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The scaffold attachment factors SAFB1 and SAFB2 are para-
logs, which are involved in cell cycle regulation, apoptosis, dif-
ferentiation, and stress response. They have been shown to func-
tion as estrogen receptor corepressors, and there is evidence for
arole in breast tumorigenesis. To identify their endogenous tar-
get genes in MCF-7 breast cancer cells, we utilized a combined
approach of chromatin immunoprecipitation (ChIP)-on-chip
and gene expression array studies. By performing ChIP-on-chip
on microarrays containing 24,000 promoters, we identified 541
SAFB1/SAFB2-binding sites in promoters of known genes, with
significant enrichment on chromosomes 1 and 6. Gene expres-
sion analysis revealed that the majority of target genes were
induced in the absence of SAFB1 or SAFB2 and less were
repressed. Interestingly, there was no significant overlap
between the genes identified by ChIP-on-chip and gene expres-
sion array analysis, suggesting regulation through regions out-
side the proximal promoters. In contrast to SAFB2, which
shared most of its target genes with SAFB1, SAFB1 had many
unique target genes, most of them involved in the regulation of
the immune system. A subsequent analysis of the estrogen treat-
ment group revealed that 12% of estrogen-regulated genes were
dependent on SAFBI1, with the majority being estrogen-re-
pressed genes. These were primarily genes involved in apopto-
sis, such as BBC3, NEDD9Y, and OPG. Thus, this study confirms
the primary role of SAFB1/SAFB2 as corepressors and also
uncovers a previously unknown role for SAFB1 in the regulation
of immune genes and in estrogen-mediated repression of genes.

The estrogen receptor a (ERa)? plays a pivotal role in both
normal and pathophysiological processes, such as osteoporosis
and breast cancer (1). The transcriptional activity of ER« is not
only regulated by its ligand estrogen but also through its inter-
action with cofactors, which can either enhance (coactivators)
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or repress (corepressors) its activity (2). Briefly, upon binding of
its ligand, ERa undergoes major structural rearrangements
leading to exposure of binding surfaces that subsequently
results in facilitated recruitment of different coactivators,
including histone acetyltransferases or histone methyltrans-
ferases, and proteins from the SWI/SNF chromatin remodeling
complex (3). In the absence of ligand, recruitment of corepres-
sors results in the creation of locally repressed chromatin, sub-
sequently resulting in inhibition of transcription (4).

Our group has identified the scaffold attachment factors
SAFB1 and SAFB2 as ERa corepressors (5, 6). The two proteins
are paralogs that share 74% similarity at the amino acid levels,
with up to 98% in some functional domains (7). The genes
reside in close proximity on chromosome 19p13.3, oriented in a
head-to-head orientation, separated by an ~500-bp GC-rich
promoter (6). The C termini of the proteins harbor a repression
domain that can refer repression when transferred to a hetero-
logous DNA-binding protein. This repression domain can be
further defined into two independent repression domains,
termed RD1 and RD2 (8). The interaction between SAFB1 and
ERa was mapped to the DNA binding domain hinge domain, a
region of high similarity among the nuclear receptor family
members. In fact, SAFB1 has been shown to bind to multiple
nuclear receptors like farnesoid X receptor «, peroxisome pro-
liferator-activated receptor v, and the vitamin D receptor (9).

SAFBI1 also plays a role in RNA processing; it can bind RNA
through its central RNA recognition motif and was shown to
effect splice site selection (8, 10). On the N terminus, SAFB1 has
a highly conserved region, termed SAF-box, which is a homeo-
domain-like DNA-binding motif that interacts with scaffold/
matrix attachment regions (11). Scaffold/matrix attachment
regions are postulated to anchor chromatin onto the nuclear
matrix, thereby organizing genomic DNA into topologically
distinct loop domains that are important in replication and
transcription (12, 13).

Although details have yet to be studied, SAFB1 has already
been implicated in a number of cellular processes, including
stress response, regulation of cell cycle, apoptosis, and differen-
tiation. Briefly, upon stress, SAFB1 moves to stress-induced
nuclear bodies, also called SNB (Src-activated during mitosis
nuclear body), where it can colocalize with heat shock factor
HSF1 (14). Another group showed that stress also resulted in
movement of the zona occludens ZO-2 protein into the
nucleus, where it binds to and colocalizes with SAFBI1 (15). Lee
et al. (16) have recently shown that SAFB1 nuclear distribution

pCEEYE

VOLUME 285-NUMBER 6+FEBRUARY 5, 2010


http://www.jbc.org/cgi/content/full/M109.066431/DC1

SAFB1 Represses Inmune Regulators and Apoptotic Genes

changes after induction of apoptosis and that it is cleaved in
a caspase 3-dependent manner. Overexpression of SAFB1
caused growth arrest and multinuclearity, suggesting a role for
cell proliferation and division (17). Finally, Debril et al. (9)
showed that SAFBI levels changed dramatically during early
phases of adipocyte and enterocyte maturation, suggesting a
role for SAFB1 in differentiation.

A number of observations collectively provide strong sup-
port for SAFB1/SAFB2 playing a role in breast tumorigenesis.
First, the SAFB genes map to a chromosomal locus that displays
frequent loss of heterozygosity in breast cancer, and second,
mutations in SAFB1/2 have been identified (18). A meta-anal-
ysis of 151 published loss of heterozygosity studies, including
>15,000 breast tumors, identified nine regions of consistent
and high loss of heterozygosity, with the SAFB1/SAFB2locus
being one of them (19). The same region was recently linked
to hereditary breast cancer in Swedish families; however, this
study did not identify germ line mutations in the coding
regions of SAFB1 and SAFB2 (20). We have recently reported
that SAFB1/SAFB2 protein expression was frequently lost in
breast tumors and that this was associated with worse overall sur-
vival (21). Mouse embryonic fibroblasts deficient in SAFB1
showed a lack of contact inhibition, increased foci formation, and
increased oncogene-induced anchorage-independent growth.
Interestingly, they also displayed significantly decreased senes-
cence (22).

To further our understanding how SAFB1 and SAFB2 exert
their effects on numerous cellular processes, to identify which
estrogen-regulated genes are controlled by SAFB1/SAFB2, and
finally to begin to understand how SAFB1/SAFB2 might con-
tribute to tumorigenesis, we performed a ChIP-on-chip study,
coupled with gene expression array analysis, and the data are
reported here.

MATERIALS AND METHODS

Cell Culture—MCE-7 cells were grown in fetal bovine serum
(Invitrogen) supplemented with 5% fetal bovine serum and 1%
penicillin and streptomycin in a 5% CO, atmosphere at 37 °C.
Before treatments or transfections, the cells were maintained in
phenol red-free minimal essential medium containing 5% char-
coal-stripped calf serum for a minimum of 2 days.

Immunoblotting—Cells were lysed with 5% SDS; lysates were
sonicated, and proteins were subjected to 8% SDS-PAGE and
electrophoretically transferred to nitrocellulose membrane.
The membranes were incubated with monoclonal anti-SAFB1
(1:1000, see below) and polyclonal anti-SAFB2 (1:1000) (6) pri-
mary antibodies. Subsequently, the nitrocellulose membranes
were incubated with secondary antibodies (GE Healthcare) conju-
gated with peroxidase. Densitometry of protein bands was
acquired using an Alphalmager EC gel documentation system
(Alpha Innotec), and bands were analyzed with the spot densitom-
etry analysis tool (Alpha Ease FC software, version 4.1.0).

Generation of SAFBI-specific Monoclonal Antibody—The
SAFB1 peptide AEIDNGSVADCVEDDDADNLQESLSDSRE-
LVEGEMKELPEQLQEHAIEDKETINNLDTSSSDFTILQEIE-
EPS, corresponding to amino acids 137-209, maps to a region
of low similarity between SAFB1 and SAFB2. It was generated
as a glutathione S-transferase fusion protein and purified, and a
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FIGURE 1. Design of gene expression array study, and quality control of
SAFB1/SAFB2 siRNA in MCF-7 cells. A, model of experimental setup of gene
expression array study. V, vehicle. B, specific and efficient down-regulation of
SAFB1 and SAFB2 by siRNA. MCF-7 cells were transiently transfected with NS
siRNA, SAFB1 siRNA, SAFB2 siRNA, or SAFB1/SAFB2 siRNA. mRNA levels
of SAFB1 and SAFB2 were measured by g-PCR (top panel), and protein expres-
sion by immunoblotting (bottom panel) using antibodies as indicated.

mouse monoclonal antibody was generated in the Baylor College
of Medicine Dan L. Duncan Cancer Center Protein Core following
standard procedures. The supernatant was subsequently purified
using peptide columns, and the final monoclonal antibody is
highly specific for SAFB1.

SiRNA Transfection, Estrogen (E2) Treatment, and RNA
Isolation—The MCE-7 cells were grown in charcoal-stripped
serum for at least 2 days. The cells were then transfected with
either control siRNA (NS) (Dharmacon, siGenome nontar-
geting siRNA 2, catalogue no. D-00121002-20), SAFBI1
(siGENOME SMARTpool, catalogue no. L-005150-00), and/or
SAFB2 (siGENOME SMARTpool, catalogue no. L-020373-01)
siRNA, using Lipofectamine 2000 (Invitrogen). The overall
study design is shown in Fig. 1A. Forty eight hours post-trans-
fection, the cells were treated with 19 nm E2 or ethanol vehicle
for 8 h prior to RNA extraction. Total RNA was isolated using
the RNeasy RNA isolation kit from Qiagen (Valencia, CA)
according to the manufacturer’s protocols, and RNA quality
was analyzed by the 260:280 ratio. To exclude off-target effects,
some studies were repeated with a second independent SAFB1
siRNA (Invitrogen, catalogue no. 1299001; SAFBHSS109450).

Quantitative Real Time PCR (q-PCR)—RNA was treated
with DNase (Roche Applied Science) as described before (6).
The RNA was reverse-transcribed using SuperScript II reverse
transcriptase (Invitrogen). For q-PCR analysis, we used either
TagMan, or SYBR Green chemistry (Applied Biosystems,
Foster City, CA), and the details, including primer sequences,
are provided in supplemental Table S1. The assay was carried
out in a ABI PRISM 7700 sequence detector system (Applied
Biosystems, Foster City, CA). Relative mRNA expression was
calculated by AACt method (23), using B-actin as the reference
gene.
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Chromatin Immunoprecipitation (ChIP) and ChIP-on-chip
Assay—The ChIP assays were essentially performed as we
described previously (24). Immunoprecipitations were per-
formed with polyclonal ERa (H-184, Santa Cruz Biotechnol-
ogy), a pan-SAFB monoclonal (5, 24) or polyclonal SAFB1 (25)
or hemagglutinin antibodies (Covance). The primer sequences
for the regulatory regions tested in ChIP assays are provided in
supplemental Table S1. The relative enrichment of ChIP DNAs
is presented as percent input.

For the ChIP-on-chip study, we used a pan-SAFB antibody that
recognizes both paralogs SAFB1 and SAFB2 (Upstate, now Milli-
pore). Specificity of the antibody was previously tested using sev-
eral approaches, including enzyme-linked immunosorbent assay,
immunohistochemistry, and immunoblotting, and use of the anti-
body for SAFB studies, including ChIP, has previously been pub-
lished (5, 24). An initial validation by q-PCR was performed to
confirm that there was enrichment of the known SAFB target
genes hsp27/HSBPI1 and pS2/TIFF (7,24). ChIP products and their
respective input genomic fragments were amplified by ligation-
mediated PCR. qChIP was repeated after amplifications to verify
that enrichment of pS2 and hsp27 was retained. The genomic
products of three biological ChIP replicates were labeled with Cy5
(for ChIP products) and Cy3 (for input) and cohybridized accord-
ing to standard NimbleGen protocols (NimbleGen Systems, Inc.,
Madison, WI). A NimbleGen human promoter array representing
1.5 kb of promoter sequence (15 probes of 50 bp each) from 24,275
genes (human genome from May, 2004) was used. As described
previously (26), for the data analysis, the log-ratio was calculated
between the probe intensities of the ChIP product and input chro-
matin, which were cohybridized on the same assay. For each of the
24,275 promoter regions, the moving average of log-ratio along its
15 probes with window size 3 was computed to find the maximum
value of the averages of three neighboring probes. Subsequently,
the log-ratio of all probes across the entire array was randomly
permutated, and the maximum values of moving average for each
gene was re-computed to find the 90th, 95th, and 99th percentile
of these 24,275 values from the random permutation. The positive
threshold was set up using the signal of positive control genes pS2
and hsp27. This threshold was greater than the 90th percentile in
the three replicates. To identify candidate SAFB-binding sites, we
took promoter regions whose maximum moving average was
above the cutoffs in the three experiments.

Gene Expression Arrays and Analysis—RNA was isolated as
mentioned above and was subjected to DNase treatment before
reverse transcription. We studied gene expressions using
Affymetrix Human Genome HG-U133A2.0 Gene Chip (Santa
Clara, CA) expression arrays (22,215 probe sets). Five micro-
grams of total RNA from each sample were labeled using the
bioarray high yield transcript kit according to the manufactur-
er’s conditions (ENZO, Farmingdale, NY). Labeled RNAs were
hybridized and washed according to the manufacturer’s recom-
mendations (Affymetrix, Inc., Santa Clara, CA). All expression
array data have been deposited into the Gene Expression
Omnibus, accession number GSE15548.

The data were analyzed using the dChip software for gene
expression estimation (with PM Perfect Match only model) and
clustering (27). Analysis of variance with contrast analysis with
Insightful ArrayAnalyzer was used for group comparisons. To
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find differentially expressed genes, we used Benjamini-Hock-
berg correction for multiple comparisons (28) with false discov-
ery rate = 0.1. Experiments were performed in quadruplicates;
however, out of 32 samples, 3 samples displayed very low 5'—3’
ratios (1 X NS siRNA vehicle, 1 X NS siRNA E2, and 1X SAFB1
siRNA vehicle) and were thus not included in the final analysis.
For gene ontology analysis and chromosomal enrichment, we
used Positional Enrichment Analysis software (29), Ingenuity
Pathway Assist, DAVID (30), and EASE.

Finally, the calculation of the number of common genes
between the significant genes in expression array and ChIP
analyses that would be expected by chance was found based on
the following: 1) the number of common genes on the entire
chips used in those assays (5827); 2) the number of significant
genes from the microarray analysis in the 5827 genes (472); and
3) the number of binding sites in the 5827 genes (363). This
gives the number of common genes expected by chance equal
to ~29 (472 X 363/5827).

RESULTS

Identification of SAFB-binding Sites—To identify SAFB1 and
SAFB2 target genes, we performed a ChIP-on-chip in MCF-7
cells, an estrogen receptor-positive breast cancer cell line.
Chromatin fragments were immunoprecipitated with a pan-
SAFB antibody or a control IgG antibody, and the products
were amplified by ligation-mediated PCR. Specific enrichment
of the known SAFB target promoters hsp27/HSBPI (7) and
pS2/TIFFI (24) was validated by quantitative PCR ChIP before
and after ligation-mediated PCR. Subsequently, we labeled the
amplicons and hybridized them onto high density oligonucleo-
tide arrays containing 1.5-kb sequences of 24,275 genes. Using a
stringent analysis, in which only overlapping peak enrichment
in all three replicates was considered positive, we identified 818
SAFB-binding sites (supplemental Table S2, A and B). 541 of
those sites map to promoters of known genes (supplemental
Table S2A), whereas 277 are upstream of unknown genes, con-
taining high protein probability-coding sequences (KIAA/FLJ/
DKFZ/CnORF) (supplemental Table S2B). Fig. 2A shows
graphically the presentation of SAFB-binding peaks and ChIP
results for hsp27/HSBP1 and pS2/TIFF1 (our controls). Fig. 2B
shows the recruitment of SAFB1 to two additional genes iden-
tified in the ChIP-on-chip study (FRAT1 and osteoprotegerin
(OPQG)).

We next asked the question whether there was an enrich-
ment of SAFB target-binding sites on specific chromosomes
and/or chromosomal location, which was done by using EASE
and positional gene enrichment software packages, respec-
tively. We identified enrichment of 6p arm, with an EASE score
of 0.0013. Positional gene enrichment analysis revealed cluster-
ing of SAFB-binding sites on chromosome 6, region 26266328
to 28411890 (p = 5.4E-10), and on chromosome 1, region
144218966 to 148167146 (p = 1.11E-7). Interestingly, both of
these regions contain histone gene clusters, and as shown in the
supplemental Table S2A, SAFB recruitment was identified in a
large number of histone genes. This is of interest because genes
in the histone cluster have been proposed to be regulated in
specific nuclear territories (31) and might therefore suggest
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FIGURE 2. Confirmation of SAFB binding to candidate genes identified in ChIP-chip study. A, confirmation of SAFB binding to control genes hsp27/HSPB1
and pS2/TIFF1. Top panel, graphical presentation of SAFB1-binding peaks in hsp27/HSPB1 and pS2/TIFF1 genes, as identified in the ChIP-chip experiment. The
black line around 1 represent the average binding (signal) across the entire array. The gene structure and the mammalian conservation of sequence are shown.
Bottom panel, ChIP was performed using pan-SAFB antibodies and triplicate biological samples (primer sequences are provided in supplemental Table S1).
B, same as in A, but with FRAT1 and OPG genes. ChIP assay, using SAFB1-specific antibodies, is representative of three independent experiments.

that SAFB proteins might also play a role in higher order chro-
matin regulation.

In summary, the ChIP-on-chip analysis identified 541 SAFB-
binding sites in promoters of known genes, and the analysis
revealed enrichment of SAFB recruitment to two chromosomal
regions that contain histone gene clusters.

SAFBI Represses More Target Genes than SAFB2—To iden-
tify transcripts that were altered upon decrease of SAFB1 or
SAFB2 expression, we performed gene expression array analy-
sis in MCF-7 cells. A secondary goal was to identify ER« target
genes for which estrogen regulation was dependent upon SAFB
expression. We also tested the impact of cotransfecting siRNAs
targeting both SAFB1 and SAFB2, which allowed us to address
the question of interactions between the two paralogs. We
therefore set up an experiment reflecting a 2 X 4 design, with
a total of eight experimental groups (Fig. 14). q-PCR and
immunoblot analysis confirmed that SAFB1 and SAFB2 were
decreased by ~60 and ~75% at the RNA level and by ~80 to
~90% at the protein level, respectively (Fig. 1B). The siRNA
targeting both SAFB1 and SAFB2 resulted in ~65 and 75%
knockdown at the RNA and protein level, respectively. The
RNA from biological quadruplicates was subsequently used for
c¢DNA synthesis and cRNA labeling. Three samples displayed
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very low 5'-3’ ratios (1 X NS siRNA vehicle, 1X NS siRNA E2,
and 1X SAFBI siRNA vehicle) and were thus not used for array
hybridization. A total of 29 samples were hybridized to
Affymetrix U133A2.0 chips, and data were analyzed as
described under “Material and Methods.”

Analyzing the expression of genes across four experimental
groups (NS, SAFB1, SAFB2, or SAFB1/SAFB2) in the presence
of vehicle allowed us to identify the global SAFB1/SAFB2-reg-
ulated gene set. Using a Benjamin-Hochberg adjusted to p =
0.1, we identified 716 genes (Fig. 3A and supplemental Table
S3). There were more genes induced (n = 457) than repressed
(n = 259), reflecting the known role of SAFB1 and SAFB2 in
transcriptional repression (5, 6).

We next asked how many of the 716 target genes identified by
gene expression array analysis contained SAFB1/SAFB2-bind-
ing sites in their promoters as identified by our ChIP-on-chip
study. Overlapping of the lists revealed only 24 genes (Table 1).
The number of common genes expected by chance is 29, which
suggests that the majority of the SAFB1/SAFB2 target genes are
either not regulated through recruitment of SAFB1/SAFB2 to
the promoter regions (used in the ChIP-on-chip studies) or are
regulated through other mechanisms. Alternatively, it is feasi-
ble that at least some of the target genes identified by gene
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TABLE 1

SAFB1/SAFB2 target genes that also contained SAFB-bindings sites in their promoter regions
The table contains 24 genes listed in alphabetical order that were identified in two independent analyses, in the ChIP-on-chip study (» = 818) and in the gene expression

array analysis (7 = 716).

N= 483 genes

Accession no. Official gene symbol Gene name -Fold change (siSAFB)

1 NM_000425 LICAM L1 cell adhesion molecule isoform 1 precursor 1.89
2 NM_005252 FOS v-fos FB] murine osteosarcoma viral oncogene homolog 1.63
3 NM_002800 PSMB9 Proteasome 39 subunit isoform 1 proprotein 1.58
4 X56841 HLA-E HLA-E 1.52
5 NM_002228 JUN v-jun avian sarcoma virus 17 oncogene homolog 1.49
6 NM_004529 MLLT3 Myeloid/lymphoid or mixed lineage leukemia (trithorax homolog) 1.37
7 NM_003337 UBE2B Ubiquitin-conjugating enzyme E2B 1.36
8 NM_014417 BBC3 BCL2-binding component 3 1.33
9 NM_002117 HLA-C Major histocompatibility complex 1.31
10 AF458589 PPPIRI2A Myosin phosphatase target subunit 1 variant 1.24
11 NM_002419 MAP3K11 Mitogen-activated protein kinase kinase kinase 11 1.22
12 NM_002121 HLA-DPBI Major histocompatibility complex 1.21
13 BC017093 RPL35A RPL35A protein 1.18
14 NM_004048 B2M B,-Microglobulin precursor 1.18
15 NM_000520 HEXA Hexosaminidase A preproprotein 1.11
16 NM_002623 PFDN4 Prefoldin 4 1.09
17 NM_017582 UBE2Q Ubiquitin-conjugating enzyme E2Q 1.05
18 NM_014141 CNTNAP2 Cell recognition molecule Caspr2 precursor 0.81
19 NM_003366 UQCRC2 Ubiquinol-cytochrome ¢ reductase core protein II 0.79
20 NM_078469 BCcCIP BRCA2 and CDKN1A-interacting protein isoform C 0.79
21 NM_001417 EIF4B Eukaryotic translation initiation factor 4B 0.77
22 NM_001005273 CHD3 Chromodomain helicase DNA-binding protein 3 isoform 1 0.77
23 NM_014649 SAFB2 Scaffold attachment factor B2 0.75
24 NM_005105 RBMS8A RNA-binding motif protein 8A 0.64

a (Fig. 3A and supplemental Table S3)
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FIGURE 3. Identification of SAFB1, SAFB2, and SAFB1/SAFB2 target genes in MCF-7 cells. A, heat map
representing 716 genes that were significantly regulated by SAFB1, SAFB2, or the combination of SAFB1/SAFB2
siRNA. The cutoff for this analysis was based on a Benjamin-Hochberg adjusted p = 0.1. Expression levels are shown
in red and blue (levels are above and below the median, respectively). B, SAFB1 regulates more target genes than
SAFB2. The Venn diagram represents genes that are significantly regulated by SAFB1, SAFB2, and SAFB1/SAFB2.

expression array analysis represent indirect targets of SAFB1/
SAFB2. Given that Jun and Fos were identified among the
SAFB1/SAFB2 target genes, we asked the question whether the
regulation was simply a result of changing AP1 activity. A com-
parison of the AP1 target genes (n = 116) from the study by
DeNardo et al. (32) with the 716 SAFB1/SAFB2 target genes
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N= 64 genes

that SAFB1 does not modify its tar-
get genes indirectly, through regu-
lating AP1 (fos/jun) activity.

To identify individual contribu-
tions of SAFB1 and SAFB2 in gene
regulation, and potential interactions,
we next investigated the overlap
between the following three experi-
mental groups: genes regulated by
SAFB1 siRNA, SAFB2 siRNA, or
SAFB1/SAFB2 siRNA (Fig. 3B). The
most striking result was that out of the
716 SAFB1/SAFB2-regulated genes,
680 genes were significantly regulated
by SAFB1 (supplemental Table 4A)
and only 64 genes by SAFB2 (supple-
mental Table S4B). Furthermore, lack
of SAFBI results in altered expression
of 163 target genes that were not
affected by SAFB2 siRNA (supple-
mental Table S5), whereas SAFB2
only has one unique target gene (islet
cell autoantigen 1, ICAI). To exclude
siRNA off-target effects, we utilized a
second independent SAFB1 siRNA and performed q-PCR studies
on six SAFBI target genes. We were able to confirm a significant
effect of SAFBLI loss in five of those, which strongly suggests that
the majority of the targets do not represent off-target effects (data
not shown). Finally, the combined knockdown of SAFB1 and
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SAFB2 did not result in the regulation of additional genes (1 = 483,
supplemental Table S4C) .s., not significant), suggesting a lack of
interaction between SAFB1 and SAFB2 in gene regulation.

In summary, the gene expression array data support the previ-
ously described roles of SAFB1 and SAFB2 in transcriptional
repression. Also, our data strongly indicate that SAFB1 plays a
more critical role in regulation of gene expression in MCE-7 cells,
compared with SAFB2. We therefore focused our subsequent
more detailed studies on SAFBI1 target genes.

Majority of SAFBI Targets Are Immune Regulatory Genes—
To gain insights into the functions of the identified SAFB1 tar-
get genes, we evaluated their associated Gene Ontology Biolog-
ical Process terms. This analysis revealed that the majority of
SAFBI target genes are involved in immune regulation (38%),
followed by genes critical in signaling (28%) and in apoptosis
(11%) (Fig. 4A). The effect of SAFB1 on immune regulatory

genes was of interest, considering the increasing evidence that
immune cells play a pivotal role in tumorigenesis (33). There-
fore, we sought to confirm the effect of SAFB1 siRNA on the
expression of interesting candidate genes previously assigned
to immune regulatory functions and tumorigenesis. We
selected four genes from the top candidate gene list (>4-fold
change with SAFB1 siRNA) (Table 2) and were able to confirm
significant loss of repression for all of them (IL8, SI100P,
CXCl11, and HMOX1) (Fig. 4B). Thus, the gene expression
array analysis uncovered a previously unknown role for SAFB1
in the regulation of genes related to the immune system.

Loss of SAFB1 Leads to De-repression of Estrogen-regulated
Genes, Many of Which Are Known Regulators of Apoptosis—Be-
cause SAFB1 is a known ERa corepressor, we next asked
whether estrogen-regulated genes were affected by loss of
SAFB1. Therefore, we performed a subset analysis using the

data from the 2 X 2 experimental
design, control, and SAFB1 siRNA

A Gene ontology for SAFB1‘s target genes B and vehicle and estrogen treatment.
. Ap0p1t1oo/s°|s Chron;s:n qg)’ :: L8 aé’ ol S100P ,USing, ‘adjusted p value = 0.1, we

5% 52 l g identified a total of 585 genes that

Translational 28% o 10 m s " were significantly altered by estro-
rt‘-gulatjon & *.v 2 7 gen in control siRNA-transfected
3% siRNA: NS  SAFB1 siRNA: NS  SAFB1 cells (supplemental Table S6). We
Extracellular o determined that 12% (68 genes) of
rezngoz o | el . " HMeX] these estrogen-regulated genes
Immun;g;ystem g . L_E 0l were dependent on SAFB1 (supple-

o 10 z 8 mental Table S7), i.e. were altered in

& o4 the presence of SAFB1 siRNA (p <

GRNA' NS SAFB1  sikNa N sarst | 0-1)- We also asked the following

FIGURE 4. SAFB1 regulates immune genes. A, gene ontology analysis for SAFB1-regulated genes (n = 680)
revealed that the majority representimmune regulatory, signaling, and apoptotic genes. B, SAFB1 is necessary
for the repression of immune regulatory genes. The SAFB1-mediated repression of four immune regulatory
SAFB1 candidate genes was tested (IL8, ST00P, CXCL11, and HMOX1). g-PCR was performed using RNA from
MCF-7 cells transfected with NS siRNA or SAFB1 siRNA. The data are an average of three replicates = S.D.

TABLE 2
SAFB1 target genes identified in gene expression array analysis

question: How many of the E2-reg-
ulated genes have SAFB on their
promoters in the ChIP-on-chip
analysis, regardless of whether they

Target genes were prioritized based on a =4-fold change in the presence of SAFB1siRNA.

Accession no. Official gene symbol Gene name -Fold change (siSAFB1)

1 218541 _s_at C8orfd Chromosome 8 open reading frame 4 11.091
2 205890_s_at GABBR1///UBD y-Aminobutyric acid (GABA) B receptor, 1///ubiquitin D 10.772
3 204351 _at S100P S100 calcium-binding protein P 9.666
4 203665_at HMOX1 Heme oxygenase (decycling) 1 9.06
5 209619 _at CD74 CD74 molecule, major histocompatibility complex, class II invariant chain 9.024
6 211990_at HLA-DPA1 Major histocompatibility complex, class II, DPal 8.116
7 207339_s_at LTB Lymphotoxin 8 (tumor necrosis factor superfamily, member 3) 6.435
8 204932_at TNFRSF11B Tumor necrosis factor receptor superfamily, member 11b (osteoprotegerin) 6.365
9 211122_s_at CXCLI11 Chemokine (CXC motif) ligand 11 5.777
10 202859 _x_at IL8 Interleukin 8 5.539
11 823_at CX3CL1 Chemokine (CX3C motif) ligand 1 5.485
12 204698 _at ISG20 Interferon-stimulated exonuclease gene 20 kDa 5.34
13 209230 s at P8 p8 protein (candidate of metastasis 1) 5.311
14 208894_at HLA-DRA Major histocompatibility complex, class II, DRa 5.202
15 203060_s_at PAPSS2 3'-Phosphoadenosine 5'-phosphosulfate synthase 2 4.971
16 33304 _at 1SG20 Interferon-stimulated exonuclease gene 20 kDa 4.9
17 1405_i_at CCLS Chemokine (CC motif) ligand 5 4.779
18 204655_at CCL5 Chemokine (CC motif) ligand 5 4.63
19 210163_at CXCL11 Chemokine (CXC motif) ligand 11 4.623
20 204237_at GULPI GULP, engulfment adaptor PTB domain containing 1 4.619
21 202917_s_at S100A8 S100 calcium-binding protein A8 (calgranulin A) 4.606
22 204533_at CXCLI0 Chemokine (CXC motif) ligand 10 4.466
23 214329_x_at TNFSFI0 Tumor necrosis factor (ligand) superfamily, member 10 4.167
24 205027_s_at MAP3KS8 Mitogen-activated protein kinase kinase kinase 8 4.16
25 210982_s_at HLA-DRA Major histocompatibility complex, class II, DR« 4.071
26 214321 _at NOV Nephroblastoma overexpressed gene 4.045
27 208173_at IFNBI1 Interferon, B1, fibroblast 4.022
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are affected by SAFB siRNA? Overlap of ChIP-chip (supple-
mental Table S2) and E2-regulated gene lists (supplemental
Table S6) identified a total of 16 E2-regulated genes with SAFB-
binding sites in their promoters, suggesting that SAFB has
many ER-independent target genes and also supporting the
idea that regulation by SAFB occurs outside the proximal pro-
moter region.

The 68 estrogen and SAFB1-regulated genes included 61
repressed genes and 7 induced genes. Even considering the fact
that there are more repressed (# = 380) than induced (n = 205)
genes following estrogen treatment, there is still a significant
effect of SAFB1 on repressed genes compared with induced
genes (16 versus 3%, p = 0.01).

Little is known about estrogen-mediated repression of gene
regulation, although recent genome-wide expression studies
showed that approximately half of the ER« target genes are
repressed upon estrogen treatment (34-36). Because the
nature of the repressed target genes is largely unknown, we
performed an enrichment analysis for the gene ontology cate-
gories of the estrogen-repressed versus induced genes. In con-
trast to induced genes, which were enriched for cell cycle-re-
lated genes, the repressed genes were significantly enriched for
apoptosis/programmed cell death (p = 0.008). This observation
prompted us to analyze the SAFB1 dependence of apoptotic
target gene expression. We focused on the BCL2-binding com-
ponent 3 (BBC3), previous shown to be critical for apoptosis
(37), and which was also identified as a SAFB1/SAFB2 target
gene in our ChIP-on-chip study (supplemental Table S2A). We
were able to confirm the loss of estrogen repression in the
absence of SAFB1 in q-PCR studies (Fig. 54, left panel). Knock-
down of ER« also resulted in loss of repression (Fig. 5A, right
panel), confirming that the estrogen-mediated repression is an
ERa-dependent effect. As expected, given the ChIP-on-chip
results, we were able to detect recruitment of SAFB1 to the
BBC3 promoter, along with recruitment of ER« (Fig. 5B).

These data prompted the question whether repression by
both ER and SAFBI1 is a general property of all genes identified
in the SAFB1/B2 gene expression array study and the ChIP-on-
chip analysis (Table 1). Out of 14 genes tested (B2M, BBC3,
CHD3, EIF4B, FOS, HEXA, HLA-C, HLA-DPBI, HLA-E, jun,
MLLT3, PFDN4, SAFB2, and UBE2B) 12 were repressed by
SAFB1 (B2M, BBC3, fos, HEXA, HLA-C, HLA-DPB1, HLA-E,
jun, MLLT3, PFDN4, SAFB2, and UBE2B), but only 4 were
repressed by ER (BBC3, fos, HLA-DBP1, and HLA-C) (i.e.
induced in the presence of the siRNA) (supplemental Fig. S1).
Thus, the analysis of a subset of the genes clearly shows that
repression by both ER and SAFB1 is not a general property of all
SAFB1/SAFBI target genes with SAFB-binding sites in their
promoter.

Other estrogen-regulated SAFB1 target genes involved in
apoptosis are OPG and the neural precursor cell expressed
developmentally down-regulated 9 protein (NEDD9), for which
we were also able to confirm loss of estrogen-mediated repres-
sion in the absence of SAFB1 (Fig. 5C). (The same results were
obtained using the second independent SAFB1 siRNA (data not
shown), confirming that the observed regulation was not an
off-target effect.) Together, these studies suggest that SAFB1 is
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FIGURE 5. SAFB1 is involved in estrogen-mediated repression of apopto-
ticgenes. A E2 repression of BBC3 is SAFB1 and ERa-dependent. BBC3 g-PCR
was performed using RNA from MCF-7 cells transfected with NS siRNA, SAFB1
siRNA (left panel), or ERa siRNA (right panel) and treated with vehicle (V) (black)
or estrogen (gray) (8 h). The data are an average of three replicates = S.D.
B, ERa and SAFB1 are recruited to the BBC3 proximal promoter. Results of
a ChIP analysis on the BBC3 promoter using antibodies against hemagglu-
tinin (negative control), ERe, and SAFB1 are shown. For the ChIP, MCF-7
cells were treated with vehicle (black) or estrogen (gray) for 45 min.
Recruitment of ERa to the pS2 promoter was used as positive control.
C, loss of estrogen repression of osteoprotegerin and NEDD9 in the
absence of SAFB1. The E2-mediated repression of osteoprotegerin and
NEDD9 was tested using RNA from MCF-7 cells transfected with NS siRNA
and SAFB1 siRNA and treated with vehicle (black) or estrogen (gray) (8 h).
g-PCR analysis of mRNA was performed, and the data shown are an aver-
age of three replicates = S.D.

involved in estrogen-mediated repression of ERa target genes,
many of which are critical in apoptotic processes.

DISCUSSION

In this study, we have identified target genes of the transcrip-
tional repressors SAFB1 and SAFB2 in breast cancer cells.
Using a combined Chip-on chip and gene expression array
analysis approach, we confirmed primary roles of SAFB1/
SAFB2 as corepressors, and we discovered previously unknown
roles for SAFBL1 in the regulation of immune genes and in estro-
gen-mediated repression of genes.
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We found that SAFB1 has many more target genes than its
paralog SAFB2. This is not a result of differences in siRNAs
efficiencies, because the down-regulation of SAFB1 expression
was not stronger compared with SAFB2. Another simple expla-
nation could be that SAFB1 is expressed at higher levels com-
pared with SAFB2 in MCE-7 cells. Although our immunoblot-
ting and q-PCR data do not seem to support this, we cannot
exclude this possibility because we currently do not have any
data on absolute expression of SAFB1 and SAFB2 RNA and
protein. We would therefore like to speculate that the two pro-
teins, although highly conserved, especially in conserved func-
tional domains, have some distinct molecular functions. Ser-
geant et al. (38) showed that SAFB2 is associated with nuclear
protein complexes larger in size than those containing SAFB1
and that SAFB2 but not SAFB1 was detectably associated with
nucleic acids, although the integrity of the core SAFB2 protein
complexes was micrococcal nuclease-independent. Also,
SAFB1 and SAFB2 have distinct subnuclear organizations,
although this was cell type-dependent. Finally, the plethora of
phenotypes in the SAFB1 knock-out mice suggests that SAFB1
has many functions that cannot be compensated for by SAFB2
(25). Those might involve the regulation of immune target
genes we identified in this study.

Intriguingly, SAFB1 regulates the expression of a number of
genes critical in the immune system, such as interleukins, che-
mokines, and members of the major histocompatibility com-
plex class proteins. The in vitro data are supported by in vivo
observations in SAFB1 ™/~ mice that have numerous defects in
the immune system (25).* Given the increasing realization that
the immune system is an integral part of tumorigenesis, it is
interesting to speculate that the regulation of the immune
genes might be involved in the role of SAFB1 in breast cancer.

There is a striking similarity in many of the SAFB1-related
findings to what has been described for the special AT-rich
binding protein 1, SATB1. Like SAFBI, the SATBI1 protein
binds to scaffold/matrix attachment regions (39, 40), has been
shown to play a role in the regulation of the immune system
(41), is involved in breast tumorigenesis (42), and has a paralog
SATB2, which shares some functions but also has unique prop-
erties (43—45). It is of interest that SATB1 orchestrates expres-
sion of many genes through its role as a “genome organizer,” in
which it directs the formation of chromatin loops through
effects on higher order chromatin compaction (12, 46 —48). At
this point, a similar function has yet to be described for SAFB1;
however, some of the data presented here point toward a simi-
lar role for SAFBI. First, there is a striking lack of overlap
between the genes identified by the ChIP-on-chip study and the
gene expression array analysis, suggesting that most SAFB1/
SAFB2 target genes do not contain SAFB1/SAFB2 recruitment
sites in their proximal promoter region but are regulated
through other mechanisms. Second, the ChIP-on-chip study
identified an over-representation of two chromosomal loci,
chromosome 1 and 6, for binding of SAFB1/SAFB2. These loci
contain many members of the histone gene cluster, which has
also been shown to be regulated though effects on higher order
chromatin structure (31).

4 B. A. Kaipparettu et al., unpublished results.
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There is also strong evidence that SAFB proteins can effect
gene regulation through classical action on transcription. It can
interact with RNA polymerase II and with a number of nuclear
receptors, including ER (5, 6) and peroxisome proliferator-ac-
tivated receptor vy (9), and it has a strong repression domain
that refers repression to heterologous promoters when fused to
Gal4-DBD (8). We have previously shown that SAFB1/2 can
function as ER corepressor, and we show here that loss of
SAFB1 results in loss of estrogen repression of ERa target genes
(5,6). Only a small subset of SAFB1 target genes was modulated
after ERa siRNA treatment (including a few target genes known
to be estrogen-regulated), which could be due to incomplete
knockdown of ERa protein or regulation through ERp. In any
case, this finding highlights the fact that SAFB1 has many ERa-
independent target genes.

The estrogen-mediated repression of transcription has only
recently come into the spotlight, because in the past ERa has
mainly been studied as a classical transcriptional activator, con-
taining two activation domains. It is of interest that many estro-
gen-repressed genes are involved in apoptosis, and repression
of those by estrogen might be a critical process in hormone
response, both in normal and in cancer cells. A recent compre-
hensive global ChIP-on-chip study showed dismissal of RNA
polymerase II, decrease of acetylation, and absence of Srcs
binding at promoters of repressed genes (49). There is increas-
ing evidence that corepressors such as CtBP1, SMRT, Pax6, and
NCoR1 are involved in repression of ER« target genes, and the
studies presented here add SAFBI to this list of corepressors.
Together, these findings suggest that SAFB1/SAFB2 belong to a
unique class of multifunctional proteins, such as MeCP2 (50),
with potentially important roles in chromatin architecture, reg-
ulation of RNA splicing, and repression of transcription.
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