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INI1/hSNF5 is a component of the ATP-dependent chromatin remodeling hSWI/SNF complex and a tumor
suppressor gene of aggressive pediatric atypical teratoid and malignant rhabdoid tumors (AT/RT). To under-
stand the molecular mechanisms underlying its tumor suppressor function, we studied the effect of reintro-
duction of INI1/hSNF5 into AT/RT-derived cell lines such as MON that carry biallelic deletions of the
INI1/hSNF5 locus. We demonstrate that expression of INI1/hSNF5 causes G0-G1 arrest and flat cell formation
in these cells. In addition, INI1/hSNF5 repressed transcription of cyclin D1 gene in MON, in a histone
deacetylase (HDAC)-dependent manner. Chromatin immunoprecipitation studies revealed that INI1/hSNF5
was directly recruited to the cyclin D1 promoter and that its binding correlated with recruitment of HDAC1
and deacetylation of histones at the promoter. Analysis of INI1/hSNF5 truncations indicated that cyclin D1
repression and flat cell formation are tightly correlated. Coexpression of cyclin D1 from a heterologous
promoter in MON was sufficient to eliminate the INI1-mediated flat cell formation and cell cycle arrest.
Furthermore, cyclin D1 was overexpressed in AT/RT tumors. Our data suggest that one of the mechanisms by
which INI1/hSNF5 exerts its tumor suppressor function is by mediating the cell cycle arrest due to the direct
recruitment of HDAC activity to the cyclin D1 promoter thereby causing its repression and G0-G1 arrest.
Repression of cyclin D1 gene expression may serve as a useful strategy to treat AT/RT.

INI1/hSNF5 has recently been defined as a tumor suppres-
sor gene mutated in a majority of atypical teratoid and malig-
nant rhabdoid tumors (AT/RT) (4, 43). AT/RT is an aggressive
pediatric tumor in children under 5 years of age. Originally
these tumors were identified in kidney and later in brain, ab-
domen, skin, liver, thymus, soft tissues, and orbit. Histologi-
cally, this tumor is distinct from both rhabdomyosarcomas and
malignant teratomas and consists of a unique combination of
rhabdoid cells as well as neuroepithelial, peripheral, and mes-
enchymal elements (32). Recent cytogenetic and molecular
genetic analyses have indicated that the 22q11.2 region is the
critical region in AT/RT tumors, and this region was subse-
quently found to harbor the INI1/hSNF5 gene (3, 43). The
majority of AT/RT tumors have been documented to be ho-
mozygous null for the INI1/hSNF5 gene with deletions span-
ning part of or the entire gene and a variety of point mutations
(4, 35, 36, 43). It has also been found that mutations in the
INI1/hSNF5 gene predispose individuals to various types of
cancers, including AT/RT and tumors of the central nervous
system (36). Recently, targeted disruption of the Ini1 gene in
mice demonstrated that while the homozygous deletions are
embryonic lethal, the heterozygous mice develop tumors at a
high frequency (10, 18, 31). The tumors exhibited reduction or
complete absence of INI1/hSNF5 protein expression. All these
results together suggest that INI1/hSNF5 is a tumor suppressor

and loss of this gene results in a variety of aggressive cancers.
However, the mechanism by which INI1/hSNF5 exerts its tu-
mor suppressor properties remains to be elucidated.

INI1/hSNF5 was originally identified as a host protein inter-
acting with human immunodeficiency virus type 1 integrase
using the yeast two-hybrid system and subsequently was shown
to be a component of the ATP-dependent chromatin remod-
eling SWI/SNF complex (14, 44). The components of the SWI/
SNF complex are an evolutionarily conserved set of proteins
that exist as 2-MDa multiprotein complexes (5, 17, 27, 28).
Mammalian cells have multiple sets of SWI/SNF complexes
that slightly differ in subunit composition (between seven and
eleven) depending on the cell type (44, 45). The mammalian
components, BRG1 and BRM, are the homologues of yeast
SNF2 protein and have an essential ATPase domain (15).
Among the SWI/SNF components BRG1 or hBRM1, BRG1-
associated factor 155 (BAF155), BAF170, and INI1/hSNF5
form the functional core of the complex (29).

The components of SWI/SNF complexes appear to be in-
volved both in activation and repression of transcription of
target genes. Analysis of genome-wide expression profiles of
yeast cells defective for SNF2 function using high-density oli-
gonucleotide arrays or cDNA microarrays indicated that the
SWI/SNF complexes are involved in repression of genes (13,
41). Three components of the yeast SWI/SNF complex interact
with the Sin1p transcriptional repressor (26). The Hir repres-
sors of the yeast histone HTA1-HTB1 locus have been shown
to bind and recruit the components of SWI/SNF complex to
mediate repression (7). In human cell lines, BRG1, the AT-
Pase subunit of the SWI/SNF complex, has been shown to
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repress transcription of the c-FOS, cyclin A, and cyclin E genes
depending on binding with the retinoblastoma protein (Rb) or
Rb and HDAC1 (25, 37, 51). Since cyclin E and cyclin A are
two critical proteins separately expressed in the G1 phase and
S phase of cell cycle, it has been proposed that BRG1 is
involved in cell cycle control via its association with Rb and
repression of cyclins. Furthermore, it has been demonstrated
that Rb, depending on its ability to recruit different repressor
complexes such as histone deacetylase (HDAC)-Rb-hSWI/
SNF or Rb-hSWI/SNF, regulates the exit of cells from G1 or S
phase of cell cycle (51). Thus, one of the mechanisms by which
components of the SWI/SNF complex mediate transcriptional
repression is by associating with HDAC complex. As a direct
support of this hypothesis, complexes that consist of compo-
nents of SWI/SNF such as BRG1 with those of the repressor
complexes such as Sin3A and HDAC have been recently iden-
tified (39). Additional mechanisms of repression by SWI/SNF
include promoter-dependent repositioning of the nucleosomes
that results in blocking rather than opening of the sequences
necessary for binding to an activator protein or facilitation of
binding of a repressor protein to the promoter (16, 17).

In addition to being a binding partner for human immuno-
deficiency virus type 1 integrase, INI1/hSNF5 has been shown
to associate with Epstein-Barr virus transactivator protein,
EBNA-2, the human homologue of Trithorax, ALL1 (MLL),
the proto-oncogene product c-MYC, the replication protein
E1 of human papillomavirus and most recently, GADD34 (1,
6, 14, 19, 33, 48). Structure-function analysis suggests that
there are three highly conserved regions in INI1/hSNF5. The
first two are imperfect repeats (Rpt1 and Rpt2), and the third
region is termed homology region 3 (HR3) (23). The repeat
regions appear to be involved in protein-protein interactions.
One possible role of INI1/hSNF5 is to mediate the recruitment
of the SWI/SNF complex to specific sites through its ability to
directly interact with various regulatory proteins thus mediat-
ing such diverse processes as transcription, replication and
integration.

At this point it is not clear how INI1/hSNF5 exerts its tumor
suppressor function. It is not clear if it has a role in cell cycle
or apoptosis. The target genes that are specifically regulated by
INI1/hSNF5 gene are currently unknown. Therefore, to under-
stand the INI1/hSNF5 mediated tumor suppressor function,
we have studied the effect of reintroduction of this gene into
cell lines derived from malignant rhabdoid tumors that carry
deletion of INI1/hSNF5 gene. We report here that introduction
of INI1/hSNF5 into these tumor derived cells causes cell cycle
arrest at G0-G1 stage. Furthermore, we found that this cell
cycle arrest correlates with the ability of INI1/hSNF5 to di-
rectly mediate the HDAC-dependent transcriptional repres-
sion of cyclin D1 gene. These results provide a potential mech-
anism for tumor suppression by INI1/hSNF5.

MATERIALS AND METHODS

Plasmids. The plasmid pEAC001 expressing INI1/hSNF5 under the control of
a tetracycline inducible promoter was constructed by inserting an EcoRI to XbaI
fragment encoding INI1/hSNF5 cDNA (from aa 1 to 385) excised from pGAD-
Not-INI1/hSNF5 (23) into pUHD10.3 (9). The series of pCGN plasmids express-
ing hemagglutinin (HA)-tagged full-length INI/hSNF5 and truncations of INI1/
hSNF5 including HA-D2 (amino acid [aa] 106 to 385), HA-20.2 (aa 141 to 385),
HA-1.2(aa 181 to 385), HA-27B(aa 1 to 245), HA-3B(aa 1 to 294), and S6(aa 183
to 294), were constructed by separately inserting the BamHI to BglII fragments

isolated from pGADNot constructs (23) into pCGN plasmid digested with
BamHI. The expression of stable proteins from these plasmids was confirmed by
immunoblot analysis using monoclonal anti-HA (�-HA) antibodies (courtesy of
S. Buhl, Albert Einstein College of Medicine). To assay the transcriptional
activity of cyclin D1, a reporter plasmid (pCD1-Luc) containing the region
�1745 to �141 fused to the luciferase gene in-frame was utilized (46). The
human cyclin D1 cDNA expression construct (pRc-CMV-cyclin D1) is under the
control of the cytomegalovirus (CMV) promoter (12).

Cell lines. HeLa cells that express the tetracycline-dependent activator Tet-
VP16 (HeLa Tet-On) were obtained from Clontech Laboratories Inc. Cells used
were routinely cultured in Dulbecco’s modified Eagle medium, supplemented
with 10% fetal bovine serum and G418 (200 �g/ml). MON cells (43) were
cultured in RPMI supplemented with 10% fetal bovine serum. When required,
cells were selected with 200 to 250 �g of G418-neomycin (catalogue no. 11811-
031; Gibco/BRL) per ml.

Transcription assays. The constructs used in the various transcription assays
utilize the luciferase gene as a reporter under the control of various promoters.
These include pCD1-Luc (46), pCyclinE-Luc (2), and pCyclinA-Luc (46). Cells
were harvested and lysed in luciferase cell lysis buffer (150 �l per 106 cells,
catalogue no. E1501; Promega), and 10 �l was analyzed in a luminometer for the
luciferase activity using the reagents provided in the luciferase assay system
(catalogue no. E1501; Promega). Results are expressed as relative light units/106

green fluorescence protein (GFP)-positive cells. TSA (catalogue no. T8552;
Sigma) was used at a concentration of 5 ng/ml for 48 h prior to determination of
luciferase activity, when indicated. To determine the effect of INI1/hSNF5 on the
transcriptional activity of cyclin D1 promoter, HeLa or MON cells were cotrans-
fected with the reporter plasmid pCD1-Luc and pCGN-INI1/hSNF5 expressing
HA-INI1 or its deletion derivatives along with 1/10 amount of pEGFP plasmid
by using either the calcium phosphate method or FuGENE6 (catalogue no.
1-814-443; Boehringer Mannheim). Essentially, 4 �l of FuGENE6 reagent was
added to 100 �l of serum-free medium and incubated for 5 min at room tem-
perature. The reagent was mixed with DNA and allowed to stand for 15 min at
room temperature, before being added to the cells. Luciferase assay was carried
out 48 h posttransfection. The relative light units per microgram of total protein
was determined in each case and normalized to percent transfection efficiency,
which was determined by counting GFP-positive cells. To test the effect of
E1a-12S (2), an inhibitor of Rb function on INI1-mediated repression, a plasmid
expressing the same protein was cotransfected along with pCGN-INI1 as indi-
cated.

Flat cell assay. MON cells at 30 to 50% confluency, plated on 3.5-cm-diameter
plates or six-well plates, were transfected with 1.5 �g of pEAC001 or pUHD10.3
(9) and 0.5 �g of pTet-on using FuGENE6 (Boehringer Mannheim), as de-
scribed for the transcription assays. After transfection, cells were cultured for
24 h prior to drug selection. Cells were maintained under neomycin selection for
15 days with several changes of media, prior to observation under the micro-
scope. Similar experiments were performed whereby MON cells were transfected
with pRc-CMV-Cyclin D1 or the parent plasmid pRc-CMV (0.75 �g) and
pCGN-INI1 or its parent plasmid pCGN (0.75 �g) and pEGFP that expresses
GFP and neomycin-resistant marker (0.5 �g). Expression of various transfected
genes was analyzed by subjecting the total proteins to sequential immunoblot
analysis using various antibodies such as monoclonal �-cyclin D1 (catalogue no.
sc-8396; Santa Cruz), �-HA (catalogue no. sc-805; Santa Cruz) and �-tubulin
(catalogue no. T5168; Sigma) antibodies. Expression of HA-INI1 deletion frag-
ments was assessed by using monoclonal �-HA antibodies (courtesy of Susan
Buhl, Albert Einstein College of Medicine, New York, N.Y.).

Cell cycle analysis. The cell cycle analysis was carried out using fluorescence-
activated cell sorting (FACS) as described by Darzynkiewicz and Juan (6a).
About 106 to 107 cells were collected in 5 ml of phosphate-buffered saline (PBS)
and centrifuged at 200 � g for 6 min. The resulting cell pellet was resuspended
in 0.5 ml of PBS using a Pasteur pipette and transferred to tubes containing 4.5
ml of 70% ethanol. Cells were kept in the fixative for 2 h and then centrifuged
for 5 min at 200 � g. The ethanol was thoroughly decanted, and the cell pellet
was suspended in 5 ml of PBS. After 60 s, cells were centrifuged for 5 min at 200
� g and resuspended in 0.5 ml of staining solution containing propidium iodide
(20 �g/ml), 0.1% Triton X-100, and RNase A (200 �g/ml). Cells were incubated
either for 15 min at 37°C or for 30 min at room temperature and then subjected
to flow cytometry.

Reverse transcription-PCR analysis. The MON cells were transfected with
either pCGN-INI1, expressing HA-INI1/hSNF5 or pCGN (empty vector) along
with pEGFP-C2 that expresses neomycin-resistant marker and GFP. Cells were
selected for 4 to 5 days posttransfection with G418 (250 �g/ml) in the presence
or absence of TSA (5 ng/ml), and total RNA was isolated from these cells using
Trizol (catalogue no. 15596-018; Gibco/BRL). About 6 �g of total RNA was
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subjected to reverse transcription-PCR analysis. First, Superscript II, RNase H�

reverse transcriptase was used to generate the cDNAs in a total volume of 20 �l,
using oligo(dT)12-18 as primers and by using the conditions as recommended
(catalogue no. 18064-014; Gibco/BRL, Life technologies Inc.). One microliter of
the cDNAs and fivefold serial dilutions of it were mixed with 25 pmol each of
primers specific to the cyclin D1 gene (5� CTT CCT CTC CAA AAT GCC AG
3�and 5� AGA GAT GGA AGG GGG AAA GA 3�) and amplified for 25 cycles
in a 25-�l PCR mixture using 55°C as the annealing temperature and 1.5 mM
MgCl2. A control PCR using primers specific to the glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) gene (5� GGT GAA GGT CGG AGT CAA CG 3�
and 5� CAA AGT TGT CAT GGA TGA CC 3�) was also carried out using the
same RNA samples and same conditions.

Coimmunoprecipitation analysis. These analyses were carried out essentially
as previously described (6). Cells from a 10-cm-diameter plate were collected
40 h posttransfection and sonicated in 500 �l buffer of G (PBS without Mg2� and
Ca2� containing 0.1% IGEPAL [catalog no. 1-3021; Sigma], 1 mM dithiothreitol,
bovine serum albumin [2 mg/ml], 1 mM phenylmethylsulfonyl fluoride, and a
1-�g/ml concentration each of pepstatin, aprotinin, and leupeptin). Lysates were
precleared by incubating with 30 �l of protein A-Sepharose (50% slurry) for 1 h.
GFP antibodies (catalogue no. 46-0092; Invitrogen) were added to precleared
lysate for 1 h, which was followed by the addition of protein A-agarose beads (30
�l of a 50% slurry), and the mixture was incubated overnight at 4°C. Bound
proteins were washed four times with buffer G without bovine serum albumin,
separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and im-
munoblotted with monoclonal �-HDAC1 antibodies (catalogue no. sc-8410;
Santa Cruz).

ChIP analysis. The assays were performed using the chromatin immunopre-
cipitation (ChIP) assay kit (catalogue no. 17-295; Upstate Biotechnology) essen-
tially as indicated by the manufacturer with minor modifications. Briefly, MON
cells at a density of 30 to 50% confluency in a 10-cm-diameter dish were trans-
fected with 1 �g of pEGFP that expresses GFP and neomycin-resistant marker,
1 �g of reporter plasmid pCD1-Luc, and 9 �g of either pCGN or pCGN-INI1
plasmids, by using the calcium phosphate precipitation method. Twenty-four
hours posttransfection, cells were subjected to G418 (200 �g/ml) selection for 4
days. The transfected cells were then used for the ChIP assay using �-N-INI1
(PB3) (50), �-acetyl H4 (catalogue no. 06-866; Upstate Biotechnology), and
�-HDAC1 (catalogue no. sc-8410; Santa Cruz) antibodies. DNA isolated from
the immunoprecipitates was then subjected to 40 cycles of PCR amplification
using primers ZKCyclinD1p1-L, (GAAACTTGCACAGGGGTTGT) and
ZKCyclinD1p1-R, (ATTTAGGGGGTGAGGTGGAG) that amplifies the re-
gion between nucleotides �629 and �329 within the cyclin D1 promoter. As
internal control, a region downstream of cyclin D1 promoter in the pCD1-Luc
construct was amplified using the primers LUC-L, 5�-TCAAAGAGGCGAACT
GTGTG-3� (�1155), and LUC-R, 5�-TTTTCCGTCATCGTCTTTCC-3�
(�1487).

Immunohistochemistry of cyclin D1 overexpression in tumor sections. Immu-
nohistochemistry was performed on three AT/RT tumors and a sample of
healthy brain present adjacent to the tumor. For cyclin D1 immunostaining, we
used mouse monoclonal antibody (MAb) DCS-6 (Cell Marque, Austin, Tex.), at
1:100 dilutions. This antibody has been shown to be specific for cyclin D1 (22).
For each case, 5-�m-thick sections were cut from the paraffin blocks. The sec-
tions were deparaffinized, rehydrated, and stained by standard methods, using
the avidin-biotin-horseradish peroxidase complex to localize the antibody bound
to antigen, with diaminobenzidine as the final chromogen. Appropriate antigen
retrieval was performed in the appropriate buffer. Immunostaining was per-
formed on an automated immunostainer, NexES (Ventana Medical Systems,
Tucson, Ariz.). All immunostained sections were lightly counterstained with
hematoxylin. For negative controls, the immune serum was replaced either by
PBS or nonimmune serum. The sections were reviewed by the pathologist author
(D. Zagzag).

RESULTS

Induction of cell cycle arrest and flat cell formation by
INI1/hSNF5 in cells derived from AT/RT. Previous studies
have indicated that loss of INI1 gene is a critical genetic alter-
ation in the tumorigenesis of AT/RT tumors. However, at this
point it is not known if INI1 is directly involved in establishing
or maintaining processes that would prevent the transforma-
tion. We surmised that if INI1 has a direct role in cell cycle,
loss of INI1 would be sufficient to cause deregulation of normal

cell cycle control. Therefore, we reintroduced INI1/hSNF5 into
MON cells, derived from malignant rhabdoid tumors, to test its
effect on cell proliferation. We expressed INI1/hSNF5 from
either a CMV promoter (as a fusion to HA tag from plasmid
pCGN-INI1/hSNF5) or from a tetracycline-inducible promoter
(plasmid pEAC001) in both HeLa and MON cells, which were
also transfected with a plasmid (pTet-On) carrying both a
neomycin resistance marker and Tet-VP16. Neomycin-resis-
tant stable transfectants of HeLa cells were obtained after 15
days of selection. However, no resistant colonies were obtained
in MON cells upon repeated attempts of transfection with
INI1/hSNF5. We observed that every transfection of MON
cells with any plasmid expressing INI1/hSNF5 resulted in the
formation of flat cells with distinct morphology (Fig. 1A, right
panel). These flat cells were several times larger than the
control MON cells, were highly vacuolated, and stayed on the
plates with selective medium for up to a month before finally
disintegrating. Even low-level expression of INI1/hSNF5 from
the tetracycline-inducible promoter of the pEAC001 plasmid,
in the absence of inducers, was sufficient to cause this flat cell
formation (Fig. 1A and B). Immunoblot analysis using �-INI1/
hSNF5 antibody of the total proteins isolated from flat cells 15
to 20 days after selection with neomycin indicated that INI1/
hSNF5 is expressed in these cells (Fig. 1B and C). Transfection
of an empty vector (Fig. 1A, left panel) did not result in flat cell
formation (Table 1). In addition to MON, we also tested other
cell lines such as STA-WT1 (derived from the AT/RT [43)] as
well as SW13, C33A (24) that express no or low levels of BRG1
and hBRM. The results indicated that INI1/hSNF5 induced
flat cell formation only in the AT/RT-derived cells but not in
any other cell lines (data not shown). These results clearly
establish the specificity of this effect of INI1/hSNF5 to cause
flat cells only in INI1�/� cells derived from AT/RT, but not in
cells expressing endogenous INI1/hSNF5 protein.

Previous studies have demonstrated that reintroduction of
the tumor suppressor gene Rb into Rb�/� Saos cells results in
the formation of flat cells (47). In addition, introduction of
BRG1 into BRG1�/� SW13 cells also resulted in flat cells (8).
It has been demonstrated that BRG1-induced flat cells are
arrested at G1/S phase of the cell cycle (40, 51). We further
analyzed the MON cells transfected with INI1/hSNF5 by
FACS to determine the stage at which the cells are arrested
(Fig. 2, Table 2). The cells were cotransfected with a plasmid
expressing a neomycin marker and pCGN-INI1 expressing
HA-INI1/hSNF5 and analyzed by FACS at 4 to 7 days after
selection. The results indicate that MON cells have an unusu-
ally large number of cells in G0-G1 stage, which is also reflected
by their slow doubling time. When HA-INI1/hSNF5 was ex-
pressed, there was a significant reduction of cells in S and
G2/M phase and a corresponding increase of cells in the G0-G1

stages of the cell cycle. When MON cells were transfected with
empty vector (pCGN), the profile of cells was identical to that
of untransfected cells (Fig. 2 and Table 2). These results indi-
cated that expression of INI1/hSNF5 causes MON cells to
arrest at the G0-G1 stage of the cell cycle. This result is con-
sistent with INI1/hSNF5’s role as a negative regulator of cell
cycle and a tumor suppressor.

INI1/hSNF5 represses transcription of cyclin D1. We next
sought to determine the possible mechanism by which INI1/
hSNF5 causes this cell cycle arrest in AT/RT-derived cells. The
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cell cycle is tightly controlled in normal cells by mechanisms in
which cyclins and associated specific kinases (cyclin-dependent
kinases [CDKs]) modulate the activity of key regulators of cell
cycle such as Rb to mediate the cell cycle progression. The
regulation of expression and activity of cyclins and their de-
pendent kinases is a homeostatic mechanism in eukaryotic cells
(11, 38). Cyclin D and cyclin E are two classes of “G1 cyclins”
that demonstrate distinct functional characteristics. While the
three cyclin D genes (D1, D2, and D3) are rapidly induced and
expressed at high levels soon after the mitogenic stimulation of
the cells, cyclin E expression appears to peak at the G1/S
border (38). Furthermore, cyclin D-CDK complexes are acti-
vated at mid-G1 stage of the cell cycle, and cyclin E-CDK
complexes are activated at the G1/S boundary. Cyclin A on the
other hand is activated during the S-to-G2 transition and is

present at elevated levels in the G2 stage of the cell cycle.
Previous studies with BRG1 and Rb have established that a
key mechanism of G1/S cell cycle arrest by these proteins is
repression of cyclins E (51) and A (40, 51). Since INI1/hSNF5
causes the arrest of the cells at G0-G1 stage, it is possible that
this effect is mediated by repression of G1 cyclins. Therefore,
we tested the effect of INI1/hSNF5 on transcription of cyclins
in MON cells using reporter plasmids in which a luciferase
gene is under the control of cyclin D1, E, or A promoters (46).
The cyclin D1 gene promoter region (nucleotides �1745 to
�141) includes a MYC E-box site (Ems), a TRE site, and an
initiator (Inr) element as well as potential recognition se-
quences for E2F, OTF, Sp-1 and CREB/ATF (Fig. 3A). When
MON cells were cotransfected with a luciferase reporter con-
struct under the regulation of this promoter and a plasmid
expressing INI1/hSNF5 (pCGN-INI1/hSNF5), the transcrip-
tion from this promoter was inhibited to about 20% compared
to that in the absence of INI1/hSNF5 (Fig. 3B). We also tested
the effect of INI1/hSNF5 on a luciferase reporter under the
control of various promoters such as TK, E2F, plasminogen-
activated inhibitor, and NVL 30. INI1/hSNF5 had no effect on
these promoters in MON cells (data not shown). In addition,
INI1/hSNF5 did not repress transcription of cyclin D1 in HeLa
cells, indicating that this activity is cell type specific (Fig. 3B).

FIG. 1. Flat cell induction by INI1/hSNF5 in MON cells. (A) Phase-contrast microscopy of MON cells transfected with pEAC001 (expressing
INI1/hSNF5 [right-hand panel]) or pUHD10.3 (empty vector [left-hand panel]) along with pTet-On vector after 15 days of selection in neomycin.
Both the images were taken at a magnification of �20 (shown here at �16). (B and C) Immunoblot analysis of total protein isolated from MON
cells. (B) Proteins isolated from MON after 4 days of transfection; (C) results of analysis after 15 days. Dox., doxycycline.

TABLE 1. Flat cell assay in Mon cells

Plasmid transfected
with pTet-On

Avg no. of flat cells (% of total cells)
in expt: Avg %

flat cells
1 2 3

pEAC001 33 (94) 46 (96) 51 (100) 97
pUHD10 5 (15) 2 (8) 0 7.7
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INI1/hSNF5 also repressed the transcription of cyclin E and
cyclin A in MON (Fig. 3C). Since cyclin D1 is upstream of all
the cyclins in the pathway, and since it is correlated well with
the ability of INI1/hSNF5 to arrest the cells at G0-G1, we
focused our attention on cyclin D1 for further studies.

INI1/hSNF5-mediated repression of cyclin D1 is dependent
on HDAC activity. The above results suggested that INI1/
hSNF5 causes arrest of cells at G0-G1 stage of the cell cycle and
represses transcription of cyclin D1. Many studies have indi-
cated that components of SWI/SNF complex are involved in
transcriptional repression as well as activation (42). Previous
studies with Rb and BRG1 have indicated that simultaneous
recruitment of BRG1 and HDAC1 by Rb is responsible for the
repression of cyclin E gene and arrest of cells at G1/S stage
(51). Furthermore, biochemical purification of BRG1-associ-
ated complexes indicated the coexistence of SWI/SNF compo-
nents with that of the Sin3-HDAC components (39). These
studies suggest an interplay between components of the SWI/
SNF complex and those of HDAC complex. Studies from our
laboratory indicate that INI1/hSNF5 can mediate transcrip-
tional repression in a cell type-specific manner by interacting
with the components of the HDAC complex (K. P. Davies,
Z.-K. Zhang, and G. V. Kalpana, unpublished data). Thus, one
possible mechanism by which INI1/hSNF5 represses transcrip-
tion of cyclin D1 in MON cells is by directly recruiting HDAC

activity to the cyclin D1 promoter. Therefore, we tested the
ability of TSA, a specific inhibitor of HDAC activity, to over-
come the INI1/hSNF5-mediated repression of cyclin D1 in
MON and HeLa cells. We found that the repression of cyclin
D1 promoter by INI1/hSNF5 was reversed to near completion
by the addition of low levels (5 ng/ml) of TSA in MON (Fig.
3B, top panel). Immunoblot analysis of the proteins isolated
from the same transfected cells indicated that TSA had no
effect on the levels of INI1/hSNF5 (Fig. 3B, lower panel).
These results suggest that repression of cyclin D1 by INI1/
hSNF5 is mediated by the recruitment of HDACs.

The above results were obtained using the reporter construct
and transient transfection. Therefore, to determine if INI1/
hSNF5 is able to repress the endogenous cyclin D1 gene, we
carried out a reverse transcription-PCR analysis. MON cells
were transfected with plasmid expressing either HA-INI1/
hSNF5 or empty vector along with a plasmid carrying a select-
able marker. The cells were selected for 4 to 5 days in the
presence and absence of TSA, and total mRNAs were isolated.
Equal amounts of serially diluted mRNA isolated from MON
cells were subjected to reverse transcription-PCR using prim-
ers specific for cyclin D1 as well as internal control primers to
amplify GAPDH gene. The PCR was carried out for 25 cycles.
The results indicate that while the expression of the control
GAPDH gene did not change, expression of endogenous cyclin

FIG. 2. FACS analysis of MON cells transfected with INI1/hSNF5. MON cells were analyzed by FACS 7 days after transfection. The plasmids
used in the transfection are indicated at the top of the panels. They are pCGN-INI1, which is the HA-INI1/hSNF5 expression plasmid, and pCGN,
which is the empty vector control. The diagram represents the relative cell number in 2n and 4n channels. The actual percentage of cells in each
stage of the cell cycle is presented in Table 2.

TABLE 2. FACS analysis of transfected MON cells

Plasmid transfected

% in expt:
Avg (%) (5 expts)

1 2 3

G0/G1 S G2/M G0/G1 S G2/M G0/G1 S G2/M G0/G1 S G2/M

pCGN 77.5 12.2 10.4 66.8 15.1 18 72.7 10.1 17.1 72.7 11.6 15.7
pCGN-INI1 89.6 7.5 2.9 90.7 0.4 8.9 86.9 2.55 10.2 89.3 3.9 6.8
None 75.3 16.1 8.6 64.5 16.5 18.8 66.3 14.4 19.2 73.5 15.6 16.9
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D1 was repressed several fold (five- to sixfold) by INI1/hSNF5
(Fig. 3D, compare lanes 4 to 6 with lanes 10 to 12). Further-
more, the addition of TSA completely reversed the repression
of cyclin D1 by INI1/hSNF5 (Fig. 3D, compare lanes 7 to 9 with
lanes 10 to 12). These results confirm that, INI1/hSNF5 re-
presses the endogenous cyclin D1 gene, in a manner that is
dependent on the recruitment of HDAC.

HDAC1 association with INI1/hSNF5 is necessary for cyclin
D1 repression. The results described above do not address
whether or not the repression of cyclin D1 is mediated by a
direct recruitment of HDAC to the cyclin D1 promoter by
INI1/hSNF5 or is mediated by an indirect mechanism. Studies
in our laboratory have indicated that INI1/hSNF5 is able to
coimmunoprecipitate components of the HDAC complex in-
cluding HDAC1 (K. P. Davies, Z.-K. Zhang, and G. V. Kal-
pana, unpublished data) and that Rpt1, one of the highly
conserved regions of INI1/hSNF5 appears to be necessary for
this association. Therefore, it is possible that INI1/hSNF5 di-
rectly recruits the HDAC activity to the cyclin D1 promoter
and that this recruitment is necessary for its ability to repress
cyclin D1 transcription. To test this hypothesis, first we tested
a mutant of INI1/hSNF5 lacking Rpt1 for its ability to coim-
munoprecipitate HDAC1 and then assayed for its ability to
repress transcription of cyclin D1.

We expressed GFP, GFP-INI1/hSNF5 or GFP-�INI1/
hSNF5(259-385), which lacks the Rpt1 region, in MON cells
and performed coimmunoprecipitation experiments using
�-GFP antibodies (and �-6H antibodies as a negative control).
The resulting immunoblot was then probed with �-HDAC1
antibodies (Fig. 4A). The results indicated that �-GFP anti-
bodies were able to coimmunoprecipitate HDAC1 in the pres-
ence of GFP-INI1/hSNF5 (Fig. 4A, lane 7), but not in the
presence of GFP or GFP-�INI1/hSNF5(259-385) (Fig. 4A,
lanes 5 and 9). Analysis of the lysates indicated that equal
quantities of HDAC1 and GFP-fusions were present in these
assays (Fig. 4A, lanes 1 to 3). These results suggested that
full-length INI1/hSNF5 but not the deletion fragment is able to
form a complex with HDAC1. We next tested to determine if
deletion fragment lacking Rpt1 is able to repress cyclin D1
transcription. We expressed the above GFP-fusion proteins in
MON cells along with cyclin D1 reporter construct and assayed
for their ability to repress transcription, as before. Immunoblot
analysis indicates that the proteins are stably expressed (Fig.
4B). The results of transcription assay indicate that while full-
length GFP-INI1 was able to repress transcription of cyclin D1,
GFP-�INI1/hSNF5(259-385) was not (Fig. 4C). These results

together suggest that association of HDAC with INI1 is nec-
essary for repression of cyclin D1.

Direct recruitment of INI1 and HDAC1 to the cyclin D1
promoter. To determine if INI1/hSNF5 is directly recruited to
the cyclin D1 promoter and to determine if its recruitment is
correlated to the recruitment of HDAC, we conducted chro-
matin immunoprecipitation (ChIP) assays. We transfected
pCGN-INI1 (expressing HA-INI1/hSNF5) or empty vector
(pCGN) into MON, isolated and cross-linked chromatin from
these cells, and performed immunoprecipitation using antibod-
ies specific to INI1, HDAC1, and acetylated histone H4
(acetyl-H4). The immunoprecipitated DNA was then sub-
jected to PCR amplification using the primers specific to the
cyclin D1 promoter. As a control, fivefold serial dilutions of
total input DNA as well as DNA immunoprecipitated in the
absence of antibodies were used for PCRs. The results indi-
cated that when HA-INI1 was expressed, �-INI1 antibodies
were able to immunoprecipitate cyclin D1 promoter region, in
the amount close to 20% compared to that of the input DNA
(Fig. 4D, lane 4). In contrast, �-INI1 antibodies resulted in
background level (similar to that of the preimmune serum) of
immunoprecipitation in the absence of HA-INI1 (Fig. 4D, lane
12). These results indicate that INI1/hSNF5 is directly re-
cruited to cyclin D1 promoter. Furthermore, the results of the
ChIP assay indicated that in the absence of INI1/hSNF5 sig-
nificantly higher level of cyclin D1 promoter DNA (more than
20% compared to that of the input DNA) was immunoprecipi-
tated by �-acetyl-H4 antibodies (See Fig. 4D, lane 14). In
multiple experiments, the presence of INI1/hSNF5 resulted in
reduced levels of immunoprecipitation (much less than 5%
compared to that of the input, Fig. 4D, lane 6) by �-acetyl-H4
antibodies. The ChIP results obtained with �-HDAC1 were
consistent with the idea that INI1/hSNF5 mediates the recruit-
ment of HDAC1 to cyclin D1 promoter. The presence of
INI1/hSNF5 resulted in significantly higher amount of immu-
noprecipitation of cyclin D1 promoter specific region by
�-HDAC1 antibodies compared to that in the absence of INI1/
hSNF5 (Fig. 4D, compare lanes 7 and 15). As a control, we
used primers to amplify downstream region (positions �1155
to �1487) of the pCD1-Luc construct using the same batch of
immunoprecipitated DNA as templates. As indicated in the
Fig. 4D, very little amplification was observed when immuno-
precipitated DNA was used as a template using the control
primers. These results indicate that (i) INI1 is directly re-
cruited to the cyclin D1 promoter, (ii) HDAC1 is recruited to
the promoter in a manner dependent on INI1/hSNF5, and (iii)

FIG. 3. Repression of cyclin D1 transcription by INI1/hSNF5. (A) Schematic representation of regulatory region in cyclin D1 promoter.
(B) INI1/hSNF5 represses transcription from the cyclin D1 promoter. Top panel depicts the graphic representation of transcriptional activity.
Relative light units per microgram of protein were measured and normalized to the percentage of transfection efficiency determined by using GFP.
Results are averages of three independent experiments and are expressed as percent maximal activity. Error bars, standard deviations. The lower
panel shows an immunoblot analysis of the lysates used in these experiments using �-HA antibody. (C) Repression of cyclin E and cyclin A
promoters by INI1/hSNF5. The indicated reporter plasmids were cotransfected with INI1 expressing plasmids and the transcriptional activity was
determined as above. (D) Repression of endogenous cyclin D1 by INI1/hSNF5 in MON cells. The diagram depicts the ethidium bromide-stained
gel of DNA obtained from the reverse transcription-PCR analysis. RNA isolated from MON cells transfected either with pCGN-INI1 (expressing
HA-INI1/hSNF5) or pCGN (empty vector) was subjected to reverse transcription-PCR. The top panel represents the reverse transcription-PCR
products obtained using primers specific to cyclin D1 gene. The bottom panel represents reverse transcription-PCR products using primers specific
to the GAPDH gene as internal control. The numbers on top of the gel correspond to the amount of RNA template used for the reverse
transcription-PCR.
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the presence of INI1/hSNF5 results in the deacetylation of
histones on specific region of the cyclin D1 promoter. These
results are consistent with the idea that a direct recruitment of
HDAC1 to the cyclin D1 promoter by INI1/hSNF5 is respon-
sible for the observed repressive effect.

Repression of cyclin D1 by INI1/hSNF5 is directly corre-
lated to its ability to cause flat cells. The above results estab-
lish that INI1/hSNF5 causes flat cell formation and cell cycle
arrest and that it represses transcription of cyclin D1 by di-
rectly recruiting HDAC activity to its promoter. To determine
if these two activities of INI1/hSNF5 are directly correlated
with each other, we tested a panel of INI1/hSNF5 deletions
(Fig. 5A) for their ability to cause flat cell formation and cyclin
D1 repression. These INI1/hSNF5 deletions were expressed as
HA-tagged proteins in MON cells and were first assayed for
their ability to mediate repression of cyclin D1. The results

indicated that several of the N-terminal deletions (D2, 20.2,
and 1.2) retained the ability to repress transcription (Fig. 5A
and B). These fragments of INI1, although they have a deletion
of the N-terminal domain, retain all the three conserved re-
gions. Interestingly, several of the C-terminal deletions (27B,
3B) that retained Rpt1 but an incomplete Rpt2 region were
not able to completely repress transcription and exhibited
about 50% or more of the luciferase activity compared to that
of the control (Fig. 5A and B). Furthermore, Rpt2 and C-
terminal region appear to be insufficient for repression as in-
dicated by the inability of GFP-�INI1/hSNF5(259-385) to re-
press transcription (Fig. 4C and 5B). These results together
suggest that both Rpt1 and Rpt2 are necessary for the repres-
sion of cyclin D1 transcription.

We next performed tests to determine if the ability of the
deletion fragments of INI1/hSNF5 to repress transcription cor-

FIG. 4. INI1/hSNF5 represses cyclin D1 by recruiting HDAC activity to the promoter. (A) Coimmunoprecipitation of HDAC1 with INI1 and
its truncation. Plasmids expressing either GFP, GFP-INI1, or GFP-�INI1�(259-385) were transfected into MON cells and immunoprecipitated
using �-GFP antibody. The resulting immunoprecipitates were separated on sodium dodecyl sulfate-polyacrylamide gel electrophoresis and
immunoblotted using �-HDAC1 antibody. “Lysate” represents equal amount of proteins from the input (lanes 1 to 3). Lanes 4 to 9 represent the
immunoblot analysis of the immunoprecipitates obtained using either �-GFP antibody or a control �-6H antibody. (B) Immunoblot analysis of
MON cells transfected with indicated plasmids using �-GFP antibody to demonstrate the level of proteins expressed. (C) The effect of GFP-fusions
of INI1/hSNF5 and the truncation on the cyclin D1 promoter. Relative light units per microgram of protein present in the lysates from the above
transfection were measured and normalized to the percentage of transfection efficiency determined by using GFP fluorescence. Results are
averages of three independent experiments and are expressed as percent maximal activity. Error bars, standard deviations. (D) ChIP analysis of
cyclin D1 promoter in the presence of INI1/hSNF5. MON cells were transfected with either pCGN (empty vector) or pCGN-INI1 (expressing
HA-INI1) and pCD1-Luc. ChIP analysis was performed using �-INI1, preimmune serum, �-HDAC1, and �-acetyl-histone H4 antibodies. The
immunoprecipitated DNA was subjected to PCR amplification using the primers specific to cyclin D1 promoter (top panel) or a downstream region
(bottom panel). The picture represents agarose gel electrophoretic separation of DNA obtained in these PCRs. A fivefold serial dilution of input
DNA has been loaded for each sample.
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FIG. 5. Repression of cyclin D1 by INI1/hSNF5 is correlated with its ability to cause flat cells. (A) Truncations of INI1/hSNF5 used to test the
effect on cyclin D1 expression and flat cell formation. Rpt, repeat. The numbers below the bar represent the amino acid number of the INI1
portion. (B) Repression of cyclin D1 by INI1 and its truncations. Cells transfected with indicated plasmids were harvested, the total proteins were
isolated and subjected to luciferase assay as described. Relative light units/�g proteins were measured and normalized to the percentage of
transfection efficiency determined by using GFP. Results are averages of three independent experiments and are expressed as percent maximal
activity. (C) Percentage flat cells obtained by transfecting various truncations of INI1/hSNF5. The data represents average of three independent
experiments. (D) Immunoblot analysis of the cell lysates used in the above experiments using monoclonal �-HA antibody (Courtesy of S. Buhl,
Albert Einstein College of Medicine). Stars in the picture indicate the bands corresponding to the expected size of INI1 and truncations.
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related with their ability to form flat cells. The same set of
deletions as above were transfected into MON cells and the
percentage of flat cells formed after 15 days of transfection was
determined. The results indicated that the full-length protein
and the three deletions (D2, 20.2, and 1.2) containing three
repeat regions that significantly inhibited cyclin D1 promoter
expression were able to cause a high percentage of flat cell
formation (Fig. 5C). However, the deletions 3B, 27B, S6, and
GFP-�INI1/hSNF5(aa259 to 385) that did not significantly in-
hibit cyclin D1 expression did not cause flat cell formation (Fig.
4C and 5B, C). Immunoblot analysis of the MON cells trans-
fected with the deletion fragments illustrates that all the trun-
cation mutants were expressed in the cells (Fig. 5D). These
results indicate that the ability of INI1/hSNF5 deletions to
repress cyclin D1 is directly correlated to their ability to cause
flat cell formation.

Reversal of INI1/hSNF5-mediated G0-G1 arrest. Our results
suggests that one of the mechanisms by which INI1/hSNF5
causes G0-G1 arrest is by directly repressing cyclin D1 tran-
scription. If this hypothesis is true, it should be possible to
overcome the INI1/hSNF5-mediated block at G0-G1 by ex-
pressing cyclin D1 from a heterologous promoter that is not
repressed by INI1/hSNF5. Therefore, we cotransfected MON
cells with pRc-CMV-cyclin D1 (12) expressing cyclin D1, and
pCGN-INI1, expressing HA-INI1/hSNF5. The cells were co-
transfected with plasmids expressing a neomycin resistant
marker. Expression of INI1/hSNF5 and empty vector pRc-
CMV in MON cells induced flat cells 12 to 15 days after
transfection, as before (Fig. 6A, third panel). In contrast, when
cyclin D1 was coexpressed with INI1/hSNF5, there was a sig-
nificant reduction in the percentage of flat cell formed suggest-
ing that it reversed the inhibitory effect of INI1/hSNF5 (Fig.
6A, fourth panel). Flat cell formation was also not observed in
control cells transfected either with the two empty vectors or
vector expressing cyclin D1 (Fig. 6A, first two panels). To
determine if coexpression of cyclin D1 is sufficient to overcome
the growth inhibition, we also determined colony formation
after transfection with INI1/hSNF5 in the presence or absence
of cyclin D1. Repeated experiments indicated that while cells
transfected with INI1/hSNF5 gave rise to a few colonies, those
transfected with INI1/hSNF5 and cyclin D1 generated a signif-
icant number of colonies (Fig. 6B and C). The cells in these
colonies are clearly undergoing cell division and appear to
have overcome the block at G0-G1 (Fig. 6A to C). We also
carried out sequential immunoblot analysis of proteins isolated
from the above set of transfected cells to determine if cyclin D1
expression had any effect on levels of INI1. The result dem-
onstrated that when INI1 is expressed there is several fold
reduction in the cyclin D1 protein levels (Fig. 6D, compare
lanes 2 and 4). Furthermore, INI1/hSNF5 levels were compa-
rable in the presence or absence of cyclin D1 (Fig. 6D, lanes 3
and 4). The level of cyclin D1 expressed from CMV promoter
was comparable to that of endogenous levels in the absence of
INI1/hSNF5 (Fig. 6D, lanes 2 and 3). The above blot was also
probed with �-tubulin antibody, and the results indicated the
presence of equal amounts of proteins loaded in each lane
(Fig. 6D, lower panel). These results demonstrated that the
reversal of cell cycle arrest by cyclin D1 is not due to the
decrease in the levels of INI1/hSNF5 or overexpression of
cyclin D1. All the above data strongly indicate that coexpres-

sion of cyclin D1 is sufficient to abrogate the cell cycle arrest
and flat cell formation by INI1/hSNF5.

Repression of cyclin D1 transcription by INI1/hSNF5 is
independent of Rb function. The above result that the expres-
sion of cyclin D1 is sufficient to overcome the cell cycle arrest
by INI1 does not rule out other possibilities. For example, it
has been established that overexpression of cyclin D1 will lead
to hyperphosphorylation and inactivation of Rb family mem-
bers that include Rb, p107 and p130. Furthermore, it has been
previously reported that repression of cyclin E and cyclin A by
BRG1, (another component of the SWI/SNF complex) re-
quired the association of Rb (40, 51). Therefore, it is possible
that the Rb or any other member of Rb family function is
necessary for INI1/hSNF5 mediated repression of cyclin D1.
To test this hypothesis, we coexpressed increasing concentra-
tions of E1a-12S, an adenovirus protein that binds to Rb
pocket and inactivates the function of Rb family members (34),
along with INI1/hSNF5 and pCD1-Luc in MON cells. Tran-
scription assays were carried out as before. These experiments
demonstrated that increasing concentrations E1a-12S resulted
in increase in the basal activity of pCD1-Luc promoter in the
absence of INI1/hSNF5, suggesting that E1a-12S protein is
able to counteract the repressive effect of some component on
cyclin D1 promoter (Fig. 7A). However, in the presence of
INI1/hSNF5, the transcriptional activity of cyclin D1 promoter
was significantly reduced at all concentrations of E1a-12S (Fig.
7A). The fold reduction in the cyclin D1 transcription by INI1/
hSNF5 remained constant with increasing concentrations of
E1a-12S, indicating that repression by INI1/hSNF5 is not af-
fected. These results indicate that repression of cyclin D1 by
INI1/hSNF5 does not require the function of Rb or its family
members.

Overexpression of cyclin D1 in AT/RT tumors. The observed
G0-G1 arrest of AT/RT cells and repression of cyclin D1 ex-
pression by INI1/hSNF5 and reversal of these effects by ex-
pressing cyclin D1 from a heterologous promoter implies that
cyclin D1 may be derepressed in AT/RT tumors. To determine
if deletion or mutation of INI1/hSNF5 results in overexpres-
sion of cyclin D1 in AT/RT tumors, we carried out an immu-
nohistochemical analysis of the paraffin sections of three cases
of AT/RT tumors using �-cyclin D1 monoclonal antibodies,
MAb DCS-6 (22). The immunohistochemical reaction with
MAb DCS-6 showed a clear positive nuclear staining in all the
three cases (Fig. 7B). In contrast, immunohistochemical anal-
ysis of normal brain tissue that was presented adjacent to the
tumor tissue from one of the patients demonstrated no positive
cyclin D1 signal (Fig. 7B). Cyclin D1 expression was heteroge-
neous within the tumors. Although the immunoreactivity to
cyclin D1 varied in intensity, it was always above the back-
ground level and there was usually a clear-cut distinction be-
tween stained and unstained nuclei. The positive nuclei varied
in number and were irregularly distributed within AT/RT tu-
mors. However, numerous immunoreactive nuclei were found
in highly cellular regions of the tumors. Furthermore, cyclin
D1-positive reaction was observed in the nuclei of spindle-
shaped as well as rhabdoid-shaped cells, both of which occur in
AT/RT. These data strongly suggest that cyclin D1 is overex-
pressed in AT/RT tumors.
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FIG. 6. Reversal of INI1/hSNF5-mediated flat cell formation by ectopic expression of cyclin D1. (A) Phase-contrast micrographs of MON cells
expressing INI1 and cyclin D1. The first panel illustrates MON cells transfected with pRc-CMV and pCGN (empty vectors), the second panel
illustrates MON cells transfected with pRc-CMV-CD1 (expressing cyclin D1) and pCGN, the third panel illustrates cells transfected with
pCGN-INI1 (expressing HA-INI1/hSNF5) and pRc-CMV (empty vector), and the fourth panel illustrates the MON cells transfected with
pRc-CMV-CD1 and pCGN-INI1. (B) Effect of INI1 and cyclin D1 on the colony numbers. MON cells were transfected with plasmids expressing
indicated proteins. Cells were maintained under neomycin selection for 15 days prior to staining with trypan blue. (C) Graphical representation
of colony counts in the presence and absence of cyclin D1 and INI1/hSNF5. The colonies were fixed with 2% paraformaldehyde, stained with 0.4%
trypan blue, and counted, and results were expressed as percentages. Colonies obtained with empty vector control were taken as 100%. Note that
expression of cyclin D1 overcomes the inhibitory effect of INI1 on colony formation in MON cells. (D) Cyclin D1 expression does not alter the
expression of INI1/hSNF5. The photograph represents the immunoblot analysis of MON cells expressing INI1/hSNF5 and Cyclin D1. Total
proteins were analyzed by sequential immunoblotting using �-INI1, �-cyclin D1 and �-tubulin antibodies.
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DISCUSSION

Accumulating evidence has demonstrated that INI1/hSNF5
is a key tumor suppressor gene mutated in MRT/AT/RT. How-
ever, the mechanism by which INI1/hSNF5 functions as a tu-
mor suppressor is unknown. In this report, we demonstrate
that INI1/hSNF5 prevents cell proliferation and causes flat cell
morphology when it is reintroduced into cell lines derived from
AT/RT. This effect is consistent with INI1/hSNF5 functioning
as a tumor suppressor and is specific to AT/RT-derived tumor
cell lines. It is possible that the AT/RT precursor cells are
programmed to undergo cell cycle arrest and that the deletion
of INI1/hSNF5 gene results in removal of the block to cell cycle
leading to tumorigenesis. Reintroduction of INI1/hSNF5 thus
appears to restore this block reversing the tumor phenotype.

INI1/hSNF5 is one of the core components of the SWI/SNF
complex. The components of the complex have been shown to
activate or repress transcription of cellular genes by remodel-
ing chromatin structure (27, 42). Thus, the major mechanism
by which INI1/hSNF5 exerts its tumor suppressor function is
probably by regulating the transcription of genes involved in
control of cell cycle. It is possible that it activates transcription
of negative regulators of cell cycle and represses transcription
of positive regulators of cell cycle. Consistent with this idea, we
have found that INI1/hSNF5 directly represses the transcrip-
tion of cyclin D1 gene. Interestingly, this repression appears to
be mediated by the direct recruitment of HDAC activity to
cyclin D1 promoter: (i) INI1-mediated repression of both en-
dogenous and transiently transfected cyclin D1 promoter is
reversed by low concentrations of TSA, (ii) INI1/hSNF5 coim-
munoprecipitates with HDAC1 and a mutant that is unable to
immunoprecipitate HDAC1 is not able to repress cyclin D1
transcription, and (iii) ChIP assays indicate that INI1/hSNF5 is
directly recruited to cyclin D1 promoter and is correlated with
the deacetylation of histones at the cyclin D1 promoter region
and recruitment of HDAC1. These results together indicate
that cyclin D1 is a direct target for repression by INI1/hSNF5.

Previous studies have shown that BRG1 also causes cell
cycle arrest of the BRG1-null cell line, SW13, at G1/S phase in
an ATP-dependent manner (8, 51). Further studies showed
that this effect is mediated by binding of Rb to BRG1 and that
the repression of cyclin A (51) and cyclin E (40, 51) is the key
mechanism for this cell cycle arrest. It is reasonable to assume
that INI1/hSNF5 uses the same pathway as that of BRG1
controlling cell proliferation. However, we have found some
important differences between the properties of two genes in
our studies. For example, while BRG1 arrests cells at the G1

and S stage, INI1/hSNF5 arrests cells at an earlier stage, i.e.,
G0-G1 in MON cells. In addition, our preliminary observations
suggest that the ATPase mutant that functions as a dominant
negative inhibitor that affected the Rb-BRG1-meidated flat

FIG. 7. (A) INI1/hSNF5-mediated repression of cyclin D1 is inde-
pendent of Rb family function. Increasing concentrations of plasmid
pE1a-12S (expressing E1A-12S, an inhibitor of Rb family) were co-
transfected with INI1/hSNF5 into MON cells. The transcription was
assayed as before, and the results are expressed as relative light units
(RLU) per microgram of protein. (B) Cyclin D1 is overexpressed in
AT/RT tumor samples. The diagram represents immunohistochemical

analysis of AT/RT tumors for expression of cyclin D1. (a and b)Paraffin
section of brain tissue adjacent (BAT) to AT/RT tumor, 958406. (c to
h) Paraffin sections of three different AT/RT tumors. The left panels
represent hematoxylin and eosin (H&E) staining of the sections to
demonstrate the nuclei. The right panels represent immunohistochem-
ical analysis using �-cyclin D1 antibody. The arrows in panels c to h
represent random nuclei. The positive signal in panel b represents a
rare immunoreactive nucleus in the filed, probably from an astrocyte.
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cell formation did not affect the flat cell formation of MON
cells by INI1/hSNF5 (data not shown), and Rb family function
appears to be not required for INI1 mediated repression (Fig.
7A). Further studies are necessary to understand the mecha-
nistic basis of these differences.

Our studies indicate that cyclin D1 is an important target for
INI1/hSNF5-mediated cell cycle arrest in AT/RT cells. All the
deletion fragments of INI1/hSNF5 that were able to repress
cyclin D1 also caused flat cell formation and vice versa. Fur-
thermore, we have demonstrated that coexpression of cyclin
D1 from a heterologous promoter is sufficient to eliminate the
INI1-mediated arrest. We have demonstrated that this effect is
not due to the inhibition of INI1/hSNF5 expression (Fig. 6D).
Furthermore, we have found that cyclin D1 levels are elevated
in tumor samples as well. These data support the hypothesis
that inhibition of cyclin D1 plays a pivotal role for INI1-me-
diated growth arrest at G0-G1 stage.

While several studies have established the role of INI1/
hSNF5 and other components of the SWI/SNF complex in the
transcriptional activation of cellular genes, information on the
repression mediated by this complex is only beginning to un-
ravel. Based on previous reports, it appears that the cyclin D1
promoter is repressed by c-MYC in a manner independent of
its partner MAX (20, 21, 30). We have previously demon-
strated that INI1/hSNF5 binds to c-MYC and is necessary for
its transactivation function. One possibility is that c-MYC as-
sociates with INI1/hSNF5 to mediate repression of cyclin D1 as
well. It is possible that since c-MYC can both activate and
repress genes, INI1/hSNF5 could facilitate both of these func-
tions of c-MYC. INI1/hSNF5 could activate negative regula-
tors of cell cycle progression and repress positive regulators of
cell cycle control, both of which are compatible with its tumor
suppressor function. Future studies are necessary to determine
the role played by the sequence-specific binding factors to
mediate the repression of cyclin D1 by INI1/hSNF5.

Cyclin D1 is a critical protein controlling the G1 stage of cell
cycle (38). In addition, cyclin D1 is the only known human
cyclin gene that has been convincingly implicated as an onco-
gene resulting in tumorigenesis. Cyclin D1 overexpression has
been found in various tumors, including human breast cancer
tumors, and repressing its expression makes the tumor cells
exit from G1 phase of cell cycle, thereby reversing the tumor
characters (49). In this report, we provide a mechanism by
which INI1/hSNF5 can act as a tumor suppressor. This may
help in developing therapeutic strategies to treat certain types
of cancer. For example, repression of cyclin D1 could be a
useful therapeutic strategy to treat AT/RT. Furthermore, since
expression of INI1/hSNF5 can arrest AT/RT-derived cell lines,
gene therapy strategies of reintroducing INI1/hSNF5 may be
utilized to arrest the cancerous cells carrying mutations in this
gene.
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