

holoenzymes in general gene control.

ATP-dependent chromatin-remodeling factors (remodelers)
are critical for the transmission and expression of the eukary-
otic genome (8). They mediate the restructuring of chromatin,
which forms an integral part of the mechanism of eukaryotic
transcription control. Typically, remodelers are large multisub-
unit complexes defined by the presence of an ATPase “engine”
subunit. Four major families, referred to as SWI/SNF, ISWI,
Mi-2, and Ino80 remodelers, have been recognized based on
the identities of their central ATPases (5, 24, 33, 37, 38, 47, 51).
Each class executes unique biological functions by remodeling
chromatin templates during DNA replication, repair, and tran-
scription. An early example of functional diversification was
the finding that the Drosophila SWI/SNF-class Brahma (BRM)
remodelers, but not the ISWI remodelers, act as chromatin-
specific coactivators for the transcription factor Zeste (27).

The SWI/SNF group of remodelers can be subdivided fur-
ther into two distinct, evolutionarily conserved subclasses. One
subfamily comprises yeast SWI/SNF (ySWI/SNF), fly BAP, and
mammalian BAF, whereas the second subfamily includes yeast
RSC, fly PBAP, and mammalian PBAF (35, 55). These two
classes of SWI/SNF complexes are composed of highly related
paralogs or identical subunits and a few subclass-specific sub-
units. For example, Drosophila BAP and PBAP share seven
core subunits, but each is defined by unique signature subunits:

* Corresponding author. Mailing address: Department of Biochem-
istry, Center for Biomedical Genetics, Erasmus University Medical
Center, P.O. Box 1738, 3000 DR Rotterdam, The Netherlands. Phone:
31-10-4087461. Fax: 31-10-4089472. E-mail: c.verrijzer@erasmusmc.nl.

+ Supplemental material for this article can be found at http://mcb
.asm.org.

£ Y.M.M. and L.M. contributed equally to this work.

¥ Published ahead of print on 13 November 2006.

651

the BAP-specific OSA and the PBAP-specific Polybromo (PB)
and BAP170 (12, 27, 34, 42).

Work on budding yeast has established that, despite struc-
tural similarities between ySWI/SNF and RSC, each complex
performs distinct cellular tasks (35, 55). ySWI/SNF is nones-
sential, is present in relatively small amounts, and is required
for the expression of only a small portion of the yeast genome
(9,22, 49). In contrast, RSC is abundant and is essential for cell
cycle progression through G,/M and for viability (1, 9, 10).
RSC and ySWI/SNF also play distinct roles during DNA dou-
ble-strand break repair (11). Chromatin immunolocalization
studies revealed that RSC is generally recruited to RNA poly-
merase III promoters and to specific polymerase II promoters
by transcriptional activators and repressors (14, 39). However,
it is not yet clear whether the functional differences between
yeast SWI/SNF subclasses can be translated directly to higher
eukaryotes.

In flies and mammals, the functional distinction between the
two subclasses of SWI/SNF remodelers is not well defined (35,
55). For example, in flies, both BAP and PBAP are essential
for viability and appear to be more or less equally abundant.
The central ATPase of both BAP and PBAP, BRM, facilitates
the expression of a large portion of the fly genome (2). How-
ever, it is unclear whether this is due to a requirement for BAP
or PBAP. Genomewide localization of OSA and PB on poly-
tene chromosomes revealed that BAP and PBAP are recruited
differentially, suggesting that they control distinct sets of target
genes (34). The two highly related human SWI/SNF ATPases
BRGI1 and BRM determine functional specificity in transcrip-
tion (25). The mammalian BAF- or PBAF-selective subunits
have been implicated in transcription activation by specific
nuclear hormone receptors (31, 40, 50) and for the expression
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of selective interferon-responsive genes (57). OSA, the fly BAP
selective subunit, is required for repression of Wingless target
genes (13). These findings suggest that the BAP/BAF and
PBAP/PBAF complexes perform distinct functions in gene ex-
pression control. However, a comprehensive side-by-side anal-
ysis of gene control by both types of remodelers is lacking.

Typically, the core ATPase of the multisubunit remodelers
suffices for chromatin remodeling in vitro (4, 19, 33). There-
fore, we were intrigued by the roles of the remaining subunits
in global transcription regulation in cells. To determine the
contributions of shared and unique BAP and PBAP subunits to
gene expression control, we performed a comprehensive RNA
interference (RNAi) knockdown survey in Drosophila S2 cells.
Epistasis analysis combined with whole-genome expression
profiling suggested that SWI/SNF remodelers act mostly as
holoenzymes. In cells, the core complex, without the BAP and
PBAP signature subunits, appears to be dysfunctional for gen-
eral transcription control. Depending on the target genes, BAP
and PBAP may act coordinately or independently or antago-
nize each other. We dissected the pathway through which
BAP, but not PBAP, controls cell cycle progression. Our re-
sults outline the functional roles of SWI/SNF complexes at the
genomic level. They also demonstrate the power of integrating
RNAI knockdown studies with statistical analysis of expression
profiles for the structure-function analysis of multisubunit
transcription-regulatory complexes.

MATERIALS AND METHODS

Cell culture, RNAI, antibodies, and immunodetection. Drosophila S2 cells were
cultured and treated with double-stranded RNA (dsRNA) for 4 days as de-
scribed previously (56). Double-stranded RNA was synthesized using an Ambion
Megascript T7 kit according to the manufacturer’s protocol. All immunological
procedures were performed by standard methods (34) and were repeated several
times at different dilutions of the samples (data not shown). Antibodies against
BAP and PBAP subunits and ISWI used for immunobloting have been described
previously (27, 34, 58). Furthermore, we used rabbit anti-phospho-histone H3
antibodies (Upstate).

RNA extraction, RT-qPCR, and Affymetrix microarray hybridization. RNA
was extracted using the SV Total RNA Isolation System (Promega) and tested on
an Agilent BioAnalyzer (Agilent). Samples with RNA integrity numbers of >8
were selected. Labeling, hybridization, washes, and staining of microarrays were
performed according to Affymetrix specifications. Reverse transcription-quanti-
tative PCR (RT-qPCR) was done with SYBR green I using a MyiQ single-color
real-time PCR detection system and iQ SYBR green supermix (Bio-Rad) ac-
cording to the manufacturer’s protocols. First-strand cDNA was prepared with
an iScript cDNA synthesis kit (Bio-Rad). Primers for RT-qPCR were selected
using Beacon Designer software (Premier Biosoft). The RT-qPCR primers were
as follows: CG11874, 5'-AGTGTTGCTCTGCCTAAGTGG-3'" and 5'-CGGAT
GATGGTGCGGATTGG-3'; string (stg), 5'-CGTTATCTAAGTTTGGGTGTT
ATCG-3' and 5'-TGTGTCTGCGTCGTGTGC-3'.

Statistical analysis. Statistical analysis of the microarray data was performed
using the R and Bioconductor free software (http:/www.bioconductor.org).
Gene expression indexes were calculated using the robust multichip average
(RMA) algorithm implemented in the Bioconductor affy package (23). The
multiple covariance determinant algorithm is implemented in the rrcov R pack-
age and was used for filtering the genes showing low expression indexes across all
experiments (46). Calculation of bootstrap P values for hierarchical clustering
was performed using the pvclust R package. Heat maps were plotted using the
glplots R package. PCA was performed on scaled and centered data using the R
“prcomp” function. Gene ontology (GO) analysis was done with the Bioconduc-
tor GOstats library. Distances between GO terms were determined using the
“simUI” (union intersection) function. Further details of the statistical analysis
and R scripts will be provided upon request.

Flow cytometric analysis. Cells were collected and fixed with 70% ethanol as
described previously (7). After a minimum of 2 h on ice, the cells were washed
with phosphate-buffered saline and resuspended in 400 wl phosphate-buffered
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saline containing 0.1% Triton X-100, 0.1 mg/ml propidium iodide, and 0.1 mg/ml
RNase. The cells were incubated overnight and analyzed on a FACScan (Becton
Dickinson).

ChIPs and polytene chromosome immunolocalization. Chromatin immuno-
precipitation (ChIP) assays were performed according to published procedures
(53). Cross-linked chromatin was prepared from S2 cells either treated with
dsRNA or untreated and sheared by sonication to an average length of 0.7 kb.
After immunoprecipitation, the recovered DNA was analyzed by qPCR with
SYBR green I using the MyiQ single-color real-time PCR detection system
(Bio-Rad). The following primers were used in qPCRs to amplify the stg/cdc25
promoter: 5'-CAGTGGCCTCCATAGAGCTG-3' and 5'-GTCCCGAGAAAC
GAGGAGA-3'. We also performed ChIP using anti-MOR antibodies on pro-
moters of nontarget genes, such as mRpS17, mRpL16, and mRpL52, to estimate
background levels (data not shown). Immunolocalization of OSA and PB on
polytene chromosomes was performed as described previously (34). Chromo-
somes were stained with DAPI (4',6'-diamidino-2-phenylindole), and the 99A
cytological region was mapped using the photographic maps of G. Leffevre,
Jr. (32).

RESULTS

Architectural functions of BAP and PBAP subunits. To de-
termine the functions of individual BAP and PBAP subunits,
we utilized RNAi-mediated gene knockdown by treating Dro-
sophila S2 cells with dsRNA (56). We targeted three shared
core subunits, BRM, MOR, and SNR1; the BAP-specific OSA;
and the PBAP-specific subunits PB and BAP170 (Fig. 1A). As
a control, we also knocked down ISWI, the central ATPase of
the ISWI remodeler family. Western immunoblotting con-
firmed the effective reduction in protein levels of the targeted
proteins (Fig. 1B and C).

Strikingly, depletion of MOR caused a concomitant dra-
matic drop in the levels of all other BAP and PBAP subunits
tested (Fig. 1B). The knockdown of BRM led to a strong
reduction in the abundance of OSA and PB, whereas BAP170
remained unaffected. MOR and SNRI1 levels were also re-
duced, but not as dramatically as after MOR depletion. The
RNAi-mediated knockdown of SNR1 resulted in a substantial
decrease in OSA and PB levels and a mild reduction in BRM
levels and had little effect on MOR or BAP170. Targeting of
PB did not have significant consequences for the other sub-
units tested, except for a slight increase in OSA levels. RNAI
directed against BAP170 led to a reduction in PB levels and to
a slight increase in OSA levels, but not those of the other
subunits. Finally, the OSA knockdown affected neither the
core subunits nor the PBAP-specific subunits.

RT-qPCR analysis revealed that changes in mRNA levels
accounted only for the decreased levels of targeted proteins,
not for the concomitant loss of other subunits (data not
shown). Thus, a knockdown of the core subunits directly affects
the stability and composition of both BAP and PBAP. Subunits
that fail to assemble into a complex are apparently unstable
and are quickly targeted for degradation. These results provide
detailed insights into the architectural properties of BAP and
PBAP subunits. A major finding was that MOR is particularly
critical for the structural integrity of both complexes. On the
other hand, RNAi knockdown of the signature subunits OSA
(BAP), PB, and BAP170 (PBAP) resulted in the specific de-
pletion of the respective complex. The architectural rela-
tionships between the distinct BAP and PBAP subunits are
summarized in Fig. 1D.

BAP and PBAP structure-function analysis through ex-
pression profiling. To investigate the roles of BAP and
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FIG. 1. The common core subunits are essential for the integrity of BAP and PBAP. (A) Drosophila contains two distinct SWI/SNF remodelers:
BAP and PBAP. The two complexes share seven subunits (blue), which include the central ATPase BRM, MOR, and SNR1. The signature
subunits are OSA in the BAP complex and PB and BAP170 in the PBAP complex. BAP and PBAP were immunopurified from Drosophila embryo
nuclear extracts, using antibodies directed against either OSA or PB. Both complexes were resolved by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis and stained with silver (bottom). All subunits are indicated; the asterisks indicate degradation products, as determined by
immunoblotting. (B) S2 cells were either mock treated or incubated with dsRNA directed against selective BAP and PBAP subunits. Whole-cell
extracts were prepared and analyzed by Western immunoblotting using the appropriate antibodies. An arrowhead indicates the BAP170 band.
ISWI was used as a loading control. (C) Immunoblotting analysis of whole-cell extracts prepared from cells that were either mock treated or
incubated with dsRNA directed against ISWI. BRM functioned as a loading control. (D) Summary of the architectural relationships between
distinct BAP and PBAP subunits. The subunits from which an arrow originates are required for the incorporation of the subunits to which the
arrows point. The thickness of the arrow indicates the relative importance of a given subunit for the incorporation of its partner. For example,
MOR is essential for the incorporation of BRM. However, BRM makes only a modest contribution to the incorporation of MOR. Dashed arrows
indicate a minor effect.
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PBAP in gene expression control, we extracted RNA from
S2 cells treated with dSRNA against individual subunits.
Labeled RNA was hybridized on Affymetrix Drosophila Ge-
nome 2 arrays (http://www.affymetrix.com/support/technical
/datasheets/drosophila2_datasheet.pdf), containing 18,500
probe sets representing all known transcripts and variants.
Expression indexes were calculated using the RMA algorithm
(23). Examination of RMA expression indexes revealed a bi-
modal distribution with low values for a large portion of the
probe sets (see Fig. S1 in the supplemental material). Prior to
further analysis, we removed genes that were expressed at very
low levels from the data set, using the minimum covariance
determinant algorithm (46).

To assess the technical variability of microarray experiments,
we hybridized each RNA sample from mock- and RNAi-
treated cells twice. For each replica, we found a high correla-
tion between expression indexes (» > 0.9; P < 0.001). We also
performed RT-qPCR analysis on a selection of BAP and
PBAP target genes. As a reference gene, we used CG11874,
encoding mannosyl-oligosaccharide mannosidase, which re-
mained unaffected in all of our microarray experiments. We
found that changes in gene expression after RNAI treatment
determined by either microarray or RT-qPCR analysis were
highly correlated (» = 0.96; P < 0.001; n = 72). Together, these
results demonstrate that gene expression profiles obtained
from microarray experiments are highly reproducible and pro-
vide a valid representation of the effects of BAP or PBAP
subunit depletion on the transcriptome.

Three independent RNAi knockdown experiments, followed
by RNA extraction and microarray hybridization, were per-
formed for each subunit. For mock-treated cells, we performed
six independent experiments. Next, we applied one-way anal-
ysis of variance (ANOVA) on each probe set to identify genes
that changed significantly (P < 0.05) upon RNAI treatment.
This analysis identified 1,714 genes, for which we determined
gene expression profiles by taking the ratios between average
gene expression indexes obtained from RNAi- and mock-
treated cells.

To gain insight into the relationship between the transcrip-
tomes determined by individual BAP and PBAP subunits, we
decided to use an unbiased statistical analysis of the whole data
set. Spearman correlation analysis and the derived hierarchical
agglomerative clustering revealed a clear separation between
the transcriptomes dependent on either the core subunits,
BAP, PBAP, or ISWI (Fig. 2A and B).

Next, we performed principal-component analysis (PCA), a
powerful mathematical procedure that helps to uncover rela-
tionships in complex data sets. PCA is a linear transformation
that finds and projects original variables to the fewest principal
components (PCs), accounting for most of the variance in the
data set. As shown in Fig. 3A, PCA revealed that the BAP and
PBAP profiles were highly correlated with the first two PCs,
whereas ISWI strongly correlated with PC3. Only the BAP
signature subunit OSA showed some correlation with PC3,
suggesting shared functions with ISWI. PC1 and PC2 explain
87.2% of the variance in the gene expression profiles obtained
for BAP and PBAP. Both BAP- and PBAP-dependent expres-
sion profiles were highly correlated with PC1, suggesting that
many genes are coregulated by these complexes (Fig. 3B). The
core subunit profiles cluster closely together and show little
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FIG. 2. Expression profiling reveals functional relationships be-
tween BAP and PBAP subunits. (A) Spearman correlation matrix for
microarray expression profiles obtained after RNAi knockdown of
individual BAP and PBAP subunits and ISWI. The heat map reflects
the indicated R values. (B) Agglomerative hierarchical cluster analysis
on microarray expression profiles based on Spearman correlation co-
efficients (Spearman R). The BAP (green), PBAP (red), SWI/SNF
core (blue), and ISWI clusters are indicated. P values indicate proba-
bilities for each cluster calculated based on the bootstrap probability.

correlation with PC2. The PBAP-specific PB and BAP170
transcriptomes cluster closely together and show a strong pos-
itive correlation with PC2. In clear contrast, the BAP-defining
OSA transcriptome showed a strong negative correlation with
PC2 (Fig. 3B). Thus, in addition to coregulated genes, others
are antagonistically regulated by BAP and PBAP, i.e., genes
that appear to be activated by one complex but repressed by
the other.

BAP and PBAP perform coordinate and antagonistic func-
tions. The values for each PC were derived from a linear
combination of the original gene expression profiles. To iden-
tify and visualize the genes that are coregulated or antagonis-
tically regulated by BAP and PBAP, we selected the top 5% of
genes at the right and left tails of the PC1 and PC2 value
distributions (see Table S1 in the supplemental material). Hi-
erarchical cluster analysis of the top-scoring PC1 genes re-
vealed that many are coordinately up or down regulated by all
BAP and PBAP subunits (Fig. 3C, left). Notably, an approxi-
mately equal number of genes are activated or repressed, re-
inforcing the notion that SWI/SNF remodelers can be positive,
as well as negative, regulators of transcription. However, a
significant portion of the genes are only regulated by either
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FIG. 3. PCA reveals coordinate and antagonistic transcription control by BAP and PBAP. (A) Representation of seven expression profiles in
a three-dimensional transcriptome space. The microarray expression profiles upon RNAi-mediated knockdown of individual subunits are shown
as a projection on the first three PCs after varimax rotation. The transcriptomes after depletion of the core subunits (blue), OSA (green), PB and
BAP170 (red), and ISWI (purple) are indicated. (B) Projection of the microarray expression profiles for BAP and PBAP subunits on PC1 and PC2,
explaining 87.2% of the variance. Note that here we did not perform varimax rotation. (C) Heat map depicting the agglomerative hierarchical
clustering of genes, with the highest absolute scores for PC1 (n = 170) and PC2 (n = 170). Changes in gene expression compared to the
mock-treated cells are depicted in red (up) and blue (down) on a log, scale. White indicates no change.

BAP or PBAP or appear to be repressed by OSA (BAP) and BAP- and PBAP-selective subunits determine holoenzyme
activated by PBAP. function. Our results so far had established that the core sub-
The most notable feature of hierarchical clustering of the units, but not the signature subunits, are essential for the
top-scoring PC2 genes is the strong antagonism between BAP structural integrity of BAP and PBAP. We also found that,
and PBAP. Overall, genes activated by OSA were repressed by depending on the target gene, BAP and PBAP might have
PB and BAP170. Conversely, OSA-repressed genes were stim- similar effects, act independently, or antagonize each other.
ulated by PBAP. The transcriptional consequence of core sub- However, the function of the core complex itself in transcrip-
unit depletion grouped with either BAP or PBAP, most likely tion control remained unclear. In other words, what activities
reflecting the relative dependence of a gene on either complex could the core complex lacking the BAP- and PBAP signature
(Fig. 3C, right). We suggest that in conjunction with the ap- subunits perform in the cell?
propriate activators or repressors, BAP and PBAP can func- To address this question, we knocked down OSA, PB, and
tion as either selective coactivators or corepressors of tran- BAP170 simultaneously. Western immunoblotting con-
scription. In conclusion, our genomewide expression analysis firmed that, although the BAP- and PBAP-defining subunits
uncovered both coordinate and antagonistic functions of BAP were depleted, the core complex remained (Fig. 4A). Strik-
and PBAP in transcription control. ingly, Spearman correlation analysis, hierarchical clustering,
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FIG. 4. The SWI/SNF core requires the BAP and PBAP signature subunits for global gene regulation. (A) S2 cells were either mock treated
or incubated with dsRNAs directed against OSA, PB, and BAP170 (TRIPLE). Whole-cell extracts were prepared and analyzed by Western
immunoblotting using the appropriate antibodies. ISWI was used as a loading control. (B) Spearman correlation matrix for microarray expression
profiles obtained after the indicated RNAi-mediated depletion of either individual BAP and PBAP subunits or all three signature subunits
simultaneously (TRIPLE). The heat map reflects the indicated R values. (C) Derived agglomerative hierarchical clustering of microarray
expression profiles based on Spearman correlation coefficients (Spearman R). The BAP (green), PBAP (red), and SWI/SNF core (blue) clusters
are indicated. The P values indicate probabilities for each cluster calculated based on the bootstrap probability. (D) Projection of the microarray
expression profiles on PC1 and PC2. The transcriptomes after depletion of the individual core subunits (blue), the TRIPLE signature subunits
(yellow), OSA (green), and PB and BAP170 (red) are indicated. (E) The SWI/SNF core complex stripped of BAP and PBAP signature subunits

is largely dysfunctional in gene regulation.

and PCA all revealed that the gene expression profile of
cells lacking the signature subunits was very similar to that
of cells depleted of the core subunits (Fig. 4B, C, and D).
Genes with the highest absolute PC1 or PC2 values after
depletion of core subunits were thus affected similarly by the
triple OSA, PB, and BAP170 knockdown (data not shown).
This observation implies that loss of the signature subunits
impedes both the coordinate and antagonistic functions of
BAP and PBAP. As we showed above (Fig. 1), depletion of
the core subunits destabilizes both BAP and PBAP. There-

fore, the effect of the triple knockdown, reducing BAP and
PBAP to their common core, is largely similar to the total
removal of the BAP and PBAP remodelers from the cell
(Fig. 4E). The surprising implication of these findings is
that, in the cell, the core SWI/SNF complex is defective for
transcription control of the majority of target genes. We
suggest that, for regulation of most genes, SWI/SNF remod-
elers act as holoenzymes, which require the signature sub-
units OSA or PB and BAP170 for global gene expression
control.
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FIG. 5. GO analysis of biological pathways regulated by BAP and PBAP. Agglomerative hierarchical clustering of the GO terms significantly
affected by BAP or PBAP (P = 0.01). The heat map represents the average change in gene expression on a log, scale within each GO cluster after

RNAI treatment targeting individual BAP or PBAP subunits.

BAP and PBAP regulate distinct biological processes. Thus
far, we have analyzed BAP and PBAP functions in transcrip-
tion control without considering the biological functions of
their target genes. To identify the biological processes regu-
lated by BAP and PBAP based on gene expression profiles, we
used an unbiased statistical analysis of GO terms. GO terms
provide a functional annotation for gene products taken from
the corresponding model organism database (3). GO terms are
structured into branched graphs with a common root, describ-
ing gene products according to their functional annotations.
We focused our analysis on the biological process annotations
and GO terms represented by at least three gene products
from our data set. For each GO term, we compared the aver-
age change in gene expression after BAP or PBAP depletion
with the global change in gene expression. We selected GO
terms that were significantly up or down regulated as deter-
mined by the Student ¢ test at a P value of <0.01. Next, we
calculated the distance between each pair of GO terms, rep-
resented as individual nodes within the graph. To this end, we
divided the number of common nodes by the sum of the nodes
found between each GO term and the root. Based on the
calculated distances between each pair of GO terms, we con-
structed a dissimilarity matrix and performed hierarchical clus-
tering (Fig. 5). Inspection of the resulting cluster indicated that
BAP might be involved in cell cycle regulation, whereas PBAP
might be part of signal transduction cascades.

Evolutionary switch in the role of SWI/SNF remodelers dur-
ing cell cycle control. Obviously, GO predictions have to be
confirmed by direct experiments. To this end, we investigated
the roles of BAP and PBAP in cell cycle regulation. Our GO
term analysis predicted that BAP, but not PBAP, would be
involved in cell cycle control. This was unexpected, because
previous work in budding yeast had established that the PBAP-
related RSC, rather than the BAP-related ySSWI/SNF, is essen-
tial for cell cycle progression (1, 9, 10). To test the prediction

of our GO terms analysis, we examined cell cycle progression
following depletion of either BAP or PBAP. Fluorescence-
activated cell sorter (FACS) analysis showed that S2 cells de-
pleted for OSA or core subunits accumulated at the G,/M
phase of the cell cycle (Fig. 6A). Moreover, targeting of BAP
led to an increased number of polyploid and aneuploid cells. In
contrast, cells lacking PBAP-specific subunits or ISWI dis-
played no cell cycle defect. Consistent with a blocked transition
from G, to mitosis, BAP-depleted cells display a reduced level
of histone H3 phosphorylation (Fig. 6B). In conclusion, an
unbiased statistical analysis of GO terms correctly predicted
the critical role of BAP, but not PBAP, in cell cycle control. In
yeast, cell cycle progression through mitosis is regulated by
RSC (corresponding to PBAP), but not by SWI/SNF (corre-
sponding to BAP) (1, 9, 10). Thus, during evolution, distinct
SWI/SNF-class remodelers acquired critical roles in cell cycle
control.

BAP directs entry into mitosis via regulation of stg/cdc25
expression. Next, we set out to determine the pathway through
which BAP controls cell cycle progression. Our data set con-
tained four genes associated with the GO term GO:0000086—
G,/M transition of the mitotic cell cycle (Fig. 7A). This cluster
was significantly down regulated after BAP, but not PBAP,
depletion (Fig. 5). Among these potential BAP targets, stg had
a particularly significant PC2 score, reflecting differential reg-
ulation by BAP and PBAP. stg encodes CDC25 phosphatase,
which is critical for activation of CDC2 and entry into mitosis
(41). Multiple studies have established that transcriptional reg-
ulation of stg/cdc25 plays a crucial role in the control of cell
proliferation during fly development (15-17, 20, 30, 58). RT-
qPCR analysis confirmed that szg/cdc25 is down regulated after
BAP depletion, whereas the knockdown of PBAP-specific sub-
units had little or no effect (Fig. 7B). As expected based on
previous studies (17), RNAi-mediated knockdown of stg/cdc25
resulted in cell accumulation in G,/M and increased aneu- and
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FIG. 6. BAP, but not PBAP, is required for entering mitosis.
(A) Cell cycle distribution of S2 cells treated with dsRNA directed
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based on gated cells. The ungated FACS profiles are also shown.
(B) Western immunoblot analysis of whole-cell extracts from RNAI-
treated cells with antibodies against either histone H3 phosphorylated
on Ser 10 (H3 P-S10) or bulk H3.

polyploidization (Fig. 7C). Thus, stg/cdc25 depletion is suffi-
cient to recapitulate the cell cycle phenotype caused by the loss
of BAP.

To test if stg/cdc25 regulation by BAP is direct, we per-
formed ChIP experiments, using antibodies against MOR. We
extracted chromatin from S2 cells that were either mock
treated or treated with RNAI directed against specific BAP or
PBAP subunits (Fig. 7D). This approach allowed us to deter-
mine the contribution of each subunit to SWI/SNF recruitment
while avoiding the use of different antibodies. The results of
the ChIP experiments closely mirrored those of the expression
analysis: SWI/SNF recruitment to the stg/cdc25 promoter was
critically dependent on OSA but was unaffected by PB or
BAP170 depletion (Fig. 7D). This result was supported by the
determination of OSA and PB localization on larval salivary
gland polytene chromosomes. OSA, but not PB, binds prefer-
entially to cytological region 99A, the location of the stg/cdc25
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gene (Fig. 7E). Collectively, these results strongly indicate that
BAP is recruited to the stg/cdc25 promoter by OSA and regu-
lates its expression.

DISCUSSION

It has become clear that the diversity among gene-specific
activators and repressors is reflected by functional specification
among coregulatory complexes (18, 29, 36, 45). Here, we com-
bined functional genomics and statistical analysis for the struc-
ture-function dissection of BAP and PBAP, the fly represen-
tatives of the two evolutionarily conserved subclasses of SWI/
SNF chromatin remodelers. We found that the common core
subunits, particularly MOR, play critical structural roles. Epis-
tasis analysis through whole-genome expression profiling re-
vealed that the BAP- and PBAP-selective subunits are essen-
tial for the transcription control of many in vivo target genes.
BAP and PBAP regulate distinct but overlapping transcrip-
tional circuits, acting either independently, similarly, or antag-
onistically. GO term analysis indicated that BAP and PBAP
control different cellular processes. Indeed, we found that
BAP, but not PBAP, affects cell cycle progression through
G,/M. Using both GO analysis and PCA for data mining, we
determined that transcription of a key mitotic regulator, stg/
cdc25, is activated by BAP. ChIP analysis revealed that BAP
recruitment to the stg/cdc25 promoter was critically dependent
on OSA (Fig. 7F). These results and recent studies of Mediator
(52) demonstrate the value of gene expression profiling in
combination with statistical data mining for structure-function
analysis of multisubunit regulatory complexes. The most sur-
prising conclusion from our work is that the core SWI/SNF
complex appears largely defective for global transcription con-
trol in cells. We suggest that SWI/SNF remodelers act as
holoenzymes, which require the signature subunits OSA or PB
and BAP170 for control of the majority of target genes.

BAP and PBAP function as holoenzymes in cells. Most chro-
matin remodelers exist as large multiprotein complexes that
can be isolated as entities under stringent conditions (5, 24, 33,
37, 38, 51). Nevertheless, the central ATPase typically suffices
for in vitro chromatin remodeling (4, 19, 33). In the case of
human SWI/SNF, remodeling by the ATPase is stimulated by
the mammalian orthologues of the MOR and SNR1 subunits
(43). The human BRM and MOR homologs BRG1 and
BAF155 are necessary and sufficient for EKLF-directed chro-
matin remodeling and transcription in vitro (26).

Here, we have investigated the functions of individual SWI/
SNF subunits in cells. The core subunits, shared by BAP and
PBAP, execute critical architectural and enzymatic functions.
However, when stripped of OSA, PB, and BAP170, the core
complex was defective in regulation of a significant portion of
the target genes. Thus, the BAP- and PBAP-selective subunits
are essential for global in vivo functionality of the complex. In
other words, global gene expression analysis suggests that SW1/
SNF remodelers predominantly act as holoenzymes. Examina-
tion of the BAP and PBAP expression profiles revealed that
only a minority of SWI/SNF-regulated genes do not require an
intact BAP or PBAP complex for their regulation. We suggest
critical roles for OSA, PB, and BAP170 in tethering SWI/SNF
to target genes. Consistent with this hypothesis, we showed
that OSA is strictly required for BAP recruitment to the szg/
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cdc25 promoter. We propose that the core subunits provide
both the structural framework and enzymatic activity, but that
the BAP and PBAP signature subunits are required for regu-
lation of the majority of SWI/SNF target genes.

Coordinate and antagonistic BAP and PBAP functions. Our
determination of their genomewide distribution on polytene
chromosomes revealed that BAP and PBAP display distinct
but overlapping patterns of distribution (34). This localization
study was the first suggestion that BAP or PBAP had differ-
ential effects on gene expression. However, it remained unclear
whether BAP and PBAP had similar or opposing activities
during transcription control of common targets. PCA of gene
expression profiles after BAP- or PBAP-selective depletion
revealed two major classes of regulated genes. The first com-
prised genes coordinately activated or repressed by both com-
plexes. The second class was composed of genes that were
antagonistically regulated by BAP and PBAP. Thus, it appears
that BAP and PBAP help to integrate and balance the activi-
ties of transcriptional activators and repressors to establish
appropriate transcription levels.

BAP, but not PBAP, is required for cell cycle progression.
Evaluation of gene ontologies combined with expression pro-
filing provides a valuable predictive tool for the dissection of
biological pathways (3, 21). Using a statistical approach to GO
analysis, we found that BAP is involved in the regulation of cell
cycle progression. Indeed, depletion of BAP, but not PBAP,
caused the accumulation of cells in the G,/M phase of the cell
cycle and increased aneu- and polyploidization. A combination
of statistical GO term analysis and PCA identified stg/cdc25 as
a potential target, responsible for the BAP-dependent cell
cycle phenotype. This hypothesis was confirmed experimen-
tally by demonstrating that BAP directly binds and activates
the stg/cdc25 promoter (Fig. 7B, D, and F) and by showing that
a reduction of the stg/cdc25 level alone is sufficient to cause a
G,/M arrest (Fig. 7C). In contrast, PBAP neither bound nor
activated the stg/cdc25 promoter.

These results reveal a remarkable evolutionary switch be-
tween budding yeast and flies concerning the roles of RSC-
PBAP class remodelers and ySWI/SNF-BAP in cell cycle con-
trol. In budding yeast, mutations in ySWI/SNF do not affect
viability or the cell cycle, whereas RSC is essential for progres-
sion through G,/M and viability (1, 9, 10). In metazoans, BAP-
BAF appear to be more abundant and perform more critical
functions than their yeast counterparts (35, 55). Other studies
of Drosophila have also implicated the BAP-selective OSA and
several core subunits in cell cycle control (6, 48, 58). Finally, we
note that insights into the role of SWI/SNF remodelers in cell
cycle control will improve our understanding of certain human
cancers (28, 44). For example, we found that loss of hSNF5, the
human homologue of SNRI1, causes a defective cell cycle and
loss of ploidy control in malignant rhabdoid tumor cells (54).

In conclusion, we have used expression profiling following
RNAi-mediated subunit depletion for a structure-function dis-
section of the BAP- and PBAP chromatin remodelers. We
combined epistatic analysis and unbiased data-mining tools to
explore the relations among gene expression profiles on the
whole data set. We identified structural, as well as transcrip-
tion-selective, functions executed by distinct subunits. Our re-
sults suggest that in general SWI/SNF remodelers act as holo-
enzymes, which require the BAP- or PBAP signature subunits
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for global transcription control. Statistical analysis of gene
expression profiles and GO terms revealed that BAP and
PBAP each control different biological processes. For example,
BAP, but not PBAP, is required for cell cycle progression.
These findings demonstrate the value of a statistical analysis of
gene expression profiles for the dissection of complex biolog-
ical processes controlled by multisubunit regulators.
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