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Introduction
Human SWI/SNF complexes are ATP-dependent chromatin remodelers that play fundamental roles in the

regulation of cell growth, development and tumor suppression (Vignali et al., 2001, Martens et al., 2003).
p270/ARID1A is an integral member of hSWI/SNF complexes (Dallas et al., 1998). Decreased expression or complete
absence has been reported in various tumor cell lines for almost all of the subunits of the complexes, including p270
(e.g. Wong et al., 2000, Roberts et al., 2000, DeCristofaro et al., 2001, Muchardt and Yaniv, 2001). Our lab has
obtained tissue array data suggesting that p270/ARIDlA is deficient in approximately 10% of breast tumors and 30%
of kidney tumors (Wang et al., 2004), as well as recent results that indicate p270 is required for normal cell cycle arrest
in differentiating cells (Nagl et al., in revision). The most prominent motif of the p270 protein is its DNA-binding
motif, the ARID, suggesting that this region contributes to the tumor suppressor function of p270-containing SWI/SNF
complexes. The ARID is a highly structured helix-turn-helix motif-based domain, which is conserved in all studied
eukaryotes, and is diagnostic of a family that includes at least 15 distinct human proteins. ARID family proteins play
important roles in development, tissue specific gene expression, and tumor suppression (reviewed in Wilsker et al.,
2002 and 2005). The first ARID proteins identified bind preferentially to AT-rich sequences (Gregory et al., 1996,
Herrscher et al., 1995). However, the ARID-dependent DNA-binding activity of p270 is sequence-independent (Dallas
et al., 2000, Wilsker et al., 2004). We now know, through studies supported partly by this fellowship, that most ARID
proteins bind DNA in a sequence-independent manner like p270 (Patsialou et al., 2005).

When I applied for this fellowship, few biochemical studies had addressed the DNA-binding properties attributed
to the ARID region, and no detailed mutational characterization of any ARID domain had been reported. The ARID
DNA-binding domain is required for the physiological function of at least one of the sequence specific members of the
ARID family of proteins (Shandala et al., 2002). It is not yet known whether the ARID is required for the
physiological function of p270, but it is important in an in vitro transactivation assay (Nie et al., 2000). My application
focused on a detailed characterization of the ARID region of p270 through a combination of structural, biochemical,
and mutational approaches. In this final report, I show a summary of the major findings and outcomes of the work
supported by this fellowship.

Body
My application had three objectives:

1. To determine whether p270 can convert native DNA into a form more able to enhance the ATPase activity of
BRG1.

2. To characterize p270 DNA-binding activity in human breast cell lines.
3. To extend my structural studies of the ARID region of p270.

TASK 3: I have completed Task 3. Several results of experiments performed as part of this task were shown in
the previous two progress reports. Additional results, as well as the methods used to generate mutants tested in DNA-
binding assays, are described in detail in two manuscripts published by our lab (Wilsker et al., 2004, Patsialou et al.,
2005). Copies of these manuscripts are attached in the appendix of this final report. Throughout my studies, our lab
communicated with Dr. Yuan Chen and her group at the Beckman Research Institute of the City of Hope in California,
who has worked on the NMR structure of the p270 ARID region. Structural studies for the ARID region have been
reported in the literature for three more ARID family proteins. Based on the knowledge generated by these structural
studies of the domain and sequence homologies among the ARID domains, I generated substitution mutants targeting
both highly conserved aromatic/hydrophobic residues throughout the domain and basic/polar residues in the predicted
areas of DNA interaction. Overall, I have made 3 single substitution mutants in the Dri ARID (one of the first AT-rich
specific ARID proteins identified and one of four for which the structure has been solved) and 12 single substitution
mutants and 17 multiple substitution mutants in p270 (from which 8 were made at the time of my application). This
substitution analysis in the p270 ARID region gave us important insight on the general properties of the ARID DNA-
binding. First, an aromatic scaffold is important for the structural integrity of the ARID. Specifically, an invariant
tryptophan is indispensable for the right folding of the domain in both p270 and Dri. The two proteins, though, seem to
also have a difference in their tolerance of substitutions in their aromatic scaffolds. When an invariant tyrosine is
substituted with an alanine, the p270 ARID DNA-binding is comparable to the wild-type, while the one in Dri is
defective. I therefore hypothesized that distinct ARID proteins differ in the inherent flexibility of their domains, a
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property that is probably reflected by their broad range of specificity properties (some of the domains are AT-rich
specific and some are sequence-independent). This is discussed further in Patsialou et al., 2005. Second, I have
identified residues in the p270 ARID that are important for contact with DNA. These contacts are basic or polar
residues in areas that were predicted to be important from previous NMR studies of two other ARID proteins, Dri and
MRF2 (Iwahara et al., 2002, Zhu et al., 2001). The biochemical data agree with the structural study of the p270 ARID
in complex with DNA (Kim et al., 2004), but additionally I identified the specific residues involved in contacting the
DNA in these areas. Finally, combinations of substitutions in more than one area of the domain showed that these
residues act synergistically for the correct orientation and the interaction of the domain with the DNA. These studies, in
combination with the structural data in the literature, provide detailed information about the properties of individual
amino acids in the ARID, and the general properties of the DNA-binding activity of the domain. Overall, my study
provides useful information that may ultimately be important in drug design and diagnostic/prognostic screens, as it
could identify mutants that are functionally impaired in breast cells.

TASK 1: In this task I had proposed to determine whether the ARID has a physiological role in the p270 function in
the SWI/SNF complex. In the original application, I proposed to address this by exploring the manner in which DNA-
binding might contribute to the activity of the complex. In previous reports I have shown that p270 binds preferentially
to single-stranded DNA, and I hypothesized that p270 can convert native DNA into a form potentially more able to
enhance the ATPase activity of BRGl. BRGl is the DNA-dependent ATPase and thus the motor of the SWI/SNF
complexes. In my first year, I cloned and expressed a bacterial peptide that contained the ATPase domain of BRG 1. In
that year's report I included preliminary results showing that this peptide had indeed ATPase activity. In my second
year of work, I overcame many difficulties in purifying the enzyme, however I still could not establish storage
conditions that maintained stability of the enzyme. Stability was essential in this task because I needed to use the
enzyme in multiple biochemical assays in order to test the contribution of p270. In my initial application I had also
proposed to use immuno-precipitated complexes from p270 deficient lines for the same purposes. I explored this
approach in my second year as well, but due to inability to completely separate cellular DNA from the purified
complex, the in vivo assay was not sufficiently DNA-dependent to reveal preference in the form of DNA provided.

Therefore, in my second year report, I developed a new plan for testing the requirement of the ARID region for the
p270 function. As described in more detail in that report, a normal pre-osteoblast cell line was developed in our lab
with small interfering RNA (siRNA) technology that has decreased expression of p270 (for a review in siRNAs see
Brummelkamp et al., 2002). Reduction in the expression levels of p270 results in deficient differentiation-associated
cell cycle arrest (Nagl et al., in revision). The p270 knock-down lines failed to express the differentiation marker
Alkaline Phosphatase (ALP) when induced to differentiate into osteoblasts. They also had a different expression
pattern of cell cycle regulating proteins when compared to the parental line (examples of these results are shown in the
second year report). This gave us a very useful assay for testing the function of p270 in cells, and the role of the ARID
in p270 function. I had therefore proposed to re-introduce p270 in these cell-lines and assay for restoration of cell
cycle controls. Then, I would introduce a p270 construct with the ARID region deleted (p270AARID) and test if the
ARID deletion abrogates the restoration. The constructs that were used in these experiments had silent mutations
designed specifically to allow the peptides to escape silencing by the siRNA in the knock-down lines. I had proposed
to re-introduce p270 either by retrovirus transduction or by generation of stable lines (again this hypothesis and the
procedures were described in more detail in my second year report). In this third year of my work, I used both these
approaches to re-introduce the p270 and p270AARID constructs in the knock-down lines. For the retroviral
transduction, I used the phoenix system (see http://w ww .stanford.edu/group/nolan/retroviral.systems/phx.html). For
the stables lines, a plasmid vector with a puromycin resistance gene was co-transfected with the p270 constructs to
allow for clone selection. After screening about 80 independent lines of each construct for expression of the exogenous
peptides by western blot, I found three independent lines expressing the p270 peptide and two independent lines
expressing the p270AARID peptide. Surprisingly, the expression levels for both constructs were extremely low (Figure
1). The levels of expression were indeed as low as the levels of the downregulated endogenous p270 in these knock-
down lines. The same results were seen with the retrovirus approach, as well.

As described in my second year report, our lab had preliminary data that these constructs can express the p270
peptides in relatively high levels when co-tranfected with the specific small interfering RNAs used for the knock-down
lines (seen in lanes 1 and 4 of Figure 1). The difference in these preliminary data and the stable lines could result from
the fact that the first was a transient tranfection. Presumambly the mutations give enough immunity to escape silencing
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temporarily in a transient transfection, but not in a stable genomic integration system such as a stable line. Because of
the low levels of expression, we were unable to test the contribution of the ARID in the p270 function at this time. Our
lab is currently exploring other systems by which p270 can be re-introduced in the knock-down lines (such as an
adenovirus system) and test the contribution of the ARID in the tumor suppression function of the complexes.

f '• Figure 1. Expression of the p270 and p270AARID peptides in
4o . .• the knock-down lines.

q ) "- One of the independent stable cell lines produced for each

endogenous p270 -- construct and a control line produced with empty vector are
exogenous p270 --o+ shown in this figure (lanes 3, 6 and 2, 5 respectively). Total cell

lysate from the cells was run in a 7% SDS-polyacrylamide gel and
1 2 3 then probed for p270 expression by western blot using the PSG3

4'• . antibody previously described in our lab (Dallas et al., 1998). The
exogenous p270 peptides are missing 377 amino acids in the N-
terminus (out of the total 2,285 amino acids of the full-length
protein), and thus run smaller in the gel than the endogenous
protein. Transient expression of the same constructs in 293 cells is

endogenous p270 - shown as a control (lanes 1 and 4). 293 cells are of kidney
epithelial origin and have normal levels of endogenous p270.

exogenous p27OAARID-*

4 5 6

TASK 2: In this task, I had proposed to use the knowledge produced by the results from the above mentioned
aims to characterize the DNA-binding properties of p270 specifically in human breast cancer cell lines. I had proposed
to use the in vivo ATPase assay of the immuno-precipitated complexes and the characterization of the requirement of
the ARID in the cell cycle regulating functions of p270 in order to test the properties of the p270 protein in breast
cancer lines. Unfortunately, as described above, we were unable to test these assays as of now due to technical
difficulties. Other physiological experiments concerning the role of p270 in cell cycle regulation are underway in our
lab (e.g. Nagl et al., in revision). These experiments will give us very important information on the role and function
of p270 as a tumor suppressor.

Key Research Accomplishments
"* Completed a detailed mutagenesis and biochemical analysis of the p270 ARID region
"* Established that the ARID region is stabilized by an aromatic scaffold
"* Established that there are differences in p270 and Dri in how they tolerate substitutions in their aromatic

scaffold
"* Identified residues in p270 that are important for DNA contact, potentially useful as diagnostic tools in

breast cancer
* Showed that different areas of the domain can act synergistically for the correct orientation and the

interaction of the domain with DNA
* Participated in writing and publishing a review article about the ARID family of proteins
* Participated in writing and publishing two research articles about the DNA-binding properties of the ARID
* Currently preparing one review article on the role of p270/ARID1A and the SWI/SNF complexes on

tumorigenesis
* Currently participating on the writing and publishing of a research manuscript on the role of p270 in cell

cycle arrest
* Presented a poster with the results of this fellowship at the Department of Defense Era of Hope Breast

Cancer Research Program Conference in Philadelphia, June 2005
* Results from this work have been used in applications for funding in our lab by my advisor Dr. E. Moran
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Reportable outcomes
Degrees:
With the support of this fellowship, I have completed the requirements of my degree. I am graduating this summer
with a Ph.D. in Molecular Biology and Genetics from Temple University School of Medicine and the Fels Institute for
Cancer Research and Molecular Biology.
Reviews:

D. Wilsker, A. Patsialou, P.B. Dallas and E. Moran. 2002. ARID proteins: A diverse family of DNA
binding proteins implicated in the control of cell growth, differentiation, and development. Cell Growth
& Differentiation (Review) 13: 95-106.

* A. Patsialou, N.G. Nagl, Jr., D. Wilsker, X. Wang and E. Moran. Human SWI/SNF complexes and control of
cell growth and differentiation. International Review of Cytology: A Survey of Cell Biology. Academic
Press, Inc., San Diego. Invited review. In preparation. IRC reviews are published as hard-bound volumes
covering 35-50 printed pages. This volume is scheduled for publication in the Summer of 2005.

Publications:
"• Wilsker D, Patsialou A, Zumbrun SD, Kim S, Chen Y, Dallas PB, Moran E. 2004. The DNA-binding

properties of the ARID-containing subunits of yeast and mammalian SWI/SNF complexes. Nucleic Acids Res.
24;32(4): 1345-53.

"* Patsialou A, Wilsker D, Moran E. Sequence-specificity properties of the ARID family. Nucleic Acids
Res. 33: 66-80.

"* N.G. Nagl Jr, A. Patsialou, D.S. Haines, P.B. Dallas, G.R. Beck Jr. and E. Moran E. The p270
(ARIDA/SMARCF1) subunit of mammalian SWI/SNF-related complexes is essential for normal cell cycle
arrest. In revision.

Abstracts:
" A. Patsialou, D. Wilsker and E. Moran. Characterization of the DNA-binding activity of p270, a human

SWI/SNF complex subunit frequently downregulated in breast cancer. Presented at the Department of
Defense Era of Hope Breast Cancer Research Program Conference, Philadelphia PA, June 2005

"* NG. Nagl. Jr., A Patsialou, S Flowers, GR. Beck, Jr., PB. Dallas, and E Moran. Functional
complementation between adenovirus EIA targets and the p270 subunit of SWI/SNF-related complexes.
Selected for oral presentation at the at the Molecular Biology of DNA Tumor Viruses Conference in
Madison, WI July, 2004.

"* D Wilsker, A Patsialou, X Wang, PB. Dallas and E Moran. The DNA-binding properties of p270
(SMARCFI/ARIDJA), an integral member of the human SWI/SNF complexes. Poster presentation at the
94' AACR meeting, July 2003, Washington DC.

"• A Patsialou, S Kim, M van Scoy, PB. Dallas, Y Chen and E Moran. Mutagenesis analysis of the ARID
region of p270, a human SWI/SNF complex protein. Selected for oral presentation at the Fels Institute
Annual Research Day, May 2003.

"* A Patsialou, S Kim, M van Scoy, PB. Dallas, Y Chen and E Moran. p270 DNA binding in relation to
ARID protein family structure. Poster presentation at the Dawn Marks Annual Research Day at the
Temple University School of Medicine, December 2002.

"* D Wilsker, A Patsialou, PB. Dallas and E Moran. DNA-binding properties of p270, a member of the ARID
family of DNA-binding proteins implicated in nuclear hormone receptor signaling. Era of Hope
Department of Defense Breast Cancer Research Program Meeting, September 2002, Orlando, FL.

Conclusions
This fellowship focused on the study of the DNA-binding properties of the p270 ARID region. p270 is a member

of the human SWI/SNF tumor suppressor complexes and is frequently downregulated in breast cancer. The ARID
region is the most prominent motif of the protein and it is important for the function of the protein in vitro, suggesting
an important role for the DNA-binding activity in the tumor suppressor function of p270. My studies resulted in
valuable data about the structural integrity of the domain as well as its interaction with DNA. As discussed above, the
information from the point mutations in the domain can be important for drug design or the development of
diagnostic/prognostic tools. Furthermore, the biochemical analysis can be a very useful tool for future studies
concerning the physiological role of p270 in the SWI/SNF tumor suppressor functions.
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ABSTRACT mouse B cell-specific transcription factor, Bright (3), and in
the Dead ringer protein (Dri) of Drosophila melanogaster

The ARID (A-T Rich Interaction Domain) is a helix- (4). Dri and Bright were each isolated in searches designed
turn-helix motif-based DNA-binding domain, con- to detect proteins binding selectively to AT-rich sequences.
served in all eukaryotes and diagnostic of a family Recognition oftheBright/Driconsensusdefinedtheparameters
that includes 15 distinct human proteins with import- of a new DNA-binding domain, and the properties of Bright and
ant roles in development, tissue-specific gene expres- Dri inspired its name. MRF- 1 and MRF2, which bind the CMV
sion and proliferation control. The 15 human ARID enhancer and repress its activity, are also ARID-containing
family proteins can be divided into seven subfamilies proteins that bind selectively to AT-rich sites (5,6).
based on the degree of sequence identity between Although the first studied ARID-containing proteins bind

individual members. Most ARID family members preferentially to AT-rich sites, this behavior does not appear to

have not been characterized with respect to their be an intrinsic feature of the domain. Most ARID family

DNA-binding behavior, but it is already apparent members have not been characterized with respect to their
DNA-binding behavior, but it has become apparent that not

that not all ARIDs conform to the pattern of binding all ARIDs conform to the pattern of binding AT-rich
AT-rich sequences. To understand better the diver- sequences. p270 is a human ARID-containing protein that
gent characteristics of the ARID proteins, we under- is an integral member of SWI/SNF-related chromatin remo-
took a survey of DNA-binding properties across the deling complexes (7-10). p2 70 contains a complete ARID
entire ARID family. The results indicate that the consensus and binds DNA with an affinity similar to Dri,
majority of ARID subfamilies (i.e. five out of seven) but is unable to select oligonucleotides of any preferred
bind DNA without obvious sequence preference. sequence from a random pool (9,11). Lack of sequence spe-
DNA-binding affinity also varies somewhat between cificity has been shown independently for the ARID family

subfamilies. Site-specific mutagenesis does not sup- member, Osa, the closest Drosophila counterpart of p2 70 (12).

port suggestions made from structure analysis that The ARID structures for MRF2, Dri, p270 and its yeast

specific amino acids in Loop 2 or Helix 5 are the main counterpart SWI1 have been studied by NMR (13-16). Des-
pite the high degree of conservation in the domain, at least

determinants of sequence specificity. Most probably, three distinct structural patterns are recognized: MRF2 and
this is determined by multiple interacting differences SWIl both have six helices and two loops. Dri has one
across the entire ARID structure. more helix on each end formed by sequences outside the

consensus and a 03-sheet instead of a flexible loop between

INTRODUCTION Helix I and Helix 2. p2 7 0 has an additional short N-terminal
helix, but no C-terminal helix or any P-sheets. The structures

TheARID (A-T Rich Interaction Domain) is ahelix-turn-helix of the MRF2, Dri and p270 ARIDs have also been solved in
motif-based DNA-binding domain, conserved in all eukaryotes complex with DNA (15,17,18). All studies agree that the
and diagnostic of a family that comprises 15 distinct human ARID binds DNA via both the major and the minor grooves,
proteins. ARID proteins, although diverse in function, all and that major groove contacts are made through residues in
appear to play important roles in development, tissue-specific Loop 2 and/or Helix 5.
gene expression and cell growth regulation [reviewed in (1,2)]. The human ARID family can be divided into seven
The ARID consensus sequence, which spans about 100 resi- subfamilies based on the degree of sequence identity
dues, was first identified as a DNA-binding domain in the between individual members (Figures 1 and 2). The diverse
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JARIIrOA VSRTRQLEEMRRDLQAFEO3-LIVERLLASIAKýFIVK~, KGRGLG-TSLSVEIY)EFS
JARIDISV1B TROLEEQRKNLQAYEOG-LIHEKLEQNLAEýGAVKRFTTTMFPKAGHRYRLPNF

s011 H15KQYEt~ILFNK ýICK1O5RNMPLQSIIPEIGNRXI5I 2YYLQFGDVT,1 NAýLI -- ELS RLPErT1

Figure 1. Alignment of human ARID sequences. The amino acid sequences of the ARID) legion of the 15 human ARID family memhers are shown. The shading
indicates the boundaries of the ci-helices where the structural data are known (13,15,17). The sequences of the ARIDs of Dmelanogaster Dri. which has an AR[D3-
class sequence and S.cerei'isieae SWII, are shown as well because structural data is also available for them (14,16,18). Helices are labeled at the top from HO to H7.
The location of Loops I and 2 and the fl-sheet (which so far is found only in the ARID3-class sequence) are also shown. The five invariant residues of the ARID region
are shown in red. Part of the 'extended ARID' that characterizes the AR[D3 subfamily is shown to indicate the degree of homology in this region. The ARID2 and
ARID3C sequences begin at the initial methionine of the protein. The sequences were aligned using the Clustal W 1.8 multiple sequence alignment program (50). The
comptiter-generated alignment was modified slightly to reflect higher level structural data.

225s ARIDIA (p270) I
1956aa ARIDIB (K]AA 1235)

Va 18 35-ARID2 (KIAAtS57) 2

EiZIEflZ 59.3aa ARID3A (hBRIGHT/DRIuif 3
5 60aa ARID3II (BDPIDRIL2)

DZ ~ 31 3sa ARII03C (XMO(7 1061)

1267aa ARID4A (RBII~)4
1M 1111311 ta ARID4 (RBP1LIIBCAA]j
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V 1544aa JARIMB (PLU1)-I)
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E~xteaded ARID EMJm.1C Chmromdxomain LXC.XE IM REX DNA binding domain

Figure 2. The human ARID family of proteins. Genome sequencing reveals 15 ARID-contai ning proteins in htumans. The ARID family proteins can be grouped into
subfamilies based on their similarity to each other within the ARID domain. The nomenclature described here reflects this subclassification of the family and clarifies
their relationships to each other. A subset of ARID-containing proteins also contains JmJN and JmJC domains, and the proposed nomnenclature reflects these
relationships as well. Within the proposed subgroups of the ARID family, members typically have 70-85% identity within their ARID sequences, while across
subgroups identity within the AR ID sequence drops to -~25-30%. The 15 human ARID family proteins are represented by open bars and are aligned according to the
position of the ARID sequence (indicated in yellow). The relative positions of other well-characterized domains and motifs are represented by differently colored bars
or boxes in the appropriate protein structures and identified at the bottom of the figure. The amino acid (as) length of each protein is shown to the right of the bar. The
presence of additional motifs was identified through the Hfam database (51).

characteristics of the ARID proteins studied so far prompted a sequence preference. DNA-binding affinity also varies
survey of DNA-binding properties across the entire ARID somewhat between subfamilies. Site-specific mutagenesis
family. The results indicate that the majority of ARID sub- does not support suggestions made from structure analysis
families (i.e. five out of seven) bind DNA without obvious that specific amino acids in Loop 2 or Helix 5 are the main
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determinants of sequence specificity. Most probably, this is number NP_005047). The jumonji fragment was amplified
determined by multiple interacting differences across the by PCR from a murine brain cDNA library in a vector back-
entire ARID structure. bone of pACT-2 (Clontech) that was kindly provided by

Dr Premkumar Reddy (Fels Institute, Temple University
School of Medicine, Philadelphia, PA). jumonji-TOPO

MATERIALS AND METHODS was generated by PCR using the primers jumonji For (5'-

Plasmids AGAGAATTCTGTGAAAATCGTTCTACCTCGCAA) and
jumonji Rev (5'-AGACTCGAGATGACAGTCCTTCTCTT-

GSTfusion constructs. The p270 fusion protein experiments CCACTAA) to generate a 1030 bp fragment extending
were originally performed with the product of plasmid pNDX from nucleotide 1750 to 2780 according to accession number
(9). For the mutagenesis studies, a shorter expression construct D31967. The PCR fragment was cloned into the pCR2.1-
designated pNDB8 was generated to be more comparable in TOPO vector to create pjumonji-TOPO, excised from the
size with the Dri fusion peptide. The NDB8 plasmid expresses vector with EcoRI and XhoI, and cloned into EcoRI/XhoI-
amino acids 958-1188 of p270 (numbering is according to the digested pGEX-4T1 to create pjumonji-pGEX-4T1. This con-
sequence at accession numnber NP_006006). The Dri fusion struct creates a GST-fusion protein containing amino acids
protein is the product of p410 (4), which was kindly provided 519-858 of jumonji (accession number NP_068678). This
by R. Saint (University of Adelaide, Australia) and expresses is the only case where a murine sequence was used in the
Dri residues 258-410 (according to accession number subfamily constructs, but the mouse and human proteins are
AAB05771). 92% identical across the coding span of the insert.

A series of plasmids was assembled expressing GST-fusion
proteins containing the ARID regions of representative mem- In vitro translation constructs. The p270 pNE9-B2 in vitro
bers of ARID subfamilies. The MRF2 fusion protein is the expression plasmid and the Dri in vitro expression plasmid
product of pMRF2-GST, which was constructed by ligating a pDriT2 were described previously (11).
BamHI/SalI restriction fragment from the insert of plasmid
MRF2pQE30 [(13); kindly provided by Yuan Chen at the Generation of amino acid substitution mutations
Beckman Institute, City of Hope, Duarte, CA] into the All mutations were generated using the QuikChange (Strata-
pGEX4T vector (Pharmacia Biotech). A construct containing gene) system according to the manufacturer's instructions.
the ARID domain of human RBP1, called GST-ARID (19), The forward primers used to generate amino acid substitutions
was provided Dr Philip Branton (McGill University, Montreal, in pNE9-B2 or pDriT2 are as follows (the substituted bases are
Canada). The ARID2 sequence was generated by RT-PCR underlined):
from HepG2 cells using oligonucleotides ARID2-F (5'-
ATAATGGCAAACTCGACGGGGAAG) and ARID2-R p270.P1042A: GCATGACAAATCTGGCTGCTGTGGG-
(5'-CACCCCGGCATTAGCAAGTAGTAA) to yield a TAGGAAACC
630 bp fragment that encodes amino acids 1-209 according p270.W1073A: GGTCAACAAGAACAAAAAAGCGCG-
to accession number XP_350876. The fragment was cloned GGAACTTGCAACC
into pCR2.1-TOPO vector (Invitrogen) to make ARID2- p270.Y1096A: CCTTGAAAAAGCAGGCTATCCAGTG-
TOPO. The EcoRI fragment of ARID2-TOPO was sub-cloned CTCTATGC
into the EcoRI site of pGEX-4T I (Pharmacia Biotech) to make Dri.P306A: CCGATCAATCGGCTGGCGATAATGGCC-
pARID2-pGEX. The PLU-1 sequence was generated by RT- AAATCGG
PCR from MCF-7 cells using oligonucleotides PLU-1 For (5'- Dri.W337A: CAACAAGAAGCTGGCGCAGGAGATCA-
TTCGCGGACCCCTTCGCTTTCA) and PLU-I Rev short TCAAGGGGC
(5'-AATATTCATGGCCTCTGCTCTC). The reaction gener- Dri.Y361A: CCCTGCGCACCCAAGCCATGAAGTATC-
ated a 597 bp fragment extending from nucleotide 213 to 810 TGTACCCG
(according to accession number AJ132440.1), which was cloned The remaining mutations were generated in p410 or pNDB8.
into the pCR2.I-TOPO vector to create pPLU-l-TOPO. A The forward primers used to generate amino acids substitu-
PLU-1 containing BstXI restriction fragment was released tions are as follows (the substituted bases are underlined):
from the vector, blunted with T4 DNA polymerase, and ligated
with SmaI digested pGEX-4TI to generate pPLU-1-GST. Dri.SSS: GCCCTCCAGCATCTCCAGTGCCGCCTCCT-
pPLU-1-GST generates a GST-fusion protein containing CCCTGCGCACCC
amino acids 42-241 of PLU-1 according to accession number p270.TFT: GTGGGCACATCAACCAGTGCTGCCTTCA-
CAB43532. An RBP2 sequence-containing PCR fragment CCTTGAAAAAGCAG
was generated with primers RBP2-F-Xho (5'-AGACTCGA- Deletion mutants were generated by a loop-out technique
G(5CACAGATCCGCTCAGCTTTATC and RBP2-R-Xho using a primer designed to form a junction between residues at
(51-AGACTCGAGTTTAGGACACCTCCAGTCTCCTTT) the borders of the deletion. The sequence of the forward
from the plasmid template pCMV-HA-RBP2 (provided by primers used to generate the deletions is as follows (the
Philip Branton), and cloned into the pCR2.1-TOPO vector nucleotides that mark the boundaries of the loop-out are
to create pRBP2-TOPO. An XhoI restriction fragment from underlined):
the RBP2-TOPO insert was blunted with Klenow polymerase
and ligated with Sinai-digested pGEX-4T3 to create the plas- Dri.AC: GAATCTGAGCACGCAGATGCCGATGACG
mid pRBP2-pGEX. This construct produces a GST-fusion p270.AN: GGGACACCCAAGACAGAAATCACCAAGT-
protein containing RBP2 amino acids 29-339 (accession TGTATGAGCTG
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Chimera mutants were made by first looping-out the designated flow-through (FT). The columns were then
sequence to be replaced, and then looping-in the desired washed multiple times with 1.0 bed volume column-loading
sequence. The sequence of the forward primers used to gen- buffer containing 50 mM NaC1 (these are the 50 mM
erate the deletions is as follows (the nucleotides that mark the wash fractions), and eluted stepwise with column-loading
boundaries of the loop-out are underlined): buffer adjusted to contain increasing concentrations of

L2.H5.out: CGGGAACTTGCAACCAACCTCTTGAAA- NaCI from 100 to 800 mM, as indicated in the text. Fractions

AAGCAGTATATCCAG were analyzed by SDS-PAGE. The signal on the dried gel

H4.out: GGATTGACTCAGGTCAACAAGAACAAACT- was quantified using a phosphorimager (Fuji) and associated

CCACCTGCCCTCCAGC software.

The sequence of the forward primers used to generate the
insertions is as follows (the nucleotides that form the loop- RESULTS
in are underlined): ARID subfamilies vary in sequence specificity

L2.H5.in: GCAACCAACCTCCACCTGCCCTCCAGCA- and DNA-binding affinity
TCACCAGTGCCGCCTTCACCTTGAAAAAGCAG Human and mouse ARID-containing proteins can be classified
H4.in: GTCAACAAGAACAAACTGTGGCAGGAGAT- into seven subfamilies: ARIDI, ARID2, ARID3, ARID4,
CATCAAGGGGCTCCACCTGCC ARID5, JARIDI and JARID2. Within each designated sub-

The sequence changes and the integrity of the sur- family, the degree of identity within the ARID regions is very
rounding sequences for all mutants were verified by DNA high, ranging from 70 to 83% (Figure 1). In contrast, identity
sequencing. between ARID regions across subfamilies is <30%. Members

within subfamilies generally also show clear relationships out-

Sequence-specific selection of DNA side the ARID, as shown in Figure 2. These subclassifications
are the basis for the current nomenclature of the ARID family,

GST-fusion proteins were used in pull-down assays with a which has recently been accepted by the HUGO Gene
pool of Lambda DNA restriction fragments. The assay was Nomenclature Committee (HGNC) and the Mouse Genomic
performed as described previously (11,12). Restriction frag- Nomenclature Committee (MGNC).
ments were filled in with [a-32p]dATP. Labeled DNA (0.8 ltg) The DNA-binding properties of only a few ARID family
was incubated with 50 ng of GST-fusion protein bound to members have been reported. Drosophila Dri and its murine
glutathione-agarose beads for 1 h at 4°C in Lambda DNA- ortholog Bright (ARID3A), as well as human MRF2
binding buffer [20 mM HEPES (pH 7.6), 1 mM EDTA (pH 8), (ARID5B) all bind AT-rich sites selectively (3,4,6). However,
10 mM (NH 4)2SO 4, 0.2% Tween-20, 1 mM DTT, 25 [tg/ml human p270 (ARID1A), the closely related human protein
BSA and 25 ltg/ml poly(dI-dC)] plus varying amounts of KCI, ARIDIB, and their apparent Drosophila and yeast counter-
as indicated in the text. The beads were washed three times parts, Osa and SWIl, all bind DNA without sequence
with Lambda DNA-binding buffer minus DTT, BSA and specificity (9,11,12,20). A better understanding of the biolo-
poly(dI-dC). Bound DNA was eluted by boiling in Formamide gical role of the ARID family will require a more thorough
loading buffer (90% formamide, I x TBE, 0.04% bromophenol understanding of the distribution of sequence-specific
blue and 0.04% xylene cyanol), separated on a 6% sequencing DNA-binding properties among the individual members.
gel and visualized by autoradiography. We therefore undertook a survey designed to determine the

For the oligonucleotide competition assays, 10 ng of DNA-binding properties of at least one member of each ARID
32p-end-labeled double-stranded oligonucleotide was incu- subfamily.
bated with 100 ng of GST-fusion protein bound to glutathione Because amino acid identity within the ARID consensus is so
beads in the Lambda DNA-binding buffer containing high within subfamilies, originally a single member of each
50 mM KCl, 100 ý.tg of salmon sperm DNA and varying subfamily was selected to test for sequence specificity.
amounts of unlabeled double-stranded competitor oligonucleo- Recombinant GST-fusion proteins were constructed using
tide, as indicated in the text. The beads were washed and the sequences that include the ARID domain of each protein
bound DNA was eluted and visualized as described above, examined. The sequence specificity of each protein was then

examined in a DNA pull-down assay. This assay allows
chiromatogran o aeach protein access to a pool of Lambda DNA restriction
chronmtography fragments of varying size and sequence. As shown in

The wild-type and mutant plasmid constructs were used to Figure 3, Dri (the Drosophila counterpart of ARID3A) and
generate 35S-methionine-labeled polypeptides using the MRF2 (ARID5B) bind in a sequence-specific manner in this
TNT-coupled reticulocyte system (Promega). In vitro trans- assay, selectively binding to some fragments and not others.
lated proteins were diluted in one bed volume (0.5 ml) of Selectivity for specific fragments becomes more pronounced in
Column loading buffer [10 mM potassium phosphate more stringent binding conditions (i.e. increased salt con-
(pH 6.2), 0.5% NP40, 10% glycerol, 1 mM DTT, aprotinin centrations). Slight differences in the selected fragments
(1 mg/ml), pepstatin (1 mg/ml), leupeptin (1 mg/ml)], and between Dri and MRF2 probably reflect the fact that the
applied to native DNA cellulose columns (Pharmacia). The two proteins select slightly different consensus sites in vitro
protein sample was passed through the column twice. The (3,4,6). The major bands consistently selected by Dri in this
columns used were Poly-Prep Chromatography Columns assay are indicated by markers to the right of the Dri panel
(Bio Rad catalog number 731-1550). Unbound material is in Figure 3. In contrast to Dri, p270 (ARID1A) binds in a
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ARIDI ARID3 ARID5 on mammalian ARID2 have not yet been reported, but the
S(p270) (Dri) (MRF2) protein is an apparent ortholog of the Drosophila ARID

R, , mMKCI protein BCDNA:GH12174 (CG3274). Both proteins contain
:) 'V 'V :an RFX domain, which is an additional DNA-binding domain

1000- [reviewed in (21)]. Interestingly, the protein product of

Drosophila BCDNA:GH12174 was recently found to be a
component of the SWI/SNF-like complex PBAP, and was

ý: w% •designated BAP170 (22). This complex is distinguished from
7 .. the BAP SWI/SNF-like complex in part by its lack of Osa.

. .This finding extends the role of ARID-containing subunits as
341- components of SWI/SNF-related chromatin-remodeling com-

T plexes. Analysis of ARID2 in the DNA pull-down assay
(Figure 4) indicates that it binds DNA without sequence

268- .specificity, like all other known ARID-containing compo-
2 -� n� • llents of SWIISNF-related complexes.

• : * AR1D4 subfamily DNA-binding activity is represented here
by RBPI (ARID4A). Amino acid identity within the ARID

204- , consensus is 75% between RBPI (ARID4A) and RBP1LI
S i• (ARID4B), the only other member of this class. The assay

shown in Figure 4 indicates that RBPI also binds DNA with-
out sequence specificity. RBP1 has been characterized as a
repressor of E2F-dependent transcription recruited by the reti-
noblastoma protein (pRb) and can recruit histone deacetylase
(19,23,24). RBP1L1 (syn.: SAP180) is also able to repress
transcription, at least when tethered to DNA through the

o Gal DNA-binding domain (25). Both RBP1 and RBPILI/
110 SAP180 have been found in association with the mSIN3-

histone deacetylase complex (19,25).
Figure 3. DNA-binding properties of the ARID family. Lambda phage DNA JARID1 is the largest ARID subfamily. It contains four
was digested with EcoRl, HindII! and Sau3Al to generate a large DNA highly homologous members. RBP2 (JARIDIA) can enhance
oligonucleotide pool predicted to contain 128 fragments ranging in size
from 12 to 2225 bp. The fragments were filled in with [32P]dATP, nuclear hormone receptor transactivation in reporter assays
incubated with GST-fusion proteins containing the ARID regions of each (26). PLU-1 is highly expressed in breast cancers, and in
representative subfamily member as indicated, pulled down with glutathione reporter assays has transcriptional repressor properties (27).
beads, and analyzed by PAGE. Lane I shows the unselected pool of DNA SMCX (JARID1C) and SMCY (JARIDID) are thought to be
fragments. Remaining lanes show the fragments selected in Lambda DNA-
binding buffer with increasing KCI concentrations as indicated for p270, Dri regulators of minor histocompatability antigen (28,29). The
and MRF2. Each subfamily is indicated at the top with the particular four JARID1 proteins share 83% amino acid identity within
representative subfamily member assayed indicated directly below. The dots the ARID and are highly related across their full sequences.
on the right of the Dri panel designate the major bands that are consistently This subfamily, in common with JARID2, contains highly
selected by Dri in at least 10 repeats of this assay. conserved JmJN and JmJC domains. The proposed nomen-

clature reflects these relationships. The function of JmJN and
JmJC domains is not yet clear, but they exist in proteins other

non-specific manner, binding to all fragments offered to it, than ARID family members (30,31). Two representatives of
showing selectivity only for longer fragments (>200 bp) at the JARIDI subfamily were chosen for analysis. A second
higher salt concentrations, presumably because longer frag- subfamily member was included for two reasons. First,
ments offer multiple binding sites. Despite the differences in amino acid identity between PLU-1 (JARID1B) and the other
sequence specificity, all three ARID proteins show similar three members of this subfamily varies more than is typical
affinities for DNA. These patterns have been documented within subfamilies in the Loop 2 and Helix 5 region of the
previously (4,6,9,11), and are shown here for ease of com- ARID sequence (see Figure 1). PLU-1 has a histidine within
parison and as controls for the assay. The ARID1B protein the Helix 5 region at a position where the other members of
has also been compared directly with p270, and found to this subfamily contain a leucine. This region is the major
bind without specificity (20). groove interaction site in other ARID members and could

The assay was used to examine the sequence specificity be expected to play an important role in sequence recognition.
and DNA-binding affinity of representative members from Second, PLU-1 is expressed in a highly tissue restricted
each of the four remaining ARID subfamilies (Figure 4). manner in contrast to other JARID1 members, which are
ARID2 is the only member of its subfamily. A full-length broadly expressed [reviewed in (1)]. RBP2 (JARID1A) was
human cDNA has not been reported thus far, but Genbank chosen to represent the more typical members of this sub-
sequences predict an ARID consensus sequence at the famnily. As shown in Figure 4, both RBP2 (JARIDlA) and
N-terminus of the ARID2 gene product. Isolation of N- PLU-1 (JARID1B) bind DNA with little or no discernible
terminal cDNA sequence by RT-PCR from the human sequence specificity.
liver cell line HepG2 confirms the presence of the ARID The panel was completed by testing jumonji (JARID2), the
in the transcript (accession number AY727870.1). Studies only member of its subfamily. jumonji is developmentally
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Figure 4. DNA-binding properties of the ARID family. Representative members of the remaining subfanilies were assayed as indicated in the legend to Figure 3.
The unselected pool of DNA fragments is labeled I-adder and is shown for each individual experiment.

important in diverse organs (32,33), and can act as a trans- Table 1. Categorization of ARID subfamilies according to sequence
criptional repressor in a reporter assay (34). Although jumeonji specificity

has JmJN and JmJC domains in common with the JARIDI HUGO Bdp, DRsL2 sroadf(52)subfamily, the members of JARIDI are more similar to each nomen cl a lias Not seciicty
other than to jutronji. Within the ARID domain, jumonji isno mARe

only about 25% identical to members of the JARIDI group, AT-specific
which atrien sentic ito ea noth jo nia aARID3A Bright, DRILl, E2FBP Restricted (mature B
whh Dare 8%idreyinticaltoeah othaier oThe sen ARIDcells and testes) (3)domain binds DNA in the pull-down assay without detectable ARID3n Bdp, DRIL2 Broad (52)
sequence specificity (Figure 4). jumonji does show more of a ARID3C XMp70B71061 Not reported
tendency than other ARID family members to retain binding to ARIR5A MRF-2 Not reported
lower molecular weight (<200 bp) DNA fragments even at ARID51B MRF2 Broad w/some specialization
high stringency, suggesting it does notdisassociate as rapidly [high in brain, kidney.tý lung (39)]
from DNA. This survey indicates that five of the seven ARID2 pKific
subfamilies bind DNA with no obvious sequence specificity. ARID4A p270, BAF25Pa, hOsal, Broad (9,41,42,53,54)
These results are summarized in Table 1. OSA I, BC120, hSAPI18,

The domains in the ARIDa1, ARtD3 and ARID1 subfam- p250, SMARCF1

ilies retain DNA-binding affinity up to at least 200 mM KC1 ARIDIB pKIAAS235, BAF2X1 b, Broad (41,42,55,56)
concentration (Figure 3). DNA affinity columns likewise p2SM R, hOsa2,

held/OSA1
indicate that p270 and DJi have similar DNA-binding affin- ARID2 pKIAA15S7 Broad'
ities [(1 I) and Figure 8]. ARIDiB n which is closely related ARtD4A RBPW Broad (57)
overall to p270, retains DNA binding up to about 175 n gM KCs ARID4B RBPIL1, BCAA1, SAP180 Restricted (testes) (58)
[(20) and additional data not shown]. JARIDi subfamily JARIDIA RBP2 Broad (57)

JARIDIB PLU-1 Restricted (testes) (59)domains also retain binding to at least 175 mM KC s JARIDIC SMCX, XE169 Broad (28)
(Figure 4). However, the data in Figure 4 indicate that JARDID SMCY, KIAA0234 Broad (28)
ARID domains of the ARID2, ARID4 and JARID2 subfam- JARID2 jumonji Specialized [brain, heart,
ilies have relatively low DNA-binding affinity. While this skeletal muscles, kidney,
assay is not a direct measure of affinity, the results suggest thymus (33)]

that there are three distinguishable categories in the ARID ahttp://www~kazusa~or~jp/htige/gfpage/KIAA1557
family with regard to DNA-binding: sequence non-specific
with low affinity, sequence non-specific with high affinity and sequence in the Loop 2 and Helix 5 region (11). Current
sequence specific with high affinity. Previously, we showed results indicate that DNA-binding affinity of ARID family
that Saccharotnyces cerevisieae SWII has relatively low members can be low for reasons not easily apparent from
affinity DNA-binding behavior that correlates with atypical inspection of the ARID sequence.
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Figure 5. Sequences of the p270 and Dri mutants. The amino acid sequences of the wild-type p270 and Dri ARIDs are aligned. The Dri sequence is shown in blue
print. The p270 sequence is shown in red print, with identity to Dri shown in blue. The sequence shown for Dri is the expression product of plasmid p410. The p270
peptide used in these assays is the expression product of plasmid pNDB8, which is longer on each end than the Dri peptide. The number of additional amino acids on
each side is indicated in the figure. For each sequence, the first residue is given a number corresponding to its position in the full-length protein (accession numbers
p270: NP_006006, Dri: AAB05771). The five residues that are invariant among all known ARID sequences are indicated by dots. The ra-helices determined from
NMR studies are indicated by grey shading and are numbered (from HO to H7) above each sequence, along with the loops (LI and L2) and P-sheet. Both Dri and p270
ARIDs have been studied by NMR in complex with DNA (15,18).The Helix4-Loop2-Helix5 region is the helix-turn-helix motif that contacts'the major groove in
both proteins, although in p270 Loop 2 contacts seem to contribute less than in Dri. The proteins also contact the adjacent minor grooves. In Dri, this happens through
the 3-sheet and the end of Helix 7. p

2 7 0 
contacts the minor groove via the Loop I region that corresponds to the 3-sheet, but the C-terminal area of the p270 ARID does

not seem to contribute to DNA binding as much as this region does in Dri. Additionally, a region of about 15 amino acids upstream of p270 Helix 0 interacts with DNA,
but a comparable contact site does not exist in Dri. According to the structural study of the Dri-DNA complex, four residues in the Loop2-Helix5 region, two
threonines (T), one serine (S) and one phenylalanine (F), make base-specific contacts. These residues and the corresponding residues in p270, all serines (S), are
indicated by underlining in the figure. The mutant peptides p270.TFI, Dri.SSS, p270.L2.TFT and p270.H4.L2.TFT have changes only in the Helix4-Loop2-Helix5
region and therefore only that region is shown. For the in-frame deletion mutants, the whole sequence is shown, with the boundaries between deleted sequences shown
by the solid lines. For the p270.AN.L2.TFI' mutant, residues from S993 to K1007 were deleted. For the Dri.AC and the Dri.SSS.AC mutants, residues from P378 to
N405 were deleted.

Sequence specificity does not depend solely ARID sequence shown in Figure 5. p270 has a serine (S) at
on the identity of the specific major groove each of the corresponding positions. This study suggested that

Sthe lack of the threonines and of a non-polar residue at the
Inspection of the sequences in Figure 1 does not reveal any phenylalanine position underlies the lack of sequence speci-
obvious distinction between sequence-specific and sequence- ficity in p270.
non-specific ARIDs. However, the structures of the MRF2, Dri We undertook a site-specific mutagenesis study to compare
and p270 ARIDs have been solved in complex with DNA the role of individual elements of the ARID in the determina-
(15,17,18). Each study agrees that a portion of the region tion of sequence specificity. The structures of the Dri and p270
encompassing Loop 2 and/or Helix 5 lies within the major ARIDs are the best characterized among their respective types
groove (see Figure 5), and that regions upstream and/or down- in regard to DNA interactions, so these domains were chosen
stream of the junction of Loop 2 and Helix 5 contact the minor for comparison. To test whether the presence of the threonine
groove. The results have generated some ideas about the basis and phenylalanine residues in Helix 5 is sufficient to confer
for sequence specificity, but these have not yet been tested sequence specificity, we generated a mutant variant in which
empirically. Iwahara et al. (18) studied the Dri ARID by NMR, threonines and a phenylalanine were introduced into the
and identified four residues in Loop 2 and Helix 5 of Dri that appropriate positions in p270. The sequence of the resultant
make base-specific interactions in the major groove of the mutant, designated p270.TFT, is shown in Figure 5.
DNA. These residues included two threonines (T), a serine The behavior of the p270.TFT mutant was examined in the
(S) and a phenylalanine (F), and are underlined in the Dri Lambda DNA pull-down assay. The results (Figure 6A) show
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Figure 6. Assay of substitutions in the Helix 5 contact residues. The sequence specificity of the p270.TFT (A) and Dri.SSS (B) mutant peptides was tested in the
Lambda DNA pull-down assay as described in the legend to Figure 3. The profiles of the wild-type p270 and Dri peptides are shown for reference. The dots on the right
of the Dri panel designate the major bands that are consistently selected by Dri ill this assay.

the mutant behaves exactly like wild-type p270. The substitu- This suggested a 'folding upon binding' mechanism of
tions do not confer any detectable capacity for sequence- sequence recognition, in which the shorter length and/or
specific binding, even at the highest stringency, less flexible composition of Loop 2 of p270 in comparison

We also generated the reverse substitution in the Dri to MRF2 and Dri affects orientation of the major groove con-
construct, replacing the presumptive base-specific contact tact residues, and is thus responsible for lack of sequence-
residues with serines. The sequence of the resultant rmutant, specific contact.
designated Dri.SSS, as shown in Figure 5, and the DNA- p270 Loop 2 does not appear to contact DNA directly (15),
binding behavior is shown in Figure 6B. Strikingly, the but to evaluate the possibility that Loop 2 affects the orienta-
Dri.SSS variant maintains a clear capacity for sequence- tion of Helix 5 within the major groove, a p270 chimera was
specific binding, selecting a pattern of DNA fragments very constructed in which the Loop 2 sequence of Dri was
similar to those selected by wild-type Dri. It is apparent, placed in the p270.TFT construct. This chimera, designated
though, from the KCI titration in Figure 6B, that the Dri.SSS p270.L2.TFT, contains the major groove contact residues of
variant has reduced overall affinity for DNA. No DNA binding Dri as well as a Loop 2 sequence derived entirely from Dri,
is detected at this exposure in the 125 mM lane, while wild- which, therefore, should be sufficiently long and flexible to
type Dri consistently shows detectable binding in similar permit proper orientation of the DNA contact residues within
assays to at least 200 mM KC1 (Figures 3 and 6B). The most the major groove. Nonetheless, when tested in the DNA pull-
direct explanation for these results is that these positions in Dri down assay, the p270.L2.TFT chimera shows no greater tend-
do make significant DNA contacts that are important for ency to sequence specificity than wild-type p270, and, indeed,
affinity, but which are not major determinants of sequence has slightly less overall affinity for DNA (Figure 7). Since the
specificity. The DNA-binding affinity of p270 is strong despite TFT substitution alone did not affect p270 DNA-binding
the presence of serines at these positions, implying that the role affinity, it is likely that the introduction of the exogenous
of individual positions is not neccesarily directly comparable Loop 2 sequence created a distortion that interferes with
between different ARIDs. the overall strength of DNA contact in the p270 ARID.

A significant difference between the way the p270 and Dri
The role of the helix-tuirn-helix motif ARIDs interact with DNA is that the p270 ARID has an

additional large minor groove interaction site just upstream
The NMR-derived p270 structure was reported earlier this year of Helix 0 (15). We considered the possibility that this region
(15) and compared directly with the MRF2 structure (17). The of 15 amino acids interacts strongly and non-specifically with
structure indicates that Helix 5 of p270 lies within the major DNA in a way that masks potential sequence-specificity in
groove. However, these authors determined, by assessment of p270. We therefore deleted this segment in the p270.L2.TFT
changes in the dynamics of the complex, that the shorter Loop chimera to generate a new construct designated p270.
2 of p270 is less flexible than the corresponding loop in MRF2. AL2.TFT. The DNA-binding affinity of this fragment is
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Figure 7. Assay of p270/Dri chimeras. The sequence specificity of the
p270.L2.TFT, p270.AN.L2.TFT and p270.H4.L2.TFT mutant peptides was Figure 8. Deletion of the ARID3 extended sequence. The sequence specificity
tested with the Lambda DNA pull-down assay as described in the legend to of the Dri.AC and Dri.SSS.AC mutant peptides was tested with the Lambda
Figure 3. The GST DNA-binding profile is shown as a control. DNA pull-down assay as described in the legend to Figure 3. The profile of the

wild-type Dri, along with the markers for the major bands selected by Dri, are

also shown for reference.
reduced still further, confirming that the N-terminal region
contributes significantly to DNA contact. However, the pep-
tide still shows little or no selection for specific fragments consensus (see Figure 1). This region includes Helix 7,
(Figure 7). This argues against the possibility that sequence which is so far unique to the ARID3 subfamily, and extends
selectivity was transferred by the introduction of the Loop 2 beyond it. The extended ARID region has been identified as a
and Helix 5 residues of Dri, but was masked by the unique DNA contact region in Dri (18). The extended ARID sequence
N-terminal contact region of p2 7 0 . is not present in the ARID5 subfamily, so cannot be a required

The ARID is categorized as a modified helix-turn-helix determinant of sequence specificity. However, a correspond-
motif-based DNA-binding domain, in which the second ing position C-terminal to the core ARID consensus in MRF2
helix of the motif (Helix 5) is the recognition helix. To test has been identified as a DNA contact region (17). In contrast,
the possibility that the first helix of the motif (Helix 4) influ- the corresponding region in p270 does not appear to make
ences the orientation of Loop 2 and the recognition helix, the significant DNA contact (15). To assess the contribution of
p270.L2.TFT construct was further modified such that the this region of Dri to sequence specificity, an in-frame deletion
entire region from the beginning of Helix 4 to the last of sequence encoding 28 amino acids was generated in this
major groove contact residue consists of contiguous Dri region. The resulting mutant is designated Dri.AC. The DNA
sequence. The name of this mutant is p270.H4.L2.TFT. pull-down assay indicates that this construct retains a consid-
This construct still binds to DNA without any clear sequence erable measure of sequence selectivity (Figure 8). The con-
selectivity (Figure 7). Moreover, affinity is reduced below that struct shows slightly reduced DNA-binding affinity, consistent
of the p270.L2.TFT variant, supporting the suggestion above, with the interpretation that the deleted region includes a DNA
that introduction of exogenous sequence creates distortions contact site.
that interfere with the overall strength of DNA contact in The deletion of the extended ARID was also engineered in
the p270 ARID. Individual elements are not directly exchange- the Dri.SSS background. The resulting mutant is designated
able between different ARIDs. Together, these results indicate Dri.SSS.AC. In the DNA pull-down assay, the Dri.SSS.AC
that sequence specificity in the ARID does not depend solely construct (Figure 8) has the same reduced DNA-binding
on the specific amino acid composition in the major groove affinity as was seen in the Dri.SSS mutant in Figure 6B.
contact region. The sequence selectivity is further reduced, but a weak select-

ivity is still evident.
The lambda DNA restriction fragment pool was used as the

Contribution of the extended ARID region target DNA in order to offer a wide range of sequence pos-
Members of the ARID3 subfamily in all species studied are sibilities to the ARID proteins used in this survey. This
characterized by the presence of an 'extended' ARID allowed for the possibility that some family members, or some
sequence, a region of very high identity (>70% identity across mutant variants, would show sequence preference, but for a
,--35 residues) immediately following the core ARID previously unrecognized sequence. However, a disadvantage
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A & attempted the assay with a longer oligonucleotide, containing
( wild-type eight repeats of the consensus sequence rather than three. The

- ... =• Dri.SSS.AC peptide bound well to this probe (Figure 9B). Wild-"Z "' ,p 'C' ,• C .. type Dri showed the same behavior on this probe as on the

1 - ! A,,i ,, A p270 shorter one: it was displaced more readily by the true consensus
sequence than by the altered sequence (Figure 9B, panel 1). The

2 96 Dn Dri.SSS.AC peptide showed less specificity than wild-type Dii,
but a weak selectivity was still evident (Figure 9B, panel 2),

3 .,',,- ,- . •• Driconsistent with the behavior seen in Figure 8.
3 ,Dri.SSS The DNA-binding phenotype of the double mutant,

Dri.SSS.AC, implies that the region C-terminal to the core
4 Dri.AC ARID consensus, and amino acid identity at the major groove

contact site, contribute to the presence of sequence specificity
in ARID3 subfamily proteins, but do not support a conclusion

B • that small amino acid differences, such as the identity of
• wild-type mutant residues at the junction of Loop 2 and Helix 5, or the length

of Loop 2, are the principal determinants of sequence speci-

Dri ficity. Rather, the results suggest that overall differences in the
three-dimensional structure of individual ARID subfamilies

2 .determines the presence of sequence specificity. A similar
Dri.SSS.AC situation appears to hold for the distinction between

Figure 9. Competition assay with the Dri mutants. The competition assays sequence-specific and sequence-non-specific DNA binding
show binding of the GST-fusion peptides to a labeled oligonucleotide in HMG domain proteins, considered further in the Discussion.
containing a consensus sequence for Dri. All reactions contain a 10 000-fold
excess of salmon sperm DNA. Binding to the consensus sequence was
competed with increasing amounts of unlabeled specific competitor, either p2 70 and Dri differ in their ability to tolerate
the consensus sequence (wild-type) or an altered sequence (mutant) in a mutations in the aromatic scaffold
10-fold, 50-fold, 100-fold, 500-fold or 1000-fold excess. A separate reaction
was used in each experiment with just glutathione-agarose beads as a control. The potential for differences in the overall structure of the

p270 and Dri ARIDs was probed by introducing changes into
the aromatic scaffold of the two domains. Within the core

of the lambda DNA restriction fragment pool is that the corn- consensus sequence, there are five invariant amino acids
plex restriction pattern precludes the identification of indi- that are almost identically spaced across each ARID. These
vidual restriction fragments, or the actual sequence of the are indicated by red text in Figure 1 and dots in Figure 4, and
selected fragments. To obtain a more quantitative measurement include a tryptophan (W) in Helix 4, a tyrosine (Y) in Helix 5
of sequence specificity, selected mutants were probed in an and a proline (P) in Loop 1. The presence of a series of
oligonucleotide competition assay, where their affinity for a invariant aromatic residues has been recognized as a structural
Dri consensus binding site (CCAATTAATCCC) was com- scaffold in other helix-turn-helix motifs, including the DNA-
pared with their affinity for an altered consensus site binding motif in c-Myb and the homeodomain (35,36).
(CCAATTGCTCCC). The consensus sites were synthesized To test the contribution of the invariant residues in the
as three tandem repeats. This assay was performed in low ARID structure, specific invariant residues were changed to
salt (50 mM) conditions, so that the effect of increasing salt the small neutral residue alanine in the ARIDs of both Dri
concentrations on the conformation of the protein would not be and p270. The resultant wild-type and mutant peptides were
a factor in the assay. The results are shown in Figure 9A. The Dri translated in vitro, and their DNA-binding affinity was
peptide shows a clear preference for its identified consensus site assessed using a sensitive and quantitative DNA affinity
in this assay, as reported previously (4). A 500-fold excess of column chromatography assay described previously (9,11).
cold competitor with the correct consensus sequence competes Because the DNA is in large excess, the assay is unbiased
effectively with the labeled probe, while the altered sequence, with respect to sequence specificity. The results are shown in
even at 1000-fold excess, shows little ability to displace the Figure 10.
peptide (Figure 9A, panel 2). In contrast, the AT-rich consensus The interaction of the wild-type p270 ARID-containing
site does not compete for p270 binding any better than the peptide with DNA is as strong as that of the wild-type Dri
mutant oligonucleotide (Figure 9A, panel 1). ARID-containing peptide. In both wild-type proteins, 80-90%

The Dri.SSS and Dri.AC variants were both tested in this of the signal is retained on the columns. The remainder comes
assay. The results show that each has a higher preference for off in the flow-through and the first wash, and presumably
the AT-rich consensus site than for the altered oligonucleotide represents a fraction of peptide that did not bind due to
(Figure 9A, panels 3 and 4), meaning that they clearly retain impaired folding. The proline-to-alanine substitution has
sequence-specific binding. This is consistent with the behavior very little effect on the elution profile of either p270 or Dri,
they showed in Figures 6B and 8. suggesting that this residue, though invariant, is not by

When we attempted this assay with the Dri.SSS.AC con- itself critical for the maintenance of structural integrity in
struct, we found that the peptide bound poorly to the oligo- the domain.
nucleotide even at 50 mM salt. Because the ARID proteins On the other hand, the Helix 4 tryptophan-to-alanine sub-
show a generally higher affinity for longer pieces of DNA, we stitution seriously impaired binding to native DNA in both
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Figure 10. S ubstitution of invariant residues. The strength of the interaction of the wild-type p270 and Dri peptides, as well as pepti des where invariant residues were
substituted by an alanine, was tested by DNA affinity chromatography. In vitro translated -5S-methionine-labeled peptides were applied to a native DNA cellulose
column as described in Materials and Methods. Bound protein was eluted stepwise with loading buffer adjusted to contain increasing concentrations of NaCI fi'om 100
to 800 mM, as indicated in the figure. Fractions were separated by SDS-PAGE and the p270 signal in each fraction was quantified by phosphorimaging. The results
are plotted as the percentage of signal in each fraction relative to the entire signal recovered. Each experiment was performed at least twice and the error bars represent
the average deviation. Graphs are aligned for ease of comparison. The dashed line indicates the second 200 mM fraction for reference.

ARIDs. Much of the mutant protein (about 45-50% in either integrity of the ARID structure in both sequence-specific and

p270 or Dri) fails to bind to the column and is recovered in the sequence-non-specific representatives of the family.
flow-through and wash fractions. The strongly deleterious p270 and Dri showed a different tolerance to the third

effect of the tryptophan substitution suggests that the invari- mutation, a tyrosine-to-alanine substitution in Helix-5. The
able tryptophan plays a critical role in maintaining the overall elution profile of the p270 mutant peptide is similar to that

no1
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p270 specific amino acids in Loop 2 or Helix 5 arc the main
determinants of sequence specificity. Most probably, this is
determined by multiple interacting differences across the
entire ARID structure.

40

35 sDISCUSSION

Wild type 20 The overall conclusion from the survey described here is that
Wlt e the majority of ARID subfamily domains bind DNA without

regard to sequence specificity. Thus, the acronym is somewhat
of a misnomer, although it is a well established and useful

S 0 0  • gg • odescriptor for a domain whose parameters are well-defined.
. This survey did not probe the behavior of every single member

of the human ARID family. The proteins that have not been
tested directly, here or elsewhere, among the subfamilies now

____designated as sequence non-specific are RBP1L1 (ARID4B),
SMCX and SMCY (JARIDIC and JARIDID). Each of these
shows at least 75% identity and even greater similarity to the

30 •.tested members of its subfamily. In addition, a mention of data
P1042-Y1096A , not shown in a report on RBPILI (syn:SAP180) notes that a

high-affinity consensus binding site could not be found in
S . ....... DNA-binding site selection experiments (25). Among the sub-

E r e F E E families now designated as AT-specific, only DRIL2
S - - 8 (ARID3B) and ARID3C have not been tested empirically,

but again, there is at least 75% identity and more than 90%
similarity between these ARID sequences and the AT-specific
prototypes Bright and Dri. There is a potential conflict

Figure 11. Combination of the proline and tyrosine substitutions can act between our conclusions and a report suggesting that an

synergistically to impair p270 ARID binding to DNA. The strength of the
interaction of the combined substitution mutant was tested by DNA affinity ARID-containing fusion peptide of jumonji (JARID2) may
chromatography as described above.The elution profile of the wild-type p270 is have general selectivity for AT-rich sequences, since a
repeated in this panel and the graphs are aligned for ease of comparison. The majority of sequences selected by jumonji from a pool of
dashed line indicates the second 200 mM fraction for reference. random oligonucleotides were AT rich (34). However, several

sequences that jumonji bound with equally high affinity in that
study were not AT rich, and a precise consensus site could not

of the wild-type peptide. Approximately the same amount of be identified. The present survey is concerned with the prop-
signal is retained on the column, although the shift in the erties inherent in the ARID sequence from each subfamily. As
elution peak from the second to the first 200 mM fraction such, it was conducted with fusion proteins expressing the
indicates a weakening of affinity. This type of elution profile respective ARID sequences separate from the context of the
suggests that the substitution causes loss of one or more DNA native proteins. It remains possible that the endogenous
contact sites, but does not suggest that protein folding is proteins acquire a degree of sequence-specific binding beha-
grossly affected. In contrast, the corresponding substitution vior in physiological conditions.
in Dri is as deleterious as the tryptophan substitution, with The emergence of specific ARID subfamilies appears to
40-50% of the signal failing to bind to the column, implying have occurred early in evolution. S.cerevisieae encodes two
that this residue is critical in the Dri ARID for maintaining ARID proteins. The ARID sequences do not correlate closely
proper structure. with any particular human subfamily, but overall the proteins

To probe further the role of the Helix 5 tyrosine in the p270 seem most similar to the ARIDI and JARID1 subfamilies.
ARID, the Y1096A substitution was combined with the Schizosaccharomyces pombe encodes four ARID proteins,
P1042A substitution. The effect of the combined mutations two that are members of chromatin remodeling complexes
was highly synergistic (Figure 11), generating a DNA-binding and two that share similarity to the JARIDI subfamily.
profile almost as defective as that seen with the W1073A Ceanorhabditis elegans encodes four ARID proteins, aligning
substitution. This confirms that the Helix 5 tyrosine is with human subfamilies ARID1, ARID2, ARID3 and JARIDI,
important to structural integrity in the p270 ARID, but the thus including a single AT-specific subfamily representative
results suggest that the p270 ARID is more able than the (for an excellent review of ARID evolution see http://www.
Dri ARID to tolerate changes in its aromatic scaffold. lifesci.utexas.edu/research/tuckerlab/bright/evolution/). The
Thus, there appear to be fundamental differences in the ARID protein CFI-1 is the only identified member of an
ARID structures of p270 and Dri that go beyond simple ARID3-type subfamily within C.elegans and prefers the
differences at specific amino acid positions. This is consistent same AT-rich consensus sequence as Dri in a competition
with the detrimental effects observed above of exchanging assay (37). Drosophila melanogaster encodes six ARID
presumably analogous sequences between the two proteins, proteins, one aligning with each subfamily except the second
The mutagenesis studies argue against a conclusion that AT-rich specific subfamily ARID5. These patterns suggest that
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ABSTRACT DNA-crosslinking subunits (3,4). From yeast to human, the
SWI/SNF complexes are ATP-dependent chromatin complex has been found to contain a subunit with an ARIDremoWei/Sn complexes thare aTP-depee chro atns d DNA-binding domain. In yeast the subunit is SWIl and in
remodeling complexes that are highly conserved human there are two alternative subunits: p270 (5,6) and a
from yeast to human. From yeast to human the corn- p270-related protein reported under various names (7-10) and
plexes contain a subunit with an ARID (A-T-rich designated ARIDIB here in accordance with nomenclature
interaction domain) DNA-binding domain. In yeast recently approved by both the HUGO Gene Nomenclature
this subunit is SWIl and in human there are two clo- Committee (HGNC) (http://www.gene.ucl.ac.uk/nomenclat-
sely related alternative subunits, p270 and ARID1B. ure/) and the Mouse Genomic Nomenclature Committee
We describe here a comparison of the DNA-binding (MGNC) (http://www.informatics.jax.org/mgihome/nomen/
properties of the yeast and human SWI/SNF ARID- index.shtml). According to this system, the human p270
containing subunits. We have determined that SWIll gene (SMARCF1) now has the alternative designation
is an unusual member of the ARID family in both its ARIDIA.
ARID sequence and in the fact that its DNA-binding The ARID (A-T rich interaction domain) defines a distinct
affinity is weaker than that of other ARID family family of DNA-binding proteins: 15 in human, six in
members, including its human counterparts, p270 Drosophila and two in yeast. They have been found in all
and ARIDi B. Sequence analysis and substitution eukaryotic organisms studied. ARID family proteins are

l Nubstinting diverse in function, but all are implicated in the control ofmutagenesis reveals that the weak DNA-binding cell growth, differentiation or development (reviewed in
affinity of the SWIl ARID is an intrinsic feature of its 11,12). The consensus sequence for the domain extends across
sequence, arising from specific variations in the 94 amino acid residues and is well conserved. The founding
major groove interaction site. In addition, this work members of the ARID family are Drosophila Dri (13) and the
confirms the finding that p270 binds DNA without closely related mammalian protein Bright (14). Both proteins
regard to sequence specificity, excluding the bind with high affinity to AT-rich sequences, which prompted
possibility that the intrinsic role of the ARID is to the naming of the domain. Another mammalian family
recruit SWI/SNF complexes to specific promoter member, MRF2, shows similar sequence specificity (15).
sequences. These results emphasize that care must However, sequence-specific DNA binding has not been
be taken when comparing yeast and higher eukary- reported for most ARID proteins. There is clearly variation
otic SWI/SNF complexes in terms of DNA-binding in ARID family DNA binding behavior, as p270 and its closest
mechanisms. Drosophila ortholog Osa show no preference for specific

sequences (16,17). While examining the DNA-binding prop-
erties of the SWI/SNF complex, we have determined that yeast

INTRODUCTION SWI1 is unusual among members of the ARID family in that it
binds DNA with much weaker affinity than other ARID

The SWI/SNF complex is an ATP-dependent chromatin proteins, including its human counterparts p270 and ARIDIB.
remodeling complex that is highly conserved from yeast to We show here the difference in DNA-binding properties
human. Most of the subunits of the complex in yeast have between yeast and human ARID subunits of SWI/SNF
recognizable orthologs in higher eukaryotes (reviewed in 1,2). complexes. The weak affinity of SWI1 for DNA is largely
Upon recruitment to specific promoters, the SWI/SNF com- attributable to a gap in the ARID consensus sequence and to
plex uses the energy of ATP hydrolysis to remodel chromatin. the presence of acidic rather than basic residues in the vicinity
The complex itself binds DNA with high affinity and contains of a major DNA contact site. SWI/SNF complexes are well
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Nucleic Acids Research, Vol. 32 No. 4 © Oxford University Press 2004; all rights reserved



1346 Nucleic Acids Research, 2004, Vol. 32, No. 4

conserved between yeast and humans, so the different DNA- instructions. The forward primer used to generate the amino
binding behaviors of the respective ARID-containing subunits acid substitutions was DES (CCAACCTCAATGTGAGTG-
is unexpected and underscores the greater degree of complex- ACGCCAGCTCCTTGGAGAGCCAGTATATCCAG) (sub-
ity in the mammalian versions of the complexes. stituted bases underlined).

Deletion mutants were generated by a loop-out technique
using a primer designed to form a junction between residues at

MATERIALS AND METHODS the borders of the deletion. The sequences of the forward

Plasmids primers used to generate the deletions were AARID
(CCCAAGACAGAATCCAAATCCCAGCCCAAGATCCA-

GSTfusion constructs. The p270 fusion protein is the product GCCTCC) and AL2 (CAACCAACCTCAATGTGAGTGC-
of plasmid pNDX (described in 16). The Dri fusion protein is TGCCAGCTCCTTG) (nucleotides that mark the boundaries
the product of p410 (13), which was kindly provided by of the loop are underlined).
R. Saint. The MRF2 fusion protein is the product of pMRF2- The sequence changes and the integrity of the surrounding
GST, which was constructed by ligating a BamHI-SalI sequences for all mutants were verified by DNA sequencing.
restriction fragment from the insert of MRF2pQE30 into the Sequence-specific selection of DNA
pGEX4T vector (Pharmacia Biotech). The MRF2pQE30
plasmid was described in Yuan et al. (18). The SWI1 fusion GST fusion proteins were used in pull-down assays with the
protein is the product of pSWI1-GST, which was constructed pools of DNA restriction fragments described in the text. The
by PCR using plasmid CP623 as template. CP623 was kindly assay was performed as described in Collins et al. (17).
provided by Craig Peterson. Sequence from base pair 1471 to Restriction fragments were filled in with [cX-32p]dATP.
2399 (numbered according to accession no. X12493) was Labeled DNA (0.8 gg) was incubated with 100 ng of GST
amplified and cloned into the TOPO vector (Invitrogen) and fusion protein bound to glutathione-agarose beads for 1 h at
subcloned into the pGEX4T vector. The translation product 4'C in X DNA binding buffer [20 mM HEPES pH 7.6, 1 mM
extends from residue 264 to 552 according to accession no. EDTA pH 8, 10 mM (NH4)2SO 4, 0.2% Tween-20, 1 mM
P09547 (the SWI1 ARID extends from residue 402 to 492). dithiothreitol (DTT), 25 gg/ml bovine serum albumin (BSA)

and 25 gg/ml poly(dI.dC)] plus varying amounts of KCl, as
In vitro translation constructs. The p270 NE9-B2 in vitro indicated in the text. The beads were washed three times with
expression plasmid contains p270 base pairs 3071-3931 X DNA binding buffer minus DTT, BSA and poly(dI.dC).
(according to accession no. NM_006015) in the Bound DNA was eluted by boiling in formamide loading
pGEM5Zf(+) vector (Promega). The translation product buffer [90% formamide, 1X TBE (89 mM Tris base, 89 mM
extends from residue 901 to 1187 (the p270 ARID extends Boric acid, 2 mM EDTA), 0.04% bromophenol blue and
from residue 1013 to 1107). The deletion and substitution 0.04% xylene cyanol], separated on a 6% sequencing gel and
mutant plasmids p270AL2 and p270AL2-DES were con- visualized by autoradiography.
structed in a NE9-B2 background. The p270 pNNE3AARID In vitro translation and DNA cellulose chromatography
in vitro expression plasmid contains p270 base pairs 3071-
4505 in the pGEM5Zf(+) vector, with deletion of base pairs The wild-type and mutant plasmid constructs were used to
3356-3748. The translation product extends from residue 901 generate [35S]methionine-labeled polypeptides using the TNT
to 1376 with deletion of residues 996-1126. The ARIDlB coupled reticulocyte system (Promega). In vitro translated
in vitro expression plasmid KM15 contains DNA base pairs proteins were diluted in 1 bed volume (0.5 ml) of column
2003-3972 generated by RT-PCR from Saos2 cells. The loading buffer (10 mM potassium phosphate pH 6.2, 0.5%
sequence of the entire PCR product was verified according to NP40, 10% glycerol, 1 mM DTT, 1 mg/ml aprotinin, 1 mg/ml
accession no. NM_020732 and numbered according to the pepstatin and 1 mg/ml leupeptin) and applied to native DNA-
cDNA sequence in accession no. AF253515. The translation cellulose columns (Pharmacia). The protein sample was
product extends from residue 658 to 1313 (the ARID extends passed through the column four times. Unbound material is
from residue 768 to 864). The dead ringer in vitro expression designated flow-through (FT). The columns were then washed
plasmid pDriT2 contains Dri sequences expressing residues multiple times with 1.0 bed volume column loading buffer
258-410 inserted into the pSK-BBV expression vector (the containing 50 mM NaCl (these are the 50 mM wash fractions)
ARID consensus extends from residue 277 to 369). The pSK- and eluted stepwise with column loading buffer adjusted to
BBV vector (described in 19) is a derivative of Bluescript contain increasing concentrations of NaCl from 100 to
SKII÷ engineered to contain black beetle virus ribosome 800 mM, as indicated in the text. Fractions were analyzed
binding sequences to promote more efficient translation by SDS-PAGE. The signal on the dried gel was quantified
in vitro. The SWI1 in vitro expression plasmid pSWI1.SZ is using a phosphoimager (Fuji) and associated software.
the TOPO vector construct containing the base pair 1471-
2399 PCR fragment described above.

RESULTS
Other plasmids. The pBSII-899 plasmid was described
previously (20) and was kindly provided by A. Bank. p270 hinds DNA without sequence specificity

p270 was originally identified as a protein sharing antigenic
Generation of p2'7 0 amino acid substitution mutations specificity with p300 and CBP (5,21). Analysis of p270-
All mutations were generated using the QuikChange associated proteins revealed that p270 is a component of
(Stratagene) system according to the manufacturer's human SWI/SNF complexes and determination of the cDNA
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sequence suggested that p270 is an ortholog of yeast SWI1 p270 DRI MRF2
(5,16). The presence of p270 in human SWI/SNF complexes
was independently confirmed when a SWI/SNF complex-

associated factor designated BAF250 was cloned and yielded
a cDNA sequence co-linear with p270 (6). The p270/BAF250
cDNA is now designated the product of the ARID1A gene by
the Nomenclature Committee of the Human Genome
Organization. 9

We have previously shown by DNA affinity assays and
PCR-amplified random oligonucleotide selection that p270
binds duplex DNA with high affinity, but without regard to
sequence specificity (16). DNA binding without sequence
preference is also a property of Osa, the closest Drosophila
counterpart of p270 (17). The DNA-binding properties of
p270 are illustrated here in a different approach, utilizing
natural instead of synthetic DNA. GST fusion proteins were
used to probe for preferential binding within a large pool of X
DNA restriction fragments (Fig. 1). Control ARID family
proteins Dri and MRF2 show selectivity in this assay, as they
did in other approaches (13,15). Increasing the stringency of
the interaction by adjusting the salt concentration results in
increasingly more specific preference for selected fragments
(lanes 5-7 and 8-10). In contrast, a p270 fusion binds the
fragments with no obvious selectivity (lanes 2-4). Increasing
stringency does not reveal a preference for specific fragments, I
except for eventual selection of longer fragments over shorter
ones, probably because there are more binding surfaces on
longer pieces of DNA. 2 3 4 5 6 7 8 9 10

Following our report on the non-selectivity of p270 in thePCR-amplified random oligonucleotide selection assay, Nie Figure 1. p270 binds DNA non-sequence specifically. X phagc DNA was
digested with EcoRl, HindII and Sau3AI to generate a large DNA oligo-et al. (6) reported that p270/BAF250 binds selectively in an nucleotide pool predicted to contain 128 fragments ranging in size from 12

EMSA assay to a specific pyrimidine-rich sequence. A to 2225 bp. The fragments were filled in with [32P]dATP, incubated with
SWI/SNF-like complex called PYR had previously been GST fusion proteins containing the p270, Dri or MRF2 ARID regions as
identified by its ability to bind this 99 bp stretch of pyrimidine- indicated, pulled down with glutathione beads and analyzed by poly-
rich DNA (95% pyrimidine on one strand), which lies between acrylamide gel electrophoresis. Lane 1 shows the unselected pool of DNAfragments. Remaining lanes show the fragments selected in X DNA binding
the human fetal and adult P-globin genes (22) and is involved buffer with increasing KCI concentrations as indicated.
in regulation of the switch from fetal to adult expression. Nie
et al. (6) proposed that p270/BAF250 is the component
responsible for recruiting PYR to the 5-globin gene through its sequence and the competing nucleotide fragments were
ability to bind the 899 sequence. Simultaneously, though, the shorter.
transcription factor Ikaros was identified as the PYR
component that binds pyrimidine-rich DNA (20). Ikaros is SWI1 has weaker DNA binding affinity than human
not an ARID protein and has no detectable relationship to ARID-containing SWI/SNF subunits
p270. While p270 has not been identified in the PYR complex,
there is still the question whether p270 binds preferentially to The yeast SWI/SNF complex binds to DNA without sequence
pyrimidine-rich sequences in a manner that was not detected specificity (3,23), but the source of the DNA-binding activity
in the oligonucleotide selection assay. We therefore tested the in the complex is not well characterized. The SWI1 protein as
ability of p270 to select the 899 sequence from a pool of part of the complex crosslinks to DNA (3,4), but alone has not
restriction fragments generated from a 899-containing actually been shown to have DNA-binding activity. When we
plasmid. p270 shows no selectivity for the 110 bp restriction considered the question of whether SWIl has sequence
fragment that contains the 899 sequence (Fig. 2A, lane 2). An specificity we found that SWI1 does not bind well to DNA
alternative restriction digest in which the 899 sequence is at all. This is shown in Figure 3. Most of the DNA was
released as part of a 332 bp fragment was also probed. Even released by the 100 mM salt wash and there was no evidence
with the advantage of greater length, the pyrimidine-rich of sequence selectivity. To explore this question and better
fragment was not pulled down selectively by p270 (Fig. 2B). understand the relationship between yeast and human SWI/
We conclude that p270 does not prefer pyrimidine-rich DNA SNF complexes, we compared the DNA-binding properties of
or the 899 sequence specifically, but in fact binds DNA SWI1 and the ARID-containing subunits of human SWI/SNF
without regard to sequence. The previously reported prefer- complexes. In addition to p270, a partial cDNA product of an
ence for this sequence may have been a reflection of the independent gene has been identified, originally designated
EMSA assay in which a limited range of competing DNA KIAA1235 (24), which has a high degree of overall identity to
sequences was used to challenge selectivity for the 899 p270, including the presence of an ARID consensus (7-10).
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Figure 3. SWI1 binds DNA non-sequence specifically. The DNA-binding
Figure 2. p270 does not bind preferentially to pyrimidine-rich DNA. activity of a GST fusion protein containing the ARID region of SWII was
(A) The pBSII-899 plasmid was digested with EcoR1 and Sau3Al and analyzed as described in Figure 1.
labeled with [3 2P]dATP to generate a restriction digest ladder as indicated.
The 99 bp pyrimidine-rich fragment is contained within a 110 bp fragment
indicated by an asterisk. The restriction fragments were incubated with the r 20 i• i:i...: :i T~ :
p270 GST fusion protein in X DNA binding buffer at 200 mM KCI. (B) The p27 -

pBSII-899 plasmid was digested with Sau3A1 alone such that the Human Rt

pyrimidine-rich sequence is contained in a 332 bp fragment, indicated by an
asterisk. Results from incubations at both 200 and 250 mM KCI are shown. [AII
The Human Genome Organization now recommends that
ARID family members carry gene designations that reflect Drosophila L • ................ . .....
their relationship. According to this scheme, the p270 gene [-
product previously designated SMARCF1 is designated
ARIDJA and the KIAA1235 gene is designated ARIDIB.
p270 and ARID1B are alternative, mutually exclusive sub- Yes r WIu4

units of human SWI/SNF complexes (X. Wang, N.G. Nagl, Jr, L -
M. Van Scoy, S. Pacchione, P.B. Dallas and E. Moran, in Figure 4. ARID-containing subunits of SWI/SNF complexes in yeast,
preparation). The relationships of p270 and ARID1B to their Drosophila and humans. Similar motifs and domains are apparent between

Drosophila and yeast counterparts are shown schematically in the amino acid sequences of yeast SWI1 (accession no. P09547),
Figure 4. Drosophila Osa (accession no. Q8IN94) and human p2 70 (accession no.

NM_006015) and ARID1B (accession no. AF253515). Yellow boxes denoteThe DNA binding affinity of the yeast and human ARID- the ARID, vertical gray lines indicate LXXLL motifs (L symbolizes leucine
containing SWI/SNF components was compared in a DNA- and X is any amino acid). LXXLL motifs frequently serve as association
cellulose column chromatography assay, an approach that is sites for liganded nuclear hormone receptors (33,34). Horizontal blue bars
unbiased with regard to sequence specificity. 35S-labeled indicate glutamine-rich (Q-rich) regions. Such regions are implicated in
in vitro translated proteins were applied to a native DNA- transcriptional activation (see for example 35).

cellulose column and eluted with increasing salt concentra-
tions. The fractions were separated by SDS-PAGE and the
protein signal was quantitated by phosphoimager. The signal is that p270 and ARID1B show the same high affinity binding
in each fraction was plotted as a percentage of the total as the prototypical ARID protein Dri, but SWI1 has markedly
recovered (Fig. 5). What is immediately apparent in this assay lower affinity for DNA. A control p270 ARID deletion
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and yeast SWI I/ADR6 (18,25-29). The ARID regions of these
proteins are aligned in Figure 6. The ARID consensus forms

600 _ _ - six a-helices (H1-H6). Dri has two additional a-helices (HO
50 and H7) formed by sequences immediately flanking the40
40 consensus. Flexible loops or 3-sheets also occur in the
0 p20structure. NMR studies done on Dri and MRF2 in complex

1p with DNA (25,27) have determined that two regions of the
0ARID are involved in minor groove and phosphodiester

backbone interactions: the Loop 1/13-sheet region and the
- IC-terminus. An interaction point with the major groove was

so 'mapped to H5 and the loop preceding it. Sixteen DNA contact
40 residues have been identified in Dri (27); these are indicated
1° ARID1 B by red text in Figure 6. Generally similar contact regions were
ýO noted in MRF2, although individual contact residues were not
0 identified (25). NMR of the SWI1 ARID shows that it contains

____ is 8 8 8_ the basic core of six a-helices (28,29). The SWIl ARID
60 structure was not determined in complex with DNA, so
°0 lcontact residues have not been identified.

A comparison of the SWI1 ARID sequence with p270, Dri
0 Drosophila Dri and MRF2 does not reveal any obvious deficiency in the

predicted minor groove and phosphodiester backbone inter-
0 action regions in Loop 1 or the C-terminus of the SWI1 ARID.

Basic residues (R and K) are present in positions similar to
those seen in p270. However, inspection of the sequence

00 alignments in Figure 6 reveals potentially important differ-
_40 ences in the predicted major groove interaction site formed by

!30 Loop 2 and H5. A more comprehensive comparison of the
Zn Yeast SWI 1 Loop 2 and H5 regions is shown in Figure 7. A sequence

____ alignment of SWI1 with all known human, Drosophila and

yeast ARID family members reveals that SWI1 is a highly
unusual member of the family in terms of the length of Loop 2.

60 Loop 2 varies in length by one or two residues among other
so ARIDs, but is notably shorter in SWIl. SWI1 is also unusual
"40 in the distribution of basic and acidic residues in H5. These are
30 p270AARI D indicated by blue and pink shading, respectively in Figure 7.
20 The invariant tyrosine (Y) in H5 is shaded yellow for

orientation. A basic residue, R or K, exactly three positions0i i I • 5' of this tyrosine is nearly invariant and is an identified DNASiEll contact residue in Dri. SWI1 is one of a small subset of ARID

proteins that has an acidic residue at or near this position. In
Figure 5. Yeast SWI1 binds DNA poorly compared with other ARID family the case of SWIl, this is a glutamic acid (E). SWI1 is the only
members, including its human counterparts p270 and ARIDIB. In vitro ARID protein known that contains no basic residues between
translated [

3 5
S]methionine-labeled peptides were applied to a native DNA

cellulose column as described under Materials and Methods. Bound protein the beginning of Loop 2 and the invariant tyrosine. The lack of
was eluted stepwise with loading buffer adjusted to contain increasing positively charged (basic) residues in this region, combined
concentrations of NaCI from 100 to 800 mM, as indicated in the figure. with the presence of negative charges from the acidic residues,
Fractions were separated by SDS-PAGE and the p270 signal in each very likely contributes to the poor affinity of SWI1 for DNA.
fraction was quantified by phosphoimaging. The results are plotted as the
percentage of signal in each fraction relative to the entire signal recovered. The effect of the specific differences between SW1 and p270
Error bars represent the average deviation. Graphs are aligned for ease of on DNA binding affinity was probed directly as described
comparison. The dashed line indicates the second 200 mM fraction for below.
reference. The proteins analyzed in this experiment were the respective
products of plasmids NE9-B2, KM15, p410, pSWIl.SZ and NNE3AARID. The sequence differences in Loop 2 and H5 of SWI1 are

sufficient to cause defective DNA binding in p270

construct (p270AARID) verifies that the DNA-binding activ- To evaluate the effect of the specific differences between
ity observed is a property of the ARID domain. SWIl and p270 on DNA binding affinity, site-directed

mutagenesis was performed on p270 to mimic the sequence

The SWI1 ARID is poorly conserved in the Loop 2 and of SWIL. Four residues in Loop 2 of p270, corresponding to
H5 region the missing residues in SWI1, were deleted. Additionally,

three residues in H5 were changed to the corresponding SWIl
The ARID is a structurally distinct helix-turn-helix motif residues, as shown in Figure 8. These positions were chosen
based DNA-binding domain. Structures for three ARID because they represent the most striking differences in the
proteins have been described: human MRF2, Drosophila Dri pattern of basic and acidic residues between the two proteins.
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Mor g oov- Major groove Mncr g
lot a -n ot interaction ittractiO

HO 1-1 t op-I H2 H3 H4 Loop-2 H5 H6 H7

Figure 6. Secondary structure of the ARID. The amino acid sequence of the p270 ARID is aligned according to the Clustal W 1.8 multiple sequence
alignment program (36) with the corresponding sequences of SWI1, MRF2 and Dri that were used to generate structural data. The computer-generated
alignment was modified slightly to reflect higher level structural data. Residue number 1000 (accession no. NM006015) is indicated in the p270 sequence for
reference. The a-helices of each protein are shaded in yellow and numbered above the alignment. The secondary structure of p270 was determined from the
backbone resonance assignments obtained recently (37). H5 and H6 in SWII are distinguished by a bend between the two adjacent leucines. The ARID
consensus forms six es-helices (H1-H6). p270 has an additional short ax-helix at the N-terminus and Dri has an extra oa-helix on each end (HO and H7) formed
by sequences outside the consensus. Dri also has a 13-sheet in place of Loop 1. While the MRF2 and Dri ARID structures differ in significant features, both
structures indicate that H5 and Loop 2 contact the major groove and both structures indicate that sequences between HI and H2 and sequences just
downstream of H6 contact the adjacent minor groove and phosphodiester backbone (18,25,26,27). DNA contact residues identified by NMR in Dri (27) are
indicated by red text and underlining. The consensus line shows the residues conserved in more than 50% of the 23 ARID family members of human,
Drosophila inelanogaster and Saccharomyces cereviseae. Five residues that have proved thus far to be invariant are shown underlined in green.

The p270 mutant constructs were in vitro translated and DNA. The weak DNA binding affinity of the SWIl ARID is an
their affinity for DNA was tested by DNA-cellulose intrinsic feature of its sequence, arising from specific
chromatography. The wild-type p270 and SWI1 elution variations in the major groove interaction site. The human
profiles are repeated from Figure 5 for ease of comparison. counterparts of SWI1 do, however, bind DNA with an affinity
Deletion of four residues from Loop 2 (p270AL2) is sufficient typical of true DNA-binding proteins. This is not the only
to weaken the DNA binding affinity of p270 (Fig. 9). These difference between yeast and human complexes, although the
results are all consistent with the interpretation that Loop 2 composition and subunit structure of yeast and human
makes a significant DNA contact that is lacking in SWIL. It is complexes are generally well conserved. While the yeast
possible that the length of Loop 2 plays an important role in complex has only one ATPase and one ARID-containing
positioning DNA contact residues in Loop 2 and H5 properly protein, human complexes have two alternative ATPase
on the DNA. The Loop 2 difference alone, however, is not subunits and alternative ARID-containing subunits. Human
sufficient to account entirely for the weak DNA binding of complexes also have an additional DNA-binding component
SWIL. When the H5 substitutions were introduced into p270 that has no counterpart in yeast. This is the HMG-containing
in addition to the Loop 2 deletion (p270AL2-DES) the DNA subunit BAF57, which binds selectively to four-way junction
binding affinity of p270 was dramatically impaired and DNA (30). Drosophila complexes contain a counterpart to
resembled more closely the phenotype of SWIL. The severe BAF57, designated BAPill (31), so this is a consistent
effect of these changes demonstrates the significance of the feature of higher eukaryotes. Human complexes that lack
roles of the charged residues in H5. The remainder of the BAF57 are able to bind DNA and remodel chromatin in vitro
SWI1 ARID sequence may partly compensate for the differ- (30), consistent with the fact that there are multiple DNA-
ences between p270 and SWI1 in the Loop 2/H5 region, as the binding subunits in the complex.
p270AL2-DES mutant is even more severely impaired in this In spite of the weak DNA-binding activity of SWI1, the
assay than SWIL. Nevertheless, the overall conclusion is that yeast SWI/SNF complex does bind DNA with high affinity. In
the SWI1 ARID region has a weak DNA binding activity that early UV crosslinking experiments, three components were
on its own is not likely to be physiologically significant. Our found crosslinked to naked DNA; SWIl and two other
results indicate that this is an intrinsic feature of the ARID components, p68 and p78, whose DNA-binding properties
sequence in SWIl, arising from an unusual difference in the have not been further characterized (3). In a later study several
length of Loop 2 and from the specific presence of acidic other members were found to crosslink with nucleosomal
instead of basic amino acid residues at or near a major DNA DNA (4). These other components may account for the high
contact site. affinity binding of the complex. The interaction of yeast SWI/

SNF complexes with naked DNA is distamycin-sensitive and

DISCUSSION so appears to occur through minor groove interactions (3,23).
This is consistent with our conclusion that the major groove

SWI1 is an unusual member of the ARID family of DNA- contact region is not functionally conserved in the SWI1
binding proteins. Other ARID family members differ in ARID. The complex is not displaced by distamycin when
whether or not their binding is sequence specific, but all family bound to nucleosomes, indicating that other stabilizing
members studied previously show high affinity binding to interactions occur (23).
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Loop 2 Helix 5 Loop-2 Helix 5

p270 LNVGTSSFAASSLKKQY IQCL

DRI LAILPSS T SWIl LQI ----. .
RF2 LGGNPGS - CT

p270AL2 LNV ---- SAASSLKKQYIQCL

p270 GS-OS L ~ I~
KIAA1235 LNVGTSS--SAASSL L QYIQYL p270AL2 -DES LNV----. SDASSLESQYIQCL

OSA LGIGASS--SA.AYTLKYTNL
SWII LQI ... .YFIL Figure 8. Mutants generated in p270 to mimic the yeast SWI1 sequence.

The Loop 2 and H5 region of wild-type p270 and SWI1 are shown in the
top two lines. Four residues, gly6ine (G), threonine (T) and two serines (S),

DRILI LFLPTSIT-SAAFTLTQ Y/ YL in Loop 2 of p270 were deleted to create p270AL2. To create the mutant
DRIL2 T MPLTS1rSAAF•2L Y p270AL2-DES, an alanine (A) and two lysines (K) were changed to the

corresponding SWII residues, aspartic acid (D), glutamic acid (E) andXMH071061 LSLIPTTIT-SAAFILRTQY 'ý YL serine (S). The substituted positions are indicated by black dots. The
APRID2 FNF1: SCS-NAAF QYYL•YL invariant tyrosine is shaded yellow for reference.
MRFI Lt SPCST-SAATCT - L V
RBPI LGIPILNS-AASYNLhTAYtYL
RBPILI LG PVLN -AAGYtT7 CAYyKYL so

Jumonji LRIP TAQ- RLAYLOEAYCQYI 40

SMCX LNYPPG -- NIGSLLF Rd IV 3

SMCK LF YPPG -- 1IG jS T I 1 p270
R8P2 10RBP2 LCYLPG• -G GSLt•S •Y•II 10

PLUl MGFAPGX- -AVGSH 1~RL -i t I EEleEf

Yeast Y142 LGYS FIMSSLSTSLSAYtIL so
Dros CG3654 YCIP.LAQ-IRVTFLBDiYC` YL 40,4

Dros C07274 '3GFTPCTVS-VNNL QAYIFL
BON G12174 I'~L~RVGAI I 1 L ~ 20 SW1l

DOrs LID 11QYPSS0S-VGATL0A L

consensus L -------------L1--Y- )-L _ _ _

so
Figure 7. Alignment of the Loop 2 and Helix 5 region of human, 40

Drosophila and yeast ARID family members. The amino acid sequence I
extending across the Loop 2 and H5 region of all known human, 130

Drosophila and S.cereviseae ARID family members are aligned for 201 p270AL2
comparison. Drosophila Dri and human MRF2 are shown first to help align 10
their defined H5 and Loop 2. The residues that form H5 are boxed where the
structure is known for Dri, MRF2, p270 and SWIL. The ARID-containing , t ,C E . . .E ,E
members of SWI/SNF complexes (SWI1, Drosophila Osa and human p270 J -
and ARIDIB) are clustered together. All other mammalian ARID family 50

members are clustered in the third group and the last cluster includes the -[
remaining yeast and Drosophila ARID family members. Basic amino acids, 40

arginine (R), lysine (K) and histidine (H), are shaded blue. Acidic amino 3O0

acids, aspartic acid (D) and glutamic acid (E), are shaded pink. The p270AL2-DES
invariant tyrosine (Y) residue is shaded yellow. Sequences are aligned ,0
according to the invariant tyrosine as well as the highly conserved leucine is
residues that flank the majority of sequences shown. Dashes are inserted __-_-_-_-

where appropriate to maintain the alignment. The consensus line represents t 'E • i i
residues conserved in at least 50% of the sequences shown. The blue shaded a a a a aa
B in the consensus line represents conservation of basic residues at that
position. Figure 9. Substitution of SWIl sequences into p270 is sufficient to make

p270 defective for DNA binding. The mutants described in Figure 8 were
tested for DNA-binding affinity as described in Figure 4. The wild-type

Yeast SWIl, Drosophila Osa and human p270 bind DNA plasmids for p270 and SWIl (NE9-B2 and pSWIL.SZ) were constructed to
without sequence specificity. Thus, the role of the ARID per se generate comparably sized peptides in order to maximize the validity of the

comparison. Their elution profiles from Figure 4 are shown again here foris not to recruit the complex to specific promoter elements, ease of comparison. p270AL2 and p270AL2-DES were constructed in theThe exact biochemical role of the ARID family proteins in NE9-B2 background. The dashed line indicates the second 200 mM fraction
SWI/SNF complexes remains to be determined. Deletion of for reference. Error bars indicate average deviation for at least three
the ARID region of SWI1 does not affect the ability of yeast to experiments. The p270AL2-DES elution profile consistently shows two

peaks. The reason is not certain, but one possibility is that the accumulatedgrow in conditions that require a functional SWI/SNF mutations impede proper folding, leading to two populations, one in which
complex or the ability of the yeast SWI/SNF complex to structural integrity is severely compromised and another in which the
remodel nucleosomes in vitro (32). Nevertheless, the presence protein has assumed its optimal conformation.
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of a functional ARID in the ARID family components of the 11. Wilsker,D., Patsialou,A., Dallas,P.B. and MoranE. (2002) ARID

human and Drosophila complexes suggests that this domain proteins: a diverse family of DNA binding proteins implicated in the
control of cell growth, differentiation and development. Cell Growthhas a physiological role in higher eukaryotes. There is Differ., 13, 95-106.

experimental evidence that the ARID plays a role in the 12. Kortschak,R.D., Tucker,P.W. and Saint,R. (2000) ARID proteins come in
biological activity of p270 and ARID lB. Deletion of the ARID from the desert. Trends Biochem. Sci., 25, 294-299.
region of p270 partially reduces its ability to enhance 13. Gregory,S.L., Kortschak,R.D., Kalionis,B. and Saint,R. (1996)
glucocorticoid receptor-mediated transcription in a co- Characterization of the dead ringer gene identifies a novel, highly

conserved family of sequence-specific DNA binding proteins. Mol. Cell.transfection reporter assay (6). Deletion of the ARID from Biol., 16, 792-799.
ARID1B abrogates its activity in a similar assay (9). The 14. Herrscher,R.F., Kaplan,M.H., Lelsz,D.L., Das,C., Scheuermann,C. and
differences between the complexes in yeast and higher Tucker,P.W. (1995) The immunoglobulin heavy-chain matrix-
eukaryotes emphasize that caution must be used in making associating regions are bound by Bright: a B cell-specific trans-activafor

direct comparisons between them. that describes a new DNA-binding protein family. Genes Dev., 9,
3067-3082.
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Introduction

Abstract About 5 years ago, a new class of DNA binding proteins,
The ARID family of DNA binding proteins was first defined by a novel DNA binding domain, was recognized.
recognized -5 years ago. The founding members, The two proteins in which this domain was originally defined
murine Bright and Drosophila dead ringer (Dri), were are murine Bright and Drosophila dead ringer. Bright is a B
independently cloned on the basis of their ability to bind cell-specific transactivator cloned in a search for proteins
to AT-rich DNA sequences, although neither cDNA binding to immunoglobulin heavy-chain matrix-associating
encoded a recognizable DNA binding domain. Mapping regions. Matrix attachment regions are AT-rich sequences,
of the respective binding activities revealed a shared but and the Bright protein was indeed found to bind preferentially
previously unrecognized DNA binding domain, the to AT-rich DNA sequences in an oligonucleotide selection
consensus sequence of which extends across -100 and enhancement protocol (1). At the same time the Dro-
amino acids. This novel DNA binding domain was sophila gene product, dead ringer (dn), was cloned in a
designated AT-rich interactive domain (ARID), based on search for novel proteins associating with homeobox do-
the behavior of Bright and Dri. The consensus sequence mains. Homeobox domains are also AT-rich sequences, and
occurs in 13 distinct human proteins and in proteins from the Dri protein was likewise found to bind preferentially to
all sequenced eukaryotic organisms. The majority of AT-rich DNA sequences in a similar oligonucleotide selection
ARID-containing proteins were not cloned in the context and enhancement protocol (2).
of DNA binding activity, however, and their features What distinguished both of these proteins at the time was
as DNA binding proteins are only beginning to be the lack of a recognizable DNA binding domain. When these
investigated. The ARID region itself shows more diversity investigators mapped the DNA binding regions in their re-
in structure and function than the highly conserved spective proteins and realized they had identified highly re-
consensus sequence suggests. The basic structure lated sequences, the parameters of a previously unrecog-
appears to be a series of six a-helices separated by nized DNA binding domain became apparent. The degree of

13-strands, loops, or tumns, but the structured region may conservation in the respective domains is remarkable, given
extend to an additional helix at either or both ends of the that these proteins were cloned from distantly related organ-
basic six. It has also become apparent that the DNA isms and that the proteins are not otherwise similar.
binding activity of ARID-containing proteins is not This novel DNA binding domain was designated ARID, 3

necessarily sequence specific. What is consistent is the based on the shared features of Bright and Dri. The derivation
evidence that family members play vital roles in the of a Bright/Dri consensus sequence led to the recognition of
regulation of development and/or tissue-specific gene other ARID-containing proteins already cloned or subsequently

added to the database. About a dozen distinct human ARID
proteins have been recognized, as well as six Drosophila mem-
bers of the family. ARID proteins or open reading frames
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Table 1 Functions of human ARID proteins'

Yeast Drosophila Mouse Human Function

SWIl Osa (eld) Osal p270 p270 is a component of human SWI/SNF complexes (11, 12, 14) and is deficient
in some breast and ovarian cancer lines (60).

(SMARCF1) osa associates with the Drosophila brahma (SWI/SNF-related) complex (5, 6),
(B120) modifies E2F (47), and is an antagonist of wingless (46).
(BAF250)

Swi 1 is a component of the yeast SWI/SNF complex (66).

KIAA1235 An open reading frame very closely related to p270 across its entire sequence,
but with specific modifications in all known functional motifs, including the
ARID region (18).

CG7274 RBP1 (RBBP1) Retinoblastoma binding protein-1 (20); represses E2F-dependent transcription
(22-24).

RBP1L1 (BCAA) Retinoblastoma-binding protein i-like 1. Highly expressed in cancers of various
tissue origins but restricted in normal tissue (25).

ORF Lid RBP2 (RBBP2) Retinoblastoma binding protein-2 (20).
YMR716w (CG9088) Drosophila lid is most homologous to RBP2. Lid was cloned in a screen for new

(Ecm5p) trithorax group genes (7).

SMCY An evolutionarily conserved protein encoded on the Y chromosome (35).

SMCX (XE169) The X-chromosome homologue of SMCY; SMCX escapes X-inactivation (26).

PLU-1 Up-regulated in breast cancer (27).

CG3654 jumonji (JMJ) Developmentally important in the nervous system, liver, spleen, thymus, and
heart (28-30).

MRF-1 Modulator recognition factor-1; represses CMV enhancer activity (43, 67).

Desrt MRF2 Modulator recognition factor-2; represses CMV enhancer activity (43, 67).

Dri Bdp (DRIL2) Bright and dead ringer homologous protein (32).

Bright DRILi (h Bright) dri is a Drosophila gene required for early embryonic patterning (2, 8, 9).
Bright is a B cell-specific activator most studied in mouse (1, 68).
DRIL-1 is a human product 80% identical to murine Bright. DRILl binds the

pRb-controlled transcription factor EZF1 and rescues Ras-induced
senescence (63).

BCDNA: BCDNA:GH12174 does not appear to have a direct counterpart in human cells.
GH12174

a The 13 human ARID proteins are grouped with their closest Drosophila and S. cerevisiae counterparts. Alternate protein and gene names for some proteins
are indicated in parentheses. Where the murine gene product has been published under a different name, that name is indicated in column 3.

residues, of which -39 are highly conserved with regard to teins are also becoming increasingly implicated in human tu-

both identity and spacing. As a point of comparison, the morigenesis. This review summarizes what is currently known
homeodomain consensus spans 60 residues, of which -20 are about the salient features of members of the ARID protein
highly conserved (reviewed in Ref. 3). The Bright/Dri homol- family. Our main focus is the mammalian proteins, although the

ogy extends -40 residues past the ARID consensus. This Drosophila and yeast proteins are considered where relevant
"extended ARID" sequence now appears to be characteristic for comparison. Much of the information discussed in the text is
of just one subfamily. Outside of the ARID region, proteins of the summarized in Tables 1 and 2 and Figs. 1 and 2.

ARID family show diversity of sequence, structure, size, and

function, although subgroups are readily discemible. The ARID

region itself has proved to be more diverse in structure and Number and Diversity of ARID Proteins
function than the highly conserved consensus sequence sug- The extensive sequence data now available ensure that the
gests. The ARID protein family has been reviewed recently (4), predicted protein repertoires of the well-sequenced organisms
but new information has since emerged, particularly in the re- are largely known. Two ARID-containing proteins have been
alization that not all ARID proteins show sequence specificity in revealed in budding yeast. The best known is SWI1, a compo-
their DNA binding activity. The latter point is striking, given the nent of the SWI/SNF complex, a multicomponent complex
high order of structure and degree of conservation of ARID involved in chromatin remodeling and broad aspects of tran-
regions. In general, such features are linked with increasing scription regulation. The other is an open reading frame homol-
specificity as seen, for example, in homeodomains. ARID pro- ogous to the RBP2/Plu-1/SMCX/SMCY subgroup in humans,
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Table 2 Size, location and tissue distribution of the human ARID proteins

Human
Mr Length' chromosome Tissue distribution

p270 270,000 1p36.1-p35 Broad. Northern Blots show similar levels of expression in the full range
(SMARCF1) 2285 aa of tissues tested: spleen, thymus, prostate, testis, ovary, small
(B120) intestine, colon, peripheral blood lymphocytes, heart, brain, placenta,
(BAF250) lung, liver, skeletal muscle, kidney, and pancreas (12).

KIAA1235 245,000 6q25.1--q25.3 Broad (18).
1711 aa

RBP1 200,000 (observed) 14q22.3 Broad with some specialization. RBP1 is expressed in all tissues
(RBBP1) 143,000 (predicted) examined by Northern blot, although the level of expression among

1257 aa different tissues is not constant (results with specific tissues were not
reported; Ref. 20).

RBP1 L1 1311 aa 1 q42.1-q43 Restricted. Among normal tissues, RBP1 L1 is well expressed only in
(BCAA) testis, but high expression was seen in all cancer tissues examined

of breast ovary, lung, colon, and pancreatic origin (25):

RBP2 195,000 12pl1 Broad with some specialization as indicated for RBP1 (20).
(RBBP2) 1722 aa

SMCY 1538 aa Yql 1 Specific to males, but RT-PCR indicates similar levels of expression in
the full range of tissues tested: brain, kidney, liver, lung, muscle,
spleen, and heart (35).

SMCX 1560 aa Xpl 1.22-pl 1.21 RT-PCR indicates similar levels of expression in the full range of tissues
(XE169) tested: brain, kidney, liver, lung, muscle, spleen, and heart (35).

PLU-1 1544 aa lq32.1 Restricted. In normal tissues, Plu-1 is well expressed only in testis, but
it is consistently up-regulated in breast cancers (27).

jumonji 160,000 6p24-p23. Specialized. Abundant in brain, heart, skeletal muscle, kidney, and

(JMJ) 1266 aa thymus but hard to detect in lung, liver, or spleen (29).

MRF-1 Unknown 2p11.1 Not reported.

MRF2 83,000 1Oql 1.22 The expression profile of MRF2 is not reported. Expression of Desrt
743 aa in mouse (murine MRF2) is broad with some specialization. A Northern blot

shows abundant expression in brain, kidney, and lung; moderate
expression in heart, small intestine, and muscle; and no detectable
signal in liver, spleen, large intestine, or skin (33).

Bdp 61,000 15q24 RNA was detected in a broad range of tissues but was abundant in
(DRIL2) 560 aa placenta, testis, and leukocytes (32).

Bright 75,000 (observed) 19p13.3 Restricted. A ribonuclease protection assay shows message
(DRILl) 593 aa accumulation in mature B cells but not in T cells or immature B cells;

in mouse tissues, expression was detected in testis but not in brain,
kidney, lung, liver, spleen, or thymus (1).

a The total number of amino acids (aa) of the major form of each of the 13 human ARID-containing proteins is shown here. Where endogenous full-length
protein has been observed, the relative migration rate (Mr) reported is indicated.

discussed below. Six ARID-containing proteins are apparent in The number and forms of ARID proteins broaden further in
the Drosophila genome. Osa is structurally related to SWI 1, and mammalian cells. Eleven distinct human ARID-containing open
associates with the brahma complex, which is the Drosophila reading frames were counted in the Celera human genome
equivalent of the SWI/SNF complex (5, 6). Little imaginal discs sequence (10), but 13 are apparent in public databases. The
(lid) was cloned recently in a screen for new trithorax group human ARID-containing proteins vary in size from human Bright
genes. It is recognizably similar to the second yeast protein and (DRILl) and Bdp, which contain just <600 amino acids, to

is closely related to human RBP2 (7). Dri acts as a coactivator p270, which contains >2000. p270 is the most direct structural
or corepressor at specific transcription sites (8, 9) and has no and functional orthologue of SWI1 and Osa. p270 shows -80%
apparent orthologue in yeast. Its closest mammalian counter- identity with Osa in the well-conserved COOH-terminal region
parts are Bright and Bdp. The Drosophila BCDNA:GH12174 and is stably associated with human SWI/SNF (hSWI/SNF)
open reading frame has an ARID sequence close to Dri and complexes (11, 12). Four distinct human ARID proteins are very
Bright, but without the extended ARID sequences. Two other similar to the second ARID protein of yeast. These are RBP2,
open reading frames containing the ARID consensus are ap- SMCY, SMCX, and Plu-1, discussed individually below. The
parent in the Drosophila genome. They are designated CG7274 most direct human orthologues of Dri are human Bright

and CG3654, and outside their ARID regions they are related to (DRIL-1) and Bdp (DRIL-2). Human Bright and Bdp are similar in
the human proteins RBP1 and jumonji, respectively, size (Mr 75,000 and Mr 61,000, respectively) and almost iden-
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tical in their ARID sequences. Their sequences are not highly p270. p270 was first recognized and cloned through its

similar outside the ARID region, but their relationship to Dri is shared antigenic specificity with p300 and CBP (11, 13). Im-

apparent in the conservation of an extra sequence of -30 mune complex analysis revealed that p
2 7 0 

is an integral mem-

amino acids that extends directly COOH-terminal from the ber of human SWI/SNF complexes (11, 12). Recently, inde-

ARID consensus. This extended ARID sequence is >75% iden- pendent cloning of a band designated BAF250 in hSWI/SNF

tical in Dri, Bright, and Bdp but does not occur in other ARID- complexes reaffirmed that BAF250 is indeed p270 (14). p270

containing proteins. Sequences of five other ARID-containing was also cloned independently in a screen for expressed se-

proteins have been identified in the human genome. Each of the quences containing trinucleotide repeats, although the cDNA

human ARID-containing proteins is introduced here briefly and sequence reported by these authors contains a frame-shift that

discussed further under specific topics below, results in a predicted molecular weight of only Mr 120,000 (15,
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16). The predicted B120 protein has not been unequivocally jumonji. jumonji was first isolated in a mouse gene trap
identified in vivo, and RNA probes are assuhied here to be strategy. In the original study, the mutant jumonji gene was
detecting p270 expression. A sequence for murine p270 has linked with formation of an abnormal cruciform-shaped neu-
been reported recently as Osal (17). ral groove ("jumonji" translates as "cruciform" in Japanese;

KIAA1235. KIAA1235 was identified in a human fetal brain Ref. 28). jumonji has since been described as developmen-
library in a search for large expressed cDNA sequences (18). tally important in the liver, spleen, thymus, and heart as well
The KIAA1235 gene product is very closely related to p270 as the nervous system (29). The human jumonji sequence is
(>60% identical across its entire sequence), although it is also available (30). In addition to the ARID consensus, ju-
clearly the product of a distinct gene mapping to a different monji shows significant homology to RBP2 and the SMC
chromosome. Curiously, virtually all known functional motifs, proteins in two regions of about 40 and 127 residues. These
including the ARID sequence, are altered in the KIAA1235 regions have been respectively designated jmjN and jmjC in
product relative to p270 in ways that suggest the proteins a recent report discussing evolutionary relationships among
have distinct functions. Analysis with antibodies capable of such jumonji domain-containing proteins (31).
distinguishing the KIAA1235 protein and p270 indicates that Bright (DRILl). Murine Bright is a B cell-specific transac-
the endogenous KIAA1 235 protein migrates at Mr -245,000 tivator cloned in a search for proteins binding to immuno-
in vivo and does associate with hSWI/SNF complexes.4  globulin heavy-chain matrix-associating regions. Bright and

RBPl. RBP1 was cloned in a search for pRb binding Bdp (see below) are the closest mammalian orthologues of
partners soon after pRb was identified as a negative regula- Drosophila dead ringer. In addition to the 94-residue ARID
tor of E2F (19, 20). RBP1 contains the LXCXE motif first co s d r . don to the 94-rid ADconsensus common to the entire family, both Bright and Bdp
identified as a pRb binding motif in DNA tumor virus onco- share with dead ringer a highly conserved sequence of -30
gene products such as the adenovirus ElA proteins (re- additional residues COOH-terminally extended from the core
viewed in Ref. 21). RBP1 received relatively little attention ARID consensus. The human gene product DRIL-i (Dri-like
until a recent series of reports established that RBP1 acts as protein-i) is 80% identical to murine Bright. Outside of the
a repressor of E2F-dependent transcription and can recruit ARID and the extended ARID sequence, Bright and Bdp are
histone deacetylase activity to pRb/E2F complexes (22-24). not closely related to each other or to Dri. However, they are

RBP1Li. RBP1-like protein 1 was identified through an- nottcgose d a mo Ach oter by to r elative ly all
tibodies to an epitope expressed frequently in human carci- distinguished among ARID proteins by their relatively small
nomas. Cloning of the epitope-encoding cDNA revealed a sizes, with apparent molecular weights in the range of Mr
protein that is 40-50% identical to RBP1, although RBP1 Li 60,000-75,000.
does not contain an LXCXE motif. RBP1L1 expression is Bdp (DRIL-2). Bdp was cloned from a human testis library
tightly restricted to testis in normal tissues, but expression is as part of a directed search for a potential tumor suppressor

abundant in many carcinomas (25). gene (32). Bdp does not appear to be the tumor suppressor

RBP2. RBP2 was cloned in the same initial screen as RBP1 sought in the study, but the presence of the ARID consensus
and also contains an LXCXE (pRb-binding) motif in addition to prompted further characterization of the protein. Bdp is sim-
the ARID consensus (20). The ARID sequence and the LXCXE liar to human Bright in its overall structure but not closely
motif are shared features, but RBP2 is not otherwise related to related to Bright outside of the ARID and extended ARID
RBPI. Rather, RBP2 is closely related across its entire length to sequences. Bdp and Bright have distinct, only partially over-
the SMC proteins and Plu-i. RBP2, Plu-1, and the SMC pro- lapping, tissue distribution profiles.
teins also share specific sequence motifs with jumonji. MRF-1. MRF-1 and MRF2 were cloned by virtue of their

SMCY/SMCX. SMCY was cloned while looking for genes ability to bind to similar sequences in the transcriptional
involved in the expression of the minor histocompatibility anti- modulator of the human cytomegalovirus major immediate-
gen H-Y. SMCY is encoded on the Y chromosome, and SMCX early promoter. Although MRF-1 and MRF2 are more closely
is the X-chromosome homologue of SMCY. SMCX is one of the related to each other in their ARID sequences than they are
few X-chromosome-encoded genes known to escape X inac- to other members of the family, they are not related outside
tivation (26). The SMC proteins are closely related to RBP2 but of the ARID domain. The entire sequence and molecular
do not contain an LXCXE pRb binding motif. weight are not known for either human protein, although the

Plu-l. Plu-1 was identified by differentially screening a size and sequence of MRF2 can be approximated closely
fetal brain library with cDNAs prepared from a human mam- from its mouse counterpart, as discussed below.
mary epithelial cell line overexpressing c-ErbB2 in a probe for MRF2. MRF2 was cloned in the same approach used for
genes up-regulated in breast cancer. Plu-1 is closely related MRF-I. The full-length human MRF2 sequence is not yet
to RBP2 and the SMC protein, but like the SMC proteins, represented in public databases, but the full-length murine
Plu-1 does not contain the LXCXE pRB binding motif (27). sequence is available as the gene product desrt (33). Despite
Most human ARID proteins are rather broadly expressed, but the lack of full-length sequence, MRF2 is one of the best
Plu-1 expression in normal adult tissue is tightly restricted to studied of the human ARID proteins in terms of DNA binding
testis. In agreement with the method of its isolation, however, activity. A PCR selection and amplification approach shows
Plu-1 is consistently expressed in breast cancers, that the ARID region of MRF2 binds preferentially to an

AT-rich core sequence that is similar but not identical to the
core sequences recognized by Dri and Bright (34). The three-

4 X. Wang, N. Nagl. D. Wilsker, and E. Moran, unpublished data. dimensional structure of the MRF2 ARID region has been
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solved by solution NMR. It differs from that of Dri in several MRF-1 and MRF2 were isolated as proteins binding to
important aspects, discussed further below. AT-rich target sequences in the CMV major immediate-early

promoter. The preference of MRF2 for AT rich sites has been

Tissue-specific versus Broad Range Expression of demonstrated directly by carbethoxylation interference and

Human ARID Proteins in an oligonucleotide selection and amplification assay (34).

Expression profiles of human ARID proteins range from The consensus preferred binding site is AATA(C/--. The in-

broad to very narrow. Northern blots indicate that p270 terference assays indicate that MRF2 can distinguish among

is well expressed in all 16 tissues probed (12). Reverse several similar AT-rich hexamers within the probe, suggest-

transcription-PCR results indicate that the p270-related ing that other factors in addition to an AT-rich recognition site

KIAA1235 gene product is also widely expressed in normal determine binding specificity. MRF-1 is closely related to

tissues (18). Fattaey et al. (20) report that RBP1 is expressed MRF2 across the entire ARID region, and unpublished results

in all tissues examined by Northern blot, although the level of (cited in Ref. 34) indicate that MRF-1 protects the same

expression among different tissues is not constant (results sequence as MRF2 in the interference assay.

with specific tissues were not reported). Expression of the Exploration of the DNA binding behavior of p270 and Osa

related protein RBP1 Li in normal human tissues is sharply has added a new dimension to ARID functions. Oligonucleo-
restricted and abundant only in testis, although it is also tide selection and amplification reveals no preference in

abundant in many types of carcinomas. Among the subgroup p270 for AT-rich sequences, and indeed, no identifiable se-
comprising RBP2, PLU-1, SMCX, and SMCY, three mem- quence preference at all (12), although in an electromobilit'y
bers (RBP2, SMCX, and SMCY) appear to be widely shift assay, p270 does appear to interact preferentially with
expressed (20, 35), whereas PLU-1 expression is tightly an unusual pyrimidine-rich promoter element in comparison
restricted to testis (27). Plu-1 is consistently expressed in with synthetic oligonucleotides of normal purine/pyrimidine

breast cancers, however, as discussed further below, content (14). The general lack of sequence-specific binding
Jumonji expression is variable. It is highly expressed in some in p270 is consistent with a similar finding with Osa in a
tissues, such as brain and heart, but not as apparent in restriction digest fragment selection assay (6). The behavior
others (29). Bright expression is highly restricted. RNase of this subset of ARID proteins expands the repertoire of
protection assays show an accumulation of Bright message ARID functions, although the physiological role of the non-
in mature B cells but not in T cells or immature B cells (1). sequence-specific DNA binding activity in these human and
Bdp RNA was detected by Northern blot in a broad range of Drosophila SWI/SNF complex-associated ARID proteins has
tissues but was more abundant in placenta, testis, and not yet been elucidated.

leukocytes (32). Expression profiles of MRF-1 and MRF2 The amino acid sequence of the ARID regions gives no
have not been reported, but Northern blot analysis of Desrt, clue to the basis for DNA binding specificity or lack of it. The
the murine counterpart of MRF2, shows variable expression sequence preferences of Bright and Dri might derive partly
across a wide range of tissues (33). Expression patterns for from the extended ARID region. However, the activity of
the mammalian ARID proteins are compiled in Table 2. MRF2, which does not share the extended ARID sequence,

indicates either that the basic ARID consensus is sufficient to

Structure and DNA Binding Activity of ARID specify a preference for AT-rich interactive sites or that non-
Domains conserved sequences near the ARID consensus contribute

Not All ARID Proteins Prefer AT-rich Sites. Bright, Bdp, to specificity. The sequence-specific binding activity of Dri
and Drosophila Dri are >80% identical in their ARID se- and MRF2 is apparent in ARID-containing fragments as small

quences. The DNA binding behaviors of both Bright and Dri as 152 or 108 amino acid residues, respectively, whereas
have been well characterized. Oligonucleotide selection and p270 and Osa fragments as large as 418 or 233 residues,
amplification shows that murine Bright has a preference for respectively, do not bind DNA specifically.
AT-rich sites similar to those found in the matrix attachment The DNA binding activity of the remaining ARID family
regions that served as the probe for isolation of the protein, proteins has not been examined in any detail. Thus, we do
The selection technique yielded a core hexamer consensus not really know the full dimensions of the ARID-based DNA
of (A/G)AT(T/A)AA. The selected sequences also consistently binding function. Among the unexplored mammalian pro-
showed ATC runs containing AT dimers, features character- teins, some are highly tissue specific, which may suggest
istic of matrix attachment region recognition sites. Nucleo- that they, like Bright, are sequence-specific DNA binding
tide changes affecting any of these features significantly proteins. Others, like p270, are widely expressed. A fuller
impacted DNA binding (1). Oligonucleotide selection and understanding of the family will require a more systematic
amplification analysis of Dri yielded a core hexamer consen- characterization of individual DNA binding behaviors.
sus almost identical to that selected by Bright: (A/G)ATTAA ARID Regions Contact Both Major and Minor Grooves.
(2). This is consistent with the consensus engrailed homeo- DNA binding proteins generally recognize their target se-

domain binding site sequence (TCAATTAAATGA) used to quences through base-specific contacts in the major groove
isolate Dri. Bdp is able to bind similar matrix attachment (36). For a significant minority, however, sequence recogni-
sequences as Bright, although the DNA binding activity of tion occurs primarily through minor groove contacts (37).
Bdp has not yet been explored further (32). Most likely Bright Because the major and minor groove surfaces of the bases
and Bdp perform similar sequence-specific DNA binding present different chemical substituents, the mechanisms of

functions in different subsets of tissues. recognition in each case may be fundamentally different.
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Fig. 3. Alignment of the human ARID consensus sequence with the helical structure of the ARID domain. A the cylinders represent the helical structures of Dri
and MRF2. Arrows, position of the P-strands in Dri. MRF2 contains a loop at the analogous position. H5 is the predicted recognition helix and is believed to contact
the major groove. Other predicted DNA contact regions are the f--sheet and H7 of Dri or the H1-H2 loop and the flexible COOH-terminus of MRF2 (39, 40, 41,
64). B, the consensus sequence from the alignment derived in Fig. 4 is shown relative to the ARID helical structure. The sequence is aligned with the Dri helix
structure to include the positions of HO and H7. The five invariant residues in the consensus are underlined and highlighted in red type.

Various lines of evidence suggest that ARID proteins make position in Dri. The flexible COOH terminus of MRF2 or the
both major and minor groove contacts. equivalent helical structure (H7) in Dri may form additional

Several matrix attachment region protein interactions are important contacts with the minor groove or phosphate
sensitive to competition by the minor groove-binding antibiotic backbone (41). This is similar in many aspects to the homeo-
distamycin A. This sensitivity extends to Bright, indicating that domain interaction with DNA. The recognition helix of the
the Bright ARID requires a minor groove interaction to bind its homeodomain makes sequence-specific contact with the
target sequences (1). Distamycin sensitivity suggests that major groove, whereas the adjacent minor grooves are con-
MRF2 also requires a minor groove interaction. However, sub- tacted, respectively, by a flexible arm and a loop located
stitutions in the MRF2-selected core pentamer sequence de- between the other two helices of the domain (3, 40). How-
signed to affect base structure only in the major groove, ever, homeodomains all recognize the same core motif
weaken binding at four of the five positions, suggesting that the (ATTA; reviewed in Ref. 42), whereas ARIDs do not. In par-
nucleotide sequence at most of the core positions is recognized ticular, p270 contains a well-conserved ARID consensus,
through major groove contacts (34). Required interactions in the including the predicted recognition helix, but is largely non-
minor groove may occur outside the pentamer core. specific in its DNA binding activity (Figs. 3 and 4).

ARID Structure. The ARID is a highly structured a-helix- Five residues are absolutely invariable among the human,
based DNA binding domain. Helix-loop-helix and helix-turn- Drosophila and Saccharomy6es cerevisiae ARID sequences
helix motifs each have a two- or three-helix structure in which (Fig. 4). The invariable proline (P), trytophan (W), and tyrosine (Y)
one helix (the recognition helix) contacts the major groove, residues have ring-structured side chains that presumably con-
Homeodomains have a third helix supporting the alignment tribute rigidity to the structure. Basic or polar residues appear at
of the recognition helix. Other DNA binding protein families conserved intervals in the consensus sequence and may be
that contain helix-turn-helix motifs often have one to three instrumental in DNA contact. A few mutagenesis studies have
additional conserved helices around the basic motif (re- been initiated on the ARID sequence. Deletion of a seven-amino
viewed in Ref. 38). A few proteins contact the major groove acid stretch that includes the invariable trytophan in Dri abro-
via 3-sheets. Computer algorithms predict that ARID regions gates DNA binding and acts in a dominant-negative manner to
consist of a series of at least six a-helices. Nuclear magnetic impair the ability of wild-type Dri to rescue the lethal Dri-null
resonance solution structures have been obtained for two phenotype.5 A truncation that eliminates HO and part of H1
ARID sequences, Dri (39) and MRF2 (40). The structures are impairs the ability of Bright to bind DNA in an electromobility
similar but differ in important features. MRF2 has six helices shift assay (1). A truncation that eliminates sequences NH 2 -
(H1 to H6); Dri has these six and one more on each end (HO terminal to the predicted HI-H2 loop in p270 seriously impairs
and H7) extending beyond the consensus (Fig. 3). MRF2 has binding of the p270 ARID to native DNA cellulose columns, as
a loop between H1 and H2, whereas Dri has a (3-sheet does a combined substitution of the invariable tryptophan and
located in the analogous position. tyrosine residues (12).

Helices H2-H6 form a similar three-dimensional structure Regulation of ARID DNA Binding Activity. There are
in both domains, although they do not superimpose com- indications that the DNA binding activity of ARID proteins
pletely. Both structures predict that DNA contact and se- may be regulated by other cellular processes. MRF2 was

quence recognition is made through H5 and its preceeding isolated as a repressor of the hCMV enhancer, which is
turn interacting with the major groove of DNA, whereas other repressed in undifferentiated Tera 2 and THP-1 cells. Reti-

residues contact the minor groove or phosphate backbone.
Contact with the minor groove is believed to involve the loop
between H1 and H2 of MRF2, or the 3-sheet in the analogous R. D. Kortshak, Ph.D. thesis, University of Adelaide, 1999.
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Fig. 4. ARID sequence alignments. The amino asod sequences of the ARID regions of the 13 human ARID-containing proteins were aligned using the
Clustal Wi .8 multiple sequence alignment program (65). The black boxes indicate residues identical in at least 7 of the 13 proteins. Gray shading indicates
positions where at least seven residues are closely related but not identical. Five residues are invariable; these are indicated by underlining. The consensus
sequence extends across 94 residues, of which 39 are highly conserved with regard to both identity and spacing. (The consensus is defined here as identity
at a specific position in at least 7 of the 13 human proteins). The Bright (DRILn)/Bdp (DRIL2) homology (which is also a feature of Drosophila Dri) extends
for 35-40 residues past the ARID consensus and appears to be characteristic of one subfamily within the ARID family. Accession numbers for the human
gene products used in the alignment are given in parentheses: p270 (AF265208), KIAA1y235 (Ba86549), DRILt (NP 2005215), DRIL2 (NP006456), MRF-1
(M62324), MRF2 (M73837), RRPe (P24374), RBP1L1 (NP 057458), Jumonji (92833), SMoX (L25270), SMCY (Nok004644), RBP2 (S66431), and PLU-1
(CAB43532).

Aoic acid-induced differentiation in these cells results in re- jumonji was the first mammalian ARID gene to be exam-
duced MRF2 DNA binding activity and activation of the en- ned in a knockout mouse. jumonji homozygous knockouts
hancer, although the mechanism(s) modifying MRF2 are embryonic lethal by day El 5.5, and the mutant embryos
behavior have not been identified, and a direct link between show severe neural tube defects. LacZ expression in Jmj
these events has not been established (43). Bright binds DNA transgenic heterozygotes is strong at specific locations in the
as a tetramer, and DNA binding activity is severely impaired brain during embryonic development. Postnatally, expres-
if oligo (9erization is blocked (1). Recently, Bruton's tyrosine sion is seen in Purkinje cells and eventually all granule cells.
kinase was found to be required for Bright DNA binding Outside the neural tube, expression is relatively weak
activity, suggesting links between Bright activity and cell- throughout development (28).
signaling cascades (Ref. 44; reviewed in Ref. 45). Desrt homozygous knockout mice show reduced viability.

Approximately 50% of homozygotes die in utero or within a
ARID Protein Functions few hours after birth. Survivors are growth retarded at birth
Development. Studies of several ARID family members and after, attaining -69% the weight of their wild-type lit-
have revealed their importance during development and termates. Desal heterozygotes have abnormalities in the
gene expression. Homozygous null mutants for three of the male and female reproductive organs as well as in the adre-
Drosophila ARID family members have been generated, and nal gland (33). Whole mount in situ hybridization shows ex-
all are lethal at early stages. Dri-deficient embryos are de- pression of Desrt in the limb bud and interdigital tissue,
fective in hindgut and muscle development and in embryonic suggesting a potential role during limb patterning. Desrt is
patterning (9). Dri has been identified specifically as a com- also expressed transiently during development in several
ponent of a complex required for dorsal-mediated repression distinct locales, such as the otic vesicles, endolymphatic
(8). Dri binds AT-rich sites in the 5' region of the Drosophila diverticulum, auditory meatus, premigratory neural crest,
zen gene, which is called VRR (ventral repression region). liver diticulum, lung buds, and lining of the oral cavity, sug-
Through this specific binding, Dri directs dorsal to this site, gesting a role in organogenesis (48).
and this complex then recruits the repressor, groucho, re- Expression of Osal, the mouse orthologue of p270, has
sulting in ventral repression of zen. Of the other Drosophila been examined during mouse development by in situ hybrid-
ARID proteins, Osa is required for embryonic segmentation ization. Osal is ubiquitous in early development but in time
and affects patterning of the wing and imaginal eye disc as becomes more restricted to the limb buds, eye lens, neural
well as neuronal differentiation (46). Osa antagonizes signal- tube, and brain (17). However, adult tissue Northern blots
ing by wingless, a Wnt family member, during development indicate that p270 is expressed similarly in all tissues exam-
(6, 46). Osa is a component of the brahma chromatin remod- ined (see Table 2).
eling complex (5) and is linked genetically with E2F-mediated Bright is primarily expressed in B lymphocytes in adults, Its
transcriptional regulation (47). ild is a member of the trithorax expression appears to be regulated during fetal develop-
group of genes and therefore is predicted to help maintain ment, where it is expressed in pre-B cells and activated
the expression pattern of homeotic genes at the chromatin mature B lymphocytes. Bright can be detected in the fetal
level during development (7). liver, thymus, and brain by reverse transcription-PCR at day
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16 of gestation (49). Expression of other mammalian ARID genitor cells from jmj -/- mice show increased cell prolifera-
family members has not been examined during develop- tion but not increased differentiation (53).
ment, but their adult tissue distribution patterns are dis- MRF2 is a repressor of the hCMV enhancer. It binds the
cussed in "Tissue-specific versus Broad Range Expression enhancer, which is repressed in undifferentiated Tera 2 and
of Human ARID Proteins" and Table 2. Overall, ARID proteins THP-1 cells. Binding activity is markedly reduced in differ-
appear to be widely expressed during development and in entiated cells, and enhancer activity is restored (43). Presum-
some cases are crucial to survival, ably, MRF2 plays a role in the repression of inappropriate

Gene Expression. p270 is a component of human SWI/ differentiation-specific gene expression, but such an activity
SNF complexes (11). These are ATP-dependent chromatin has not yet been demonstrated directly.
remodeling complexes first described in yeast. p270 is likely The role of Bright in the regulation of immunoglobulin
to be involved in recruiting SWI/SNF to specific promoters heavy chain expression has been reviewed recently (45).
through interactions with nuclear hormone receptors via its Although Bright is known to increase immunoglobulin tran-
LXXLL motifs. p270 has been shown to bind the glucocorti- scription 3-7-fold in antigen-activated B cells, the mecha-
coid receptor and to activate transcription from a reporter nism of activation is not clear. Bright binds to MARs in the
plasmid with glucocorticoid response elements in a hor- intronic enhancer region of the immunoglobulin heavy chain
mone-dependent manner (14). gene as a tetramer. Bright is able to form bends in DNA of

RBP1 associates with the pocket region of pRb and can 80-90 degrees and may be able to facilitate long-range
repress transcription from E2F-dependent promoters. Two interactions in the enhancer region. Bright associates with
repression domains (R1 and R2) have been mapped within specific nuclear matrix proteins and may affect chromatin
RBP1. R2 is COOH-terminal and can associate with the configuration and nuclear sublocalization.
mSin3-HDAC complex (24). Rbpl recruits this complex to Other Functional Motifs and Domains in ARID Proteins.
the pRb pocket and can repress E2F-mediated transcription ARID proteins can be divided into several subgroups based on
in an HDAC-dependent manner. R1 maps to a region that the presence of additional structural features in the proteins. For
includes the ARID domain and represses transcription in an the smaller ARID proteins, the ARID consensus is the dominant
HDAC-independent manner (23). feature of the protein. Many of the larger ARID proteins have a

RBP2, like p270, is part of a subset of ARID proteins that more complex array of recognized protein domains (see Fig. 1).
contains LXXLL motifs and are therefore predicted to bind Jumonji contains two conserved regions that have been rec-
nuclear hormone receptors. RBP2 has been found recently ognized in an overlapping family of proteins. These domains are
to bind the glucocorticoid, estrogen, vitamin D, and retinoic designated JmjN and JmjC, denoting their relative positions
acid receptors in vitro and to bind the estrogen receptor in within the jumonji protein. The combination of Jmj domains and
vivo. Overexpression of RBP2 can enhance transcription the ARID domain occurs in Drosophila and more distantly re-
induced by each of these hormones in reporter assays. Ad- lated proteins as well. JmjN and JmjC domains occur together
dition of pRb further enhanced estrogen-induced transacti- in the four ARID proteins of the RBP2/PLU-1/SMCX/SMCY
vation in this assay (50). group, and in a few other human proteins linked with transcrip-

SMCY is located on the Y chromosome. Y chromosome tion, but without ARID domains (31). JmjC domains may occur
genes are generally needed only for male-restricted func- alone in a much wider group of proteins (54). The functions of
tions and are expressed only in testes. SMCY, however, is the Jmj domains are not yet known, although these authors
expressed ubiquitously (35). SMCX is located on the X chro- predict on the basis of certain structural similarities, that JmjC
mosome. X-inactivation in females is believed to be the domains may be enzymatically active domains related to cupin
mechanism by which gene expression from the X-chromo- metalloenzyme domains. The RBP2/PLU-1/SMCX/SMCY
some is equalized between male and female. However, group is linked further by the presence of multiple PHD-type
SMCX is one of the few X-chromosome genes known to zinc-finger domains. PHD domains are found in >60 human
escape X-inactivation (26). This suggests that the SMCX and proteins (10).
SMCY genes are functional homologues that are largely in- The RBP2/PLU-1/SMCX/SMCY group also contains LXXLL
terchangeable, and that the dose of transcript is important motifs, which generally serve as binding sites for liganded nu-
for the function of these genes (51). Although the biological clear hormone receptors (55, 56). These motifs are present in
roles of these proteins is not yet clear, SMCY does encode p270 as well. MRF2 and the KIAA1235 protein each have one
several H-Y antigen epitopes (51). such motif. The significance of the single motifs is not clear,

PLU-1 is the fourth member of the subset of closely related because functional LXXLL motifs usually occur as multiples.
ARID proteins that includes RBP2, SMCX, and SMCY. Little However, MRF2 binding to the human cytomegalovirus en-
is known about the biological role of PLU-1, but its expres- hancer in Tera 2 cells is dependent on whether the cells are
sion pattern is intriguing. It is tightly restricted to testis in treated with retinoic acid (43), implying that the DNA binding
normal tissue blots but up-regulated with high frequency in activity of MRF2 may be regulated by its binding to the retinoic
breast cancer lines (27), as discussed further in "ARID Pro- acid receptor. Binding to nuclear hormone receptors has been
teins and Human Tumorigenesis." demonstrated directly in p270, which binds the glucocorticoid

Data are beginning to emerge about the biological role of receptor in vitro and in vivo (14), and in RBP2, which binds
Jumonji. It may be involved in negative regulation of cell growth. several receptors in vitro and the estrogen receptor in vivo (50).
Overexpression of jmj in COS and NIH3T3 cells results in de- RBP2 and p270 can both increase hormone-responsive acti-
creased cell proliferation (52). Likewise, megakaryocyte pro- vation of reporter plasmids, as discussed above.
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RBP1 and RBP1 Li are related across their entire length which contain just <600 amino acids, to p270, which contains
and share a Tudor domain near each NH 2 terminus. Nine >2000. Most of the human ARID proteins can be viewed as a
Tudor domain-containing proteins have been identified in the series of pairs or a group of four, with distinct but clearly related
human genome (10). The Tudor domain is found in many sequences and/or additional shared motifs that distinguish
proteins that colocalize with ribonucleoprotein or single- them from other members of the ARID family. The ARID con-
strand DNA-associated complexes in the nucleus, the mito- sensus spans -100 residues, of which 30-40 are highly con-
chondrial membrane, or at kinetochores. One of these is the served in proteins from the full range of eukaryotic species. The
SMN gene, defects in which cause spinal muscular atrophy. domain has a more complex structure than most other a-helix-
The Tudor domain mediates binding of the SMN protein to based DNA binding domains. The two ARID structures thus far
spliceosomal core proteins (57). available predict that major groove contact is made through a

Although generally similar, RBP1 and RBP1L1 differ in specific a-helix in a core structure similar to the helix-tum-helix
important aspects. Unique motifs in RBP1 include a partial motif in homeodomains. However, the ARID sequence can
(69% complete) chromodomain and an LXCXE motif, which form at least six a-helices (as in the case of MRF2) and as many
specifies pRb binding. An LXCXE motif is, however, present as eight as seen in Dri. Moreover, Dri also contains a two-
in RBP2, which was isolated as a pRb binding protein. Bdp stranded 0-sheet, which in this case appears to contact the
may also contain a pRb binding activity. Bdp does not have minor groove. p270 and Drosophila Osa each contain a well-
an LXCXE motif, and the pRb binding activity observed was conserved ARID consensus, including the predicted recogni-
impaired by substitution of the invariable proline or trytophan tion helix, but both appear to be largely nonspecific in their DNA
in the ARID sequence, implying it is dependent on the integ- binding activity.
rity of the ARID structure (32). This interaction has not been Although the ARID family is smaller than most other families
demonstrated in vivo. of DNA binding proteins, it nevertheless encompasses both

ubiquitously expressed members and members whose expres-
ARID Proteins and Human Tumorigenesis sion is highly restricted. Gene regulation activities among the

Emerging data indicate that aberrant expression of ARID ARID proteins also cover a broad range. For example, Bright
proteins is a fairly common feature of mammalian tumor plays a particular role at matrix attachment regions, RBP1 is
cells. Plu-1 was cloned directly as a product that is specifi- part of a deacetylase-associated repressor complex, and p270
cally up-regulated in breast tumor cells (27). Plu-1 is well is a component of nucleosome remodeling complexes. The
expressed in at least four of five common breast cancer cell ARID sequence has apparently been adopted by a range of
lines examined but poorly expressed in at least six of eight proteins with diverse DNA binding needs, but this sense of
colon cancer lines (27). RBP1 Li was also cloned directly as broad adaptation contrasts with the highly conserved sequence
a tumor antigen. Similar to Plu-1, its expression in normal of the motif and with the conservation of the full range of ARID
human tissue is abundant only in testis, but RBP1 Li expres- protein structure and function from fly to human. Continued
sion is abundant in all types of carcinomas screened: breast, analysis of ARID proteins should shed new light on the nature of
ovary, lung, colon, and pancreatic. A link between high ex- DNA protein interactions.
pression in human cancers and in normal testis has been
noted before and is discussed in Cao et al. (25). Acknowledgments
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1 ABSTRACT

2

3 Mammalian SWI/SNF-related complexes are ATPase-powered nucleosome remodeling

4 assemblies crucial for proper development and tissue specific gene expression. The ATPase

5 activity of the complexes is critical for tumor suppression in mice and humans. The complexes

6 also contain seven or more noncatalytic subunits, only one of which, hSNF5/Ini1/BAF47, has

7 been individually identified as a tumor suppressor thus far. The noncatalytic subunits include

8 p270/ARID1 A, which is of particular interest because recent results from a cDNA tissue array

9 analysis and corroborating screens of panels of tumor cell lines indicate p270 may be deficient in

10 as many as 30% of renal carcinomas and 10% of breast carcinomas. The complexes can also

1 I include an alternative ARID1 B subunit, which is closely related to p270, but the product of an

12 independent gene. The respective importance of p270 and ARID1 B in the control of cell

13 proliferation was explored here using an siRNA approach and a cell system that permits analysis

14 of differentiation-associated cell cycle arrest. The p270-depleted cells fail to undergo normal cell

15 cycle arrest upon induction, as evidenced by continued synthesis of DNA. These lines fail to

16 show other characteristics typical of arrested cells, including up-regulation of p21, down-

17 regulation of cyclins, and decreases in histone H4 expression and cdc2-specific kinase activity.

18 The requirement for p270 is evident separately in both the up-regulation of p21 and the down-

19 regulation of E2F-responsive products. In contrast, the ARID1 B-depleted lines behaved like the

20 parental cells in each of these assays. These results show that p270-containing complexes are

21 functionally distinct from ARID1 B-containing complexes. They provide a direct biological basis to

22 support the implication from tumor tissue screens that deficiency of p270 plays a causative role in

23 carcinogenesis.

2



1

2 INTRODUCTION

3

4 The ATPase-powered SWI/SNF chromatin remodeling complex in yeast regulates the

5 mating type switch and other areas of specialized gene expression (reviewed in 1). Mammalian

6 SWI/SNF-related complexes likewise contain an ATPase-powered nucleosome remodeling

7 activity associated with transcriptional regulation. The activity of the complexes is crucial for

8 proper tissue specific gene expression, development, and hormone responsiveness (reviewed in

9 1). More recently it has become apparent that these complexes also play critical roles in

10 suppression of tumorigenesis in mice and humans (reviewed in 2).

11

12 The complexes contain seven or more noncatalytic subunits that presumably help to

13 modulate the targeting and activity of the ATPase. Mammalian complexes have variable

14 compositions because some subunits occur as sets of related proteins. For example, there are

15 two alternative ATPase subunits: mammalian BRM and BRG1. These are closely related

16 proteins, but in mouse knockout studies only BRG1 proved essential for embryonic development

17 and tumor suppression (3; 4). The ATPases are mutated in multiple human tumor cell lines and

18 their loss correlates with poor prognosis of non-small cell lung cancers (5; 6; 7). Noncatalytic

19 components of the complex may be important for tumor suppression as well; however, their

20 individual roles are less well understood.

21

22 Among the noncatalytic subunits, hSNF5 (syns: IN1I1; BAF47) is recognized as a tumor

23 suppressor in mice (8; 9; 10). In humans, hSNF5 is deficient in a high proportion of pediatric

24 malignant rhabdoid tumors (e. g. 11; 12; 13)., Germ-line mutations have been identified, and

25 carriers are pre-disposed to malignant rhabdoid tumors and tumors of the central nervous system

26 (14; 15; 16).

27

3



1 Expression of functional BRG1 or hSNF5 is associated with specific aspects of cell cycle

2 regulation. Expression of the cell cycle inhibitor p21 CIP1/WAF1 has been repeatedly identified as

3 BRG1-responsive, and several studies indicate that BRG1 -dependent or hSNF5-dependent cell

4 cycle arrest is enacted through a pRb-dependent or overlapping pathway (e. g. 17; 18; 19; 20; 21;

5 22; 23; 24; 25). However, these effects have only been seen in the context of re-introduction of

6 exogenous complex components into tumor cell lines where they were deficient. The significance

7 of the complexes in the expression of these biological targets has yet to be demonstrated during

.8 differentiation-associated cell cycle arrest, when the effects of complex dysfunction on

9 carcinogenesis would be most significant.

10

1 I Subunits required for the tumor suppression activity of the complexes have great

12 potential as diagnostic and prognostic markers, and as targets for drug therapy. Thus, a major

13 question now is the distinction of which additional noncatalytic subunits are required for the cell

14 cycle arrest functions of the complexes. The noncatalytic components of the complex include the

15 p270 subunit (26; 27; 28) (syns.: ARID1A, SMARCF1, BAF250a, hOSA1), which is a member of

16 the ARID family of DNA binding proteins (reviewed in 29, 30). The role of p270 in cell cycle

17 regulation is of particular interest because recent results from a cDNA tissue array analysis and

18 corroborating screens of panels of tumor cell lines, indicate p270 may be deficient in as many as

19 30% of renal carcinomas and 10% of breast carcinomas (28; 31; 32). A mutually exclusive

20 alternative to p270 in the complexes is the ARID1 B (syns: hOSA2, BAF250b) subunit, which is

21 approximately 50% identical to p270 across its entire length, but is the product of an independent

22 gene. The ARID family proteins are determinants that distinguish key divisions among the

23 multiple, distinct SWI/SNF-related complexes that exist in mammalian cells. A major distinction is

24 between the complex first identified as the BRG 1-associated factors (BAF) complex (also called

25 the human SWI/SNF or hSWI/SNF complex) and a distinct complex designated PBAF. The BAF

26 complex contains at least BRG1 (or BRM), p270 (or ARID1 B), BAF1 70, BAF1 55, BAF60, BAF57,

27 BAF53, actin, and hSNF5. The PBAF complex is characterized by the absence of both p270 and

4



1 ARID1B and the presence of a 180 kDa protein designated Polybromo (syn: BAF180). Thus,

2 p270 and ARID1 B distinguish between the BAF and PBAF complexes, while BRG1 and hSNF5

3 do not (subunit composition of SWI/SNF-related complexes is reviewed in 1). In addition to the

4 BAF and PBAF division, the BAF series of complexes itself encompasses at least four different

5 entities because p270 and ARID1 B can each associate with mammalian BRM and BRG, in all

6 four possible combinations (28; 33; 34), so that p270 and ARID1 B each define a specific limited

7 set among the various combinational permutations of SWI/SNF-related complexes that exist in

8 mammalian cells.

9

10 The importance of p270 and ARID1 B in proliferation control was explored here using an

I I siRNA approach. The knockdowns were constructed in the MC3T3-E1 pre-osteoblast line

12 because these non-transformed cells undergo a tightly regulated and well-characterized

13 progression through cell cycle arrest and into tissue-specific gene expression (e.g. 26; 35; 36; 37;

14 38; 39). This is an important model system because it permits an examination of the normal roles

15 of the complex subunits during differentiation-associated cell cycle arrest. Parental MC3T3-E1

16 cells arrest by day 4 post-induction with the differentiation signal. The results described here

17 show in parallel conditions that p270-depleted cells fail to arrest normally. This is evidenced by

18 continued synthesis of DNA, and by a lack of other characteristics typical of arrested cells,

19 including up-regulation of p21, down-regulation of cyclins, and decreases in histone H4

20 expression and cdc2-specific kinase activity. The ARID1 B-depleted lines behaved like the

21 parental cells in each of these assays. The analysis of the respective roles of p270 (ARID1A) and

22 ARID1 B establishes a new paradigm that the choice of ARID-containing subunits confers

23 specificity of function on the complexes. The specific requirement for p270 is evident separately

24 in both the up-regulation of p21 and the down-regulation of E2F-responsive products. The clinical

25 findings suggested indirectly that deficiency of p270 plays a causative role in carcinogenesis.

26 The identification of specific proliferation control steps dependent on the presence of p270 now

27 provides a direct molecular basis to support the clinical findings. Moreover, the demonstration

5



1that the complexes are required separately for regulation of at least two distinct steps in

2proliferation control underscores the carcinogenic potential of cells that have lost function of a

3 required subunit.

6



1 MATERIALS AND METHODS

2

3 Materials. FBS was purchased from Summit Biotech (Fort Collins, CO), a-MEM from Irvine

4 Scientific (Santa Ana, CA), and penicillin and streptomycin from Mediatech (Herndon, VA).

5 Histone H1, Ascorbic acid, P-glycerol phosphate, and protease inhibitors were obtained from

6 Sigma Chemical Co. (St. Louis, MO), and G418 from Gibco BRL (Grand Island, NY).

"7 Radiochemicals were obtained from NEN.

8

9 siRNA and isolation of stable p270 knockdown lines. The siRNA sequences were tested in a

10 pSUPER vector constructed as described in (40). Test oligonucleotides were synthesized as

I I complementary pairs, each 64 bases long, containing two inversely repeated copies of a 19 base

12 pair target sequence separated by a 9 base pair spacer region. Six different target sequences

13 were tested in transient expression assays in 293T cells against an exogenously introduced p270

14 partial expression construct. In a similar manner, four different target sequences were tested

15 against an ARID1 B partial expression construct. Expression was monitored by Western Blot.

16 The most effective sequences were chosen for construction of the stable knockdown lines. The

17 pSUPER-derived vectors containing the respective knockdown sequences (pSUPER.p270.7182

18 and pSUPER.ARID1 B.5400) were introduced into MC-3T3-E1 cells by lipofection together with a

19 selectable neo marker. G4118-resistant clones were amplified and screened by Western blot for

20 p270 expression. Aliquots of low passage depleted lines were frozen as stocks. The target

21 sequences for each construct were designed against nucleotide stretches that are identical

22 between the mouse and human genes so that they can be used in cells of either species origin.

23

24 Cell Culture. Low passage MC3T3-E1 cells were a gift from Roland Baron (Yale University, New

25 Haven, CT). Cells were maintained in c-MEM plus 10% fetal bovine serum supplemented with

26 50 U per ml penicillin and 50 pg per ml streptomycin. For differentiation assays, cells were plated

27 at an approximate initial density of 5 X 104 cells per cm2 . Differentiation was induced by addition

7



1 of 50 pg per ml final concentration ascorbic acid and 10 mM final concentration 3-glycerol

2 phosphate to standard growth medium. The medium was changed every 3-4 days and the

3 inducing agents were replaced with each media change.

4

5 Immunoblotting. Cells were washed and harvested in PBS and lysed in p300 lysis buffer

6 [0.1% Nonidet P-40, 250 mM sodium chloride, 20 mM sodium phosphate (pH 7.0), 30 mM sodium

7 pyrophosphate, 5 mM dithiothreitol and protease and phosphatase inhibitors: 0.1 mM sodium

8 vanadate, 1 mM phenylmethylsulfonyl flouride (PMSF), 100 kIU aprotinin, 1 ug/ml leupeptin, and

9 1 ug/mI pepstatin]. Proteins were separated by polyacrylamide gel electrophoresis, transferred to

10 Immobilon-P membrane (Millipore), and visualized as described previously (41).

11

12 Radiolabeling and immunoprecipitation. Cells were washed with methionine-free and serum-

13 free a-MEM and incubated with this medium for one hour. 200 pCi of [3 5S]-methionine (Perkin-

14 Elmer, Boston MA or Amersham, Piscataway NJ) was added to each 10 cm monolayer, and the

15 plates were incubated for a further three hours. Cells were washed and harvested in PBS and

16 lysed in p300 lysis buffer. 3 mg of total cell lystate were precleared with 3% protein A-sepharose

17 beads and immunoprecipitated as described previously (41).

18

19 Alkaline phosphatase assay. Cell monolayers were rinsed in PBS, fixed in 100% methanol,

20 rinsed with PBS, then overlaid with 1.5 ml of 0.15 mg/ml BCIP (Sigma) plus 0.3 mg/ml NBT

21 (Promega, Madison, WI) for thirty minutes and rinsed again with PBS.

22

23

24 RNA analysis and Probes. Total cell RNA was prepared at designated times post-induction

25 using Trizol Reagent (GibcoBRL, Grand Island, NY) according to manufacturer's

26 recommendations. RNA in serial 10-fold dilutions (10 pg, 1 pg, 0.1 pg) was applied to

27 nitrocellulose BA85 in a slot-blotting apparatus (Schleicher and Schuell), and crosslinked by UV

8



1 irradiation. 32P-labelled probes were prepared using a random primed labeling kit (Boehringer-

2 Mannheim). The histone H4 probe was described previously (35). Plasmid pGB.GAPDH was

3 constructed from MC3T3-E1 cell RNA by generating an RT-PCR fragment using primers

4 (5'ACTTTGTCAAGCTCATTTCC-3') and (5'-TGCAGCGAACTTTATTGATG-3') corresponding to

5 the murine glyceraldehyde-3-phosphate dehydrogenase cDNA sequence, and subcloning the

6 resulting PCR fragment into the TA cloning vector, pCR2.1 (Invitrogen, Carlsbad, CA).

7

8

9 Antibodies. The p270-specific monoclonal antibody PSG3 and the ARID1iB-specific .

10 monoclonal antibody KMN1 have been described previously (34). A peptide used to generate a

1 BAF1 55-specific monoclonal antibody, DXD7, (34) also gave rise to a distinct BAF1 55-reactive

12 monoclonal antibody, designated DXD12, which cross-reacts with BAF1 70, and was used here.

13 An SV40 Tag-specific monoclonal antibody, mAb 419 (obtained from Ed Harlow), was used as a

14 negative control. Commercially purchased antibodies include the p21cIPlfWAFl/SDI~specific antibody

15 (BD Biosciences, San Jose, CA) and the hsc70-specific antibody (Stressgen, San Diego, CA), as

16 well as antibodies of the following specificities obtained from Santa Cruz: cyclin A (C-19, sc-596),

17 cyclin B2 (N-20, sc-5235), and cyclin C (H-1 84, sc-561 0). Rabbit polyclonal serum was raised

18 against the cdc2-G6 peptide sequence CDNQIKKM.

19

20 Kinase assays. The cdc2-dependent kinase assays were performed as described previously

21 (42), using cdc2-specific immunoprecipitation complexes from 1 mg of total cell lysate and

22 histone HI as exogenous substrate.

23

24 DNA synthesis assay. Induced cells were labeled with 3H-thymidine (Perkin-Elmer) (5 pCi/mI of

25 culture medium) in one hour pulses at the times post-induction indicated in the text, lysed in 0.3

26 M NaOH and assayed for trichloracetic acid (TCA)-precipitable counts as described previously

27 (43).
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1

2 Virus Infection. The generation and culture of the E1A-inactivated 9S adenovirus (used here

3 as a negative control) has been described previously (44). A stock of p21 expression virus

4 (Ad5CMVp21) (45) was provided by Judit Garriga, (Fels Institute, Temple University School of

5 Medicine, Philadelphia PA). MC3T3-E1 cells were infected at a multiplicity of infection of 25

6 plaque forming units per cell.
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1 RESULTS

2

3 Generation of p270-deficient and ARID1 B-deficient MC3T3-El -derived cell lines.

4 Potential interfering oligonucleotide sequences were tested in a pSUPER-derived system

5 by standard protocols. Effective sequences were identified and introduced by stable integration

6 from the plasmid vector into the MC3T3-E1 line. Depletion was monitored by Western blotting

7 with p270-specific and ARID1 B-specific monoclonal antibodies. Ten independent lines with

8 reduced expression of each target were selected, amplified and stored. As a control, vector-only

9 lines were selected and amplified in parallel. In each transfection, colonies appeared at similar

10 frequencies and showed essentially the same doubling time in normal growth medium as parental

1 1 cells. A representative p270 knockdown line (MC.p270.KD.AA2) and ARIDI B knockdown line

12 (MC.1 B.KD.CA6B) are each shown in Fig. 1A. The depleted lines (lane 3 and lane 6) show weak

13 p270 or ARIDI B signals respectively in comparison with the parental line or a clonal line isolated

14 after transfection with the empty vector (lanes 1, 2, 4, and 5). The blots were additionally probed

15 with a monoclonal antibody that recognizes the closely related BAF155 and BAF170 mammalian

16 SWI/SNF complex subunits. Expression of these subunits is similar in each line. The overall

17 integrity of the complexes in the p270-depleted cells was verified by immunoprecipitation of 35S-

18 labeled cell lystates with the BAF1 55-reactive antibody (Fig. IB). Maintenance of expression of

19 the alternative ARID family protein in the conversely depleted cells was confirmed by

20 immunoprecipitation with p270-specific and ARID1 B specific monoclonal antibodies (Fig. 1C). All

21 selected lines showed a similar degree of depletion. 35S-methionine pulse labeling indicates that

22 new synthesis of each protein is reduced about ten-fold in the knockdown lines. As a further

23 probe for the overall integrity of the complexes in the knockdown lines, the remaining ARID family

24 product was removed by immune depletion of the cell lysates before immunoprecipitation with the

25 BAF1 55-reactive antibody (Fig. 1 D). The results confirm that complex assembly is stable in the

26 absence of either subunit.

27
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1 p270-depleted and ARID1 B-depleted cells both show impaired induction of the tissue-

2 specific marker alkaline phosphatase.

3 MC3T3-E1 cells continue to proliferate for several days after induction with ascorbic acid,

4 then undergo cell cycle arrest at about day 3 post-induction. Expression of the earliest

5 differentiation marker, alkaline phosphatase, can be detected at this time. The knockdown lines

6 were tested for induction of alkaline phosphatase in an in situ enzyme assay scored by color

7 development (positive cells stain purple-black). Three independent knockdown lines from each

8 series were tested, and all showed severe impairment of alkaline phosphatase induction; vector-

9 only lines behaved like the parental line.. In multiple independent experiments both series of

10 knockdown lines showed severely reduced induction of alkaline pliosphatase at every point

11 tested, both early and late. Representative experiments at day 3 and day 14 are shown in Fig. 2.

12 These results indicate that the level of depletion achieved for each target is functionally

13 significant, and that both ARID-containing products are required for normal onset of

14 differentiation. We have used these knockdown lines to explore the role of each protein

15 specifically in cell cycle arrest functions.

16

17

18 p270-deficient cells fail to undergo normal cell cycle arrest.

19 The effect of p270 deficiency versus ARID1 B deficiency was tested on specific cell cycle

20 arrest functions. We have previously used a gene array approach to identify many of the changes

21 in gene expression that occur in MC3T3-E1 cells as they procede through the differentiation

22 program (35). Expression was assayed on the arrays at days 0, 3, 7, and later times post-

23 induction. Between day 0 and day 7 a number of changes occurred that corresponded with the

24 shut-down of cell cycle activity. Among the most prominent was induction of the cell cycle

25 inhibitor, p2lCipl/Wafl Several-fold induction of p21 was apparent by day 3 post-induction. When

26 this response was tested here at the protein level, a similar pattern of induction was apparent in

27 the parental line, but p21 expression was not induced in p270-depleted cells. A representative

12



1 Western blot depicting results from the MC.p270.KD.CA6 line is shown in Fig. 3A. The same

2 pattern was seen with the MC.p270.KD.AA2 and MC.p270.KD.DD2 lines (not shown). In contrast

3 to the p270-depleted cell lines, the ARID1 B-depleted lines showed no impairment of p21

4 induction. Results from a representative line (MC.1 B.KD.FD2) are shown in Fig. 3A; the same

5 result was observed with the MC.1 B.KD.CA6B and MC.1 B.KD.JD6 lines. As a loading control,

6 the blots were also probed with an antibody reactive against the constitutive form of the 70 kDa

7 heat shock protein, hsc70. The hsc70 signal was similar in all lanes.

8

9 The gene array also indicated down-regulation of several cyclins as the MC3T3-E1 cells

10 enter growth arrest. These responses were probed here with the MC.p270.KD.CA6 line and the

I 1 MC.1 B.KD.FD2 line (Fig. 3B). The array showed down-regulation of B-type cyclins, particularly

12 cyclin B2, by day 3 post-induction. Consistent with the RNA signals, a decreased level of cyclin

13 B2 was apparent in the parental cells by day 4 on the Western blot. However, p270-depleted

14 cells again failed to show the parental response; levels of cyclin B2 remained high. Cyclin C was

15 also sharply down-regulated by day 3 in the gene array probe. Consistent with the RNA signal,

16 down-regulation of cyclin C in the parental cells was clear by day 2 in the Western blot. However,

17 cyclin C levels were unaffected by the induction protocol in the p270-depleted cells. The gene

18 array also indicated down-regulation of cyclin A, but this response was delayed relative to the

19 response patterns of cyclins B and C. On the array, a decreased cyclin A signal was apparent at

20 day 7 post-induction, but not at day 3. The protein probe shows a slight decrease in the cyclin A

21 level in the parental cells by day 6, and no detectable decrease in the p270-depleted cells. The

22 cdc2 kinase gene was not represented on the array, but expression of this gene is of interest as a

23 known E2F target subject to pRb-mediated repression (reviewed in 46). The cdc2 protein product

24 was assayed by Western blotting (Fig. 3B), which shows a sharp decrease in protein levels in the

25 parental cells by day 4 post-induction, and no detectable decrease in p270-depleted cells by day

26 6. In each of these assays, the ARID1 B-depleted cells behaved indistinguishably from the

27 parental cells.

13



1

2 A well-characterized marker of proliferation state in differentiating osteoblasts is histone

3 H4 expression (reviewed in 39). Expression of this marker declines dramatically as the cells

4 arrest after induction. This response was also compared in parental MC3T3-E1 and the

5 knockdown cells. Consistent with other markers of cell cycle activity, the histone H4 signal

6 decreased sharply in the parental cells and the ARID1 B knockdown line, but remained high in the

7 p270 knockdown line (Fig. 4).

8

9 The gene expression patterns that accompany induction to the differentiation phenotype

10 in parental MC3T3-E1 cells imply that a sharp decline in cyclin dependent kinase activity would

I I occur by day 4. The activity of cdc2-associated complexes was assayed here directly. The

12 kinase activity shows a sharp decline by day 4 post-induction in the parental cells and the

13 ARID1 B-depleted cells, but no decline was detectable in the p270-depleted cells, even at day 6.

14 A representative kinase assay performed with the MC.p270.KD.DD2 line and the MC.1B.KD.FD2

15 line is shown in Fig. 5A. Results from independent experiments with three different p270-

16 depleted lines (MC.p270.KD.AA2, MC.p270.KD.CA6 and MC.p270.KD.DD2) and three different

17 ARID1 B-depleted lines (MC.1B.KD.FD2, MC.1B.KD.JD6, and MC.1B.KD.CA6B) were quantified

18 on a phosphoimager and the averages are shown graphically in Fig. 5B.

19

20 The cell cycle status of the cells was probed directly by assessing the rate of 3H-

21 thymidine incorporation over several days post-induction. Parental cells, p270-depleted cells,

22 and ARID1 B-depleted cells were plated and induced in parallel. At 24 hour intervals, 3H-

23 thymidine was added to the culture medium for one hour, after which the labeled cells were

24 harvested and assayed for incorporation of the isotope. The results shown for the parental cells

25 are the averages of three independent platings. The results shown for the p270-depleted cells

26 are the averages from three different knockdown lines (MC.p270.KD.AA2, MC.p270.KD.CA6 and

27 MC.p270.KD.DD2), as are the results shown for the ARID1 B-depleted lines (MC.1 B.KD.FD2,

14



1 MC.1 B.KD.JD6, and MC.1 B.KD.CA6B). The parental cells show a sharp decline in the rate of 3H-

2 thymidine incorporation by day 4 post-induction, indicating a shut-down of DNA synthesis

3 consistent with cell cycle arrest. The same pattern is seen in the ARID1 B-depleted lines. In

4 contrast, the rate of 3H-thymidine incorporation decreases only slightly in the p270-depleted cells,

5 indicating continued DNA synthesis and failure to undergo normal cell cycle arrest (Fig. 5C).

6

7 These results identify the p270 subunit as critical for normal cell cycle arrest. In each of

8 the cell cycle assays described here, cloned cell lines containing a functional ARID1 B-targeted

9 siRNA sequence behaved exactly like the parental line, indicating that the failure of p270-

10 depleted cells to undergo a normal cell cycle arrest response is a specific effect of p270-

1 1 deficiency.

12

13

14 Induction of p21 and repression of E2F-responsive promoters are independent events that

15 each require p270.

16 Previous studies have used differential expression of BRG1 and hSNF5 to probe the role

17 of SWI/SNF-related complexes in cell cycle arrest. Several studies, often using cloned rather

18 than endogenous promoters, found BRG1 enhances pRb-mediated repression of E2F-responsive

19 genes, and suggest that SWI/SNF subunits are associated with pRb in repressor complexes (23;

20 25; 47; 48). Decreased expression of endogenous E2F-responsive gene products such as cyclin

21 A and cdc2 was generally apparent at the protein level when BRG1 expression was restored to

22 naturally deficient tumor cell lines (20; 23), but in another study the effects were modest or cell

23 line specific, at least at the RNA level (19). An upstream effect with the potential to activate pRb

24 was seen consistently; exogenous expression of BRG1 in BRG1-deficient tumor cell lines results

25 in a sharp increase in p21 expression with most other cell cycle inhibitors, including p16ink4a,

26 remaining relatively unaffected (19; 20). Expression of hSNF5 in malignant rhabdoid tumor

27 (MRT) lines has likewise been linked with decreased levels of E2F-responsive gene products

15



1 such as cyclin A (21; 22; 49). Restoring hSNF5 to MRT cells does not alter p21 expression, but

2 up-regulates the p1 6 nk4a cell cycle inhibitor (17; 22; 46) in contrast to the effect of BRG1. The

3 difference may be a function of cell type rather than subunit effect, however, because siRNA-

4 mediated depletion of hSNF5 in HeLa (cervical carcinoma) or MG63 (osteosarcoma) cells causes

5 a sharp decrease in p21 levels, with no effect on p16 (20).

6
7 The failure of p270-depleted cells to induce p21 could theoretically account for all of the

8 cell cycle arrest defects observed in these lines. Repression of E2F-responsive genes and the

9 downstream effects of this repression might be impaired indirectly if cyclin-dependent kinase

10 activity is not appropriately inhibited, leaving targets such as pRb phosphorylated, inactive, and

I 1 unable to mediate repression of E2F-responsive genes. The effect of the complexes on the p21

12 promoter is apparently direct, as two studies have demonstrated the presence of BRG1 at the

13 p21 promoter, although a target element in the promoter could not be established (19; 20). A key

14 mechanistic question that remains unclear is whether down-regulation of E2F responsive genes

15 requires the action of the complexes independently of their effects on p21 levels. Chromatin

16 association assays have limited usefulness for these studies because the complexes associate

17 with chromatin widely. This question was therefore addressed here genetically by introducing

18 exogenous expression of p21 in the p270-depleted cells simultaneously with the differentiation

19 signal.

20

21 Parental and p270-depleted cells were infected in parallel at the time of ascorbic acid

22 induction with an adenovirus vector expressing p21 or with a negative control virus containing an

23 inactivated E1A gene. The cells were monitored for DNA synthesis as described above.

24 Parental cells that received the p21 expression construct underwent accelerated shutdown of

25 DNA synthesis; 3H-thymidine incorporation was severely repressed by day 2 post-induction (Fig.

26 6 panel A). Uninfected cells, or cells infected with the negative control virus, showed the same

27 kinetics seen in Fig. 6, i.e., without exogenous p21, DNA synthesis in the parental line remained
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1 high at day 2; a severe decrease was not seen until day 4. In the p270-depleted cells, without

2 exogenous expression of p21, DNA synthesis remains high at least until day 6. However,

3 exogenous expression of p21 caused DNA synthesis to shut down with the same rapid kinetics

4 seen in the parental cells (Fig. 6 panel B). (Exogenous expression of p21 was verified by

5 Western blotting, shown in the left hand lanes of Fig. 6 panel C; normal induction of p21 in the

6 parental cells and the failure of p21 induction in the p270 depleted cells can be seen in the right

7 hand, 9S-infected, control lanes). The rapid down-regulation of DNA synthesis associated with

8 exogenous p21 expression was expected even in the p270-depleted cells because p21-induced

9 inhibition of cyclin dependent kinase activity is expected to result in the inactivation of essential

10 DNA replication factors. What is of special interest here is the status of E2F-responsive

I 1 products. This was monitored by Western blotting for the representative E2F-responsive gene

12 products cdc2, cyclin A, and cyclin B2. Expression of cyclin C was also examined. (Fig. 6 panel

13 C). The results show that expression levels of cdc2 and the cyclins remain high in the p270-

14 depleted cells despite exogenous expression of p21, indicating that regulation at the p21

15 promoter and at the E2F-responsive promoters each independently requires the function of the

16 chromatin remodeling complexes, and of p270 specifically, during differentiation-associated cell

17 cycle arrest. The expected repression of the cdc2-associated kinase activity in p21-expressing

18 p270-knockdown cells, despite the maintenance of a high level of cdc2 expression, was verified

19 in a kinase assay (Fig. 6 panel D).

20

21

22

23

24
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1 DISCUSSION

2

3 The work described here identifies the p270 subunit of mammalian SWI/SNF-related

4 complexes as critical for normal cell cycle arrest in differentiating cells exiting the cell cycle. The

5 evidence of p270 deficiency in certain tumors and tumor cell lines (32), implied indirectly that

6 p270 plays a required role in the tumor suppressor activity of the complex(es). The results

7 presented here establish a specific biological basis for the clinical findings, demonstrating directly

8 that p270 is essential for both the induction of p21 and the repression of E2F responsive genes

9 such as cdc2 during differentiation-associated cell cycle arrest. Involvement in both activation

10 and repression is a feature of SWI/SNF-related complexes generally, presumably determined by

1 1 the spectrum of transactivators and repressors that recruit the complexes. The demonstration

12 that the complexes are required separately for regulation of at least two distinct steps in

13 proliferation control underscores the carcinogenic potential of cells that have lost function of a

14 required subunit.

15

16 These results are particularly significant because previous studies concerning the roles of

17 SWI/SNF complex components in expression of cell cycle markers have largely relied on re-

18 introduction of BRG1 or hSNF5 into tumor cell lines where they were lacking (e.g. 17; 19; 20; 22;

19 23; 25; 49), rather than monitoring the role of complex components in cells undergoing

20 physiological progression from a proliferative state to cell cycle arrest. The identification of p270

21 as a subunit required for cell cycle arrest in vivo is additionally significant, because unlike BRG1

22 and hSNF5, p270 is not among those subunits considered to form the "functional core" of the

23 complex(es). The concept of a functional core was based on the observation that BRG1 has a

24 relatively low level of enzyme activity when purified away from other subunits, and that a level of

25 remodeling and ATPase activity similar to that of the intact complex(es) can be reconstituted in

26 vitro by assembly of a subset of components consisting of BRG1, BAF 70, BAF 55, and hSNF5

27 (50). The in vivo requirement for p270 shows that it plays an essential role in the physiological
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1 functions of the complex(es), regardless of whether it contributes directly to the overall level of

2 enzymatic activity.

3

4 A cell cycle arrest function has previously been ascribed to the BRG1 and hSNF5

5 components; however, those subunits do not distinguish between the BAF and PBAF complexes.

6 The p270-depletion phenotype constitutes the first formal evidence of a requirement for the BAF

7 complex series, as opposed to the PBAF complex, in cell cycle regulation. The data presented

8 here shed further light on the question of specificity among the several distinct configurations of

9 the BAF complexes. The alternative ATPase subunits, BRM and BRG1, may be partially

10 redundant in their ability to support cell cycle arrest when exogenously expressed (51), but the

1 1 most physiological experiments (3; 4) suggest strongly that BRG1 -specific complexes and not

12 BRM-specific complexes are essential for this function. The present study indicates that p270-

13 containing complexes, but not ARID1 B-containing complexes, are required for cell cycle arrest.

14 Logically, it appears that, of the four combinations made possible by these alternative subunits, it

15 is the BRG1 and p270 combination that plays the major role in cell cycle arrest. hSNF5 is not a

16 determinant of specificity between complexes, but its presence along with BRG1 and p270 is

17 required for the activities that the complex contributes to cell cycle arrest. These findings will help

18 to clarify targets for drug intervention therapies.

19

20 The essential biochemical activities contributed by the noncatalytic subunits have yet to

21 be determined. The amino acid sequence of hSNF5 gives little clue to the function of the protein,

22 which remains unknown, except that it can facilitate DNA end-joining in vitro (52). In p270, the

23 most obvious structural motif is the approximately 100 amino acid long ARID DNA binding

24 domain, but this large protein (2,285 amino acids) also contains potential protein-protein

25 interaction surfaces (27; 28; 33; 41) that may be more important for its specific function. ARID1 B

26 contains an ARID domain that is 80% identical with p270 (alignments can be seen in 30 and 53),

27 and both proteins belong to a subclass of the ARID family that binds DNA without regard to

19



1 sequence specificity (34; 53). Thus, a likely scenario is that DNA binding is a function common to

2 both, while sequences outside the ARID determine specificity of function. Structure-function

3 analysis of both these ARID-containing subunits is in progress.

4

5 The effects linked individually with BRG1, hSNF5 and p270 are generally similar but not

6 identical. What is not clear is whether differences so far reported are due more to methodology

7 or cell type than to true differences in function between the subunits. Approaches based on re-

8 introduction of specific components into deficient cell tumor cell lines preclude the ability to

9 compare function within a single cell line or in non-transformed lines. The ability to knock down

10 expression is freeing investigators to study the role of the complexes in nontransformed cell lines.

11 BRG1 and BRM can be inhibited by dominant/negative forms with an inactivating mutation in the

12 ATP binding site. Dominant/negative inhibition of BRG1/BRM in NIH3T3 mouse fibroblasts

13 inhibited MyoD-dependent differentiation, but surprisingly did not inhibit concomitant cell cycle

14 arrest; p21 is induced in these conditions and its induction was likewise unaffected by expression

15 of the dominant/negative construct (54). Cell cycle arrest independent of SWI/SNF complex

16 activity may be a phenomenon specific to the function of MyoD however, because a similar

17 dominant/negative approach in BALB/c mouse fibroblasts was sufficient to inhibit C/EBPax-

18 induced cell cycle arrest severely (55). In the latter study siRNA-mediated depletion of hSNF5 or

19 BRM had the same effect on cell growth curves as expression of the dominant/negative

20 construct, but expression of individual genes was not assessed.

21

22 The system used here maintains the benefits of probing function in non-transformed

23 cells, and has the additional advantage of relying on an external induction signal to initiate

24 differentiation and cell cycle arrest functions rather than engineered over-expression of a single

25 gene such as MyoD or C/EBPa. The MC3T3-E1 cell system is amenable to knockdown studies

26 targeting each of a succession of subunits, and probing an array of extracellular signals. Further

27 studies are in progress.
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1 FIGURE LEGENDS

2

3

4 Figure 1. Expression of p270 and ARIDIB in MC3T3-El -derived knockdown lines. A. 100

5 I~g of total cell lysate per lane was separated on 8% SDS-PAGE gels, transferred to PVDF

6 membrane, and probed with either p270-specific or ARID1 B-specific monoclonal antibodies, and

7 with a BAF1 55/BAF1 70-reactive monoclonal antibody. B. Aliquots of 35S-labeled cell lysates from

8 parental MC3T3-E1 cells (lanes 1 and 2) or MC.p270.KD.AA2 cells (lane 3) or MC.1 B.KDCA6B

9 cells (lane 4) were immunoprecipitated with control antibody (lane 1) or a BAF1 55-reactive

10 monoclonal antibody (lanes 2 through 4). The identity of the higher molecular weight proteins

I I labeled at the right in the immune complex was verified directly by Western blotting. C. Aliquots

12 of 3"S-labeled cell lysates isolated as described in panel B were immunoprecipitated with p270-

13 specific or ARID1 B-specific monoclonal antibodies, as indicated in the figure. D. (I): Aliquots of

14 35S-labeled ARID1 B-knockdown cells were depleted of p270 by five successive

15 immunoprecipitations with a p270-specific mAb; lanes 1 through 5 show the autoradiogram signal

16 of p270 brought down by each successive immunoprecipitation. (11): Aliquots of 35S-labeled p270

17 knockdown cells were depleted of ARID1 B by five successive immunoprecipitations with an

18 ARID1 B-specific mAb; lanes 6 through 10 show the radiogram signal of ARID1 B brought down by

19 each successive immunoprecipitation. The fully depleted lysates from series I and II (sampled in

20 lanes 5 and 10, respectively) were then each immunoprecipitated with a BAF1 55-reactive

21 antibody (DXD12). Visualization of the immune complexes by autoradiography (lanes I and II)

22 shows the overall integrity of the complexes in the absence of both ARID family subunits.

23

24 Figure 2. Differentiation phenotype of the knockdown cell lines. Cells were assayed at day

25 0, day 3, and day 14 post-induction for alkaline phosphatase activity. Conversion of the substrate

26 to a purple color indicates activity of the enzyme. AA2, CA6, and DD2 are identification numbers
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1 for three independently isolated p270-depleted lines. JD6, FD2, and CA6B are identification

2 numbers for three independently isolated ARID1 B-depleted lines.

3

4 Figure 3. Expression of p21 and other cell cycle markers in p270-depleted and ARID1 B-

5 depleted cells. Parental, p270-depleted, and ARID1 B-depleted MC3T3-E1 cells were harvested

6 at days 0, 2, 4 and 6 post-induction. 100 [Ag of total cell lysate per lane was separated on SDS-

7 PAGE gels, transferred to PVDF membrane, and probed sequentially with antibodies of each of

8 the specificities shown.

9

10 Figure 4. Expression of histone H4 in p270-depleted cells. A. Parental, p270-depleted, and

I I ARID B-depleted MC3T3-E1 cells were harvested at days 0 and 3 post-induction. Total cell RNA

12 was applied to nitrocellulose and probed with a histone H4-specific probe and a GAPDH-specific

13 probe included as a loading control. B. Quadruplicate samples were probed for histone H4

14 expression as described in panel A, quantified by phosphoimaging, normalized to GAPDH, and

15 plotted relative to day 0. The error bars indicate average deviation.

16

17 Figure 5. cdc2/CDKl-associated kinase activity and DNA synthesis activity in p270-

18 depleted cells. Parental, p270-depleted, and ARID1 B-depleted MC3T3-E1 cells were harvested

19 at days 0, 2, 4 and 6 post-induction. cdc2-specific immune complexes were isolated from 1 mg

20 of total cell lystate, and incubated with y-32P-ATP and histone H1 as exogenous substrate. A.

21 The reactions were separated on 15% SDS-PAGE gels and visualized by fluorography. B.

22 Reactions performed as described in panel A were quantified by phosphoimaging. Results from

23 three independent experiments with independently isolated cell lines of each knockdown series

24 were averaged, and plotted as kinase activity relative to day 0. The average deviation at each

25 point is indicated by error bars. The solid line indicates kinase activity in the parental cells; the

26 dashed line indicates activity in the p270-depleted cells; the dotted line indicates activity in the

27 ARID1 B-depleted cells. C. Parental, p270-depleted, and ARID1 B-depleted MC3T3-E1 cells
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1 were labeled with 3H-thymidine in one hour pulses at days 0, 2, 4 and 6 post-induction, and

2 assayed for trichloracetic acid (TCA)-precipitable counts. Results from three independent

3 platings of the parental cell line, and from three independently isolated cell lines from each

4 knockdown series were averaged within their respective groups and plotted as CPM

5 incorporated. The average deviation at each point is indicated by error bars. The striped bar

6 indicates incorporation in the parental cells; the solid bar indicates incorporation in the p270-

7 depleted cells. The open bar indicates incorporation in the ARID1 B-depleted cells.

8

9 Figure 6. Effect of exogenous expression of p21. Parental and p270-depleted cells were

10 infected in parallel at the time of ascorbic acid induction (day 0) with an adenovirus vector

11 expressing p21 or with a negative control virus containing an inactivated ElA gene (9S). A and

12 B: Cells were assessed for DNA synthesis activity monitored by 3H-thymidine incorporation; the

13 curves are the averages and average deviation of results obtained with three independent

14 platings of the parental line in parallel with three independent p270 knockdown lines. C: Levels of

15 cdc2, p21, cyclins B2, A, and C, as well as hsc70 were probed by Western blotting in parental

16 and p270 knockdown cells infected with the p21-expressing virus or the control (9S) virus. D:

17 cdc2-associated kinase activity was assayed in parental and p270 knockdown cells infected with

18 the p21-expressing virus or the control (9S) virus. The graphs show the averages and average

19 deviations from triplicate platings of the parental line and three different p270 knockdown lines;

20 the gel shows a representative result.

21

22

23

24

25

32



A RFig. 1

-p270 -ARID1B

BAF1707 ARID-1B
-BAF155 -BAF155

paetlMC.p270. MC.1B.paetl KD.AA2 KD.CA6B

D
1 2 3 4 5 6 .1

1 2 3 4 5

B r
6 7 8 9 10

S p270
-ARIDB3 D- BRG1/BRM

BRG1IBRM
D - BAF17O/BAF155 loJ- BAF170/BAF155

1 2 3 4 14 u
0

DXD12 :-:

33



Fig. 2
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