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The xanthine oxidoreductase gene (XOR) encodes an important
sourceof reactiveoxygenspeciesanduricacid, and its expression is
associated with various human diseases including several forms of
cancer. We previously reported that basal human XOR (hXOR)
expression is restricted or repressed by E-box and TATA-like ele-
ments and a cluster of transcriptional proteins, including AREB6-
like proteins and DNA-dependent protein kinase (DNA-PK). We
now demonstrate that the cluster contains the tumor suppressors
SAFB1, BRG1, and SAF-A. We further demonstrate that SAFB1
silencing increaseshXORexpressionandthatSAFB1directlybinds
to the E-box. Multiple studies in vitro and in vivo including pull-
down, immunoprecipitation and chromatin immunoprecipitation
analyses indicate that SAFB1,Ku86, andBRG1associatewith each
other. The results suggest that the SAFB1 complex binds to the
hXOR promoter in a chromatin environment and plays a critical
role in restricting hXOR expression via its direct interaction with
the E-box, DNA-PK, and tumor suppressors. Moreover, we dem-
onstrate that the cytokine, oncostatinM (OSM), induces the phos-
phorylation of SAFB1 and that the OSM-induced hXOR mRNA
expression is significantly inhibited by silencing the DNA-PK cat-
alyticsubunitorSAFB1expression.Thepresentstudies for thefirst
time demonstrate that hXOR is a tumor suppressor-targeted gene
and that the phosphorylation of SAFB1 is regulated by OSM, pro-
viding amolecular basis for understanding the role of SAFB1-reg-
ulated hXOR transcription in cytokine stimulation and
tumorigenesis.

Xanthine oxidoreductase (XOR3; EC 1.1.3.22), a member of
molybdoflavoprotein hydroxylases, is a rate-limiting enzyme in

the catabolism of purines and a well defined source of reactive
oxygen species (ROS) (1–3). Additionally, XOR has inorganic
nitrate and nitrite reductase activities and generates nitric
oxide (4). The enzyme is composed of two identical 150-kDa
subunits, each of which contains four redox active centers; that
is, two iron sulfur, one FAD, and one molybdopterin (1–3). It
exists in two forms, an NAD-dependent dehydrogenase and an
oxygen-dependent oxidase (XO). In mammals, the two forms
are reversibly converted between each other by sulfhydryl oxi-
dation, but the conversion of NAD-dependent dehydrogenase
to XO by proteolytic modification is irreversible.
Beyond its role as a key enzyme in controlling purine metab-

olism,XORplays important physiologic andpathologic roles by
producing ROS and uric acid (UA). In physiologic conditions
XOR-derived ROS function asmediators in signal transduction
and gene transcription (5–8). XOR has been implicated inmilk
fat droplet enveloping and secretion, and regulation of
cyclooxygenease-2, peroxisome proliferator-activated receptor
�, adipogenesis, and neuronal nitric-oxide synthase (NOS1)-
controlled cardiac excitation-contraction coupling (9–12).
Importantly, a central role for XOR also has been demon-

strated in a variety of clinical disorders and relevant animal
models associated with oxidative stress or injury, including
inflammation, infection, ischemic tissue injury, and various
cancers (13–22). In acute renal failure, endotoxin-induced
mucosal injury, viral pneumonia, ischemia-reperfusion injury,
and cutaneous photosensitivity to hematoporphyrins, excess
XOR-derived ROS have been demonstrated to cause tissue
injury (15–22). In addition, XOR activity and gene expression
are induced by LPS, cytokines, and hypoxia and during ische-
mia/reperfusion (23–27). Studies also indicate that dysregula-
tion of XORmay be associated with heart failure, hypertension,
and abnormal fat metabolism (11, 28).
ROS are known to attack DNA bases or deoxyribose residues

to causeDNAdamage or geneticmutations and in so doing play
important roles in the development of cancer (29, 30). Previous
studies demonstrate that XOR-derived ROS contribute to the
increased cancer risk associated with oxidative stress (31, 32).
As an example, XOR is involved in metabolism of alcohol and
has been linked to the increased breast cancer risk in alcoholics.
XOR-derived ROS may also contribute to the breast cancer
caused by the prolonged exposure to environmental carcino-
gens (31–35). Recent studies show increased XOR activity in
subjects with non-small cell lung cancer (36, 37).
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Incontrast,UAasa scavengerofROSandapotent ironchelator
(38–41) is amajor antioxidant inplasma (38, 39, 42) and epithelial
secretions (43). The high concentrations, however, predispose to
hyperuricemiaandcrystallinedeposition, thehistopathologichall-
mark of gout (44). Recent studies demonstrate that UA released
from dying cells acts as a novel endogenous danger signal to alert
the immune system by stimulating the maturation of dendritic
cells and responsesofT-cells to foreignantigensandbypromoting
tumor rejection (45, 46).
In view of the pathophysiologic importance of XOR-derived

ROS and UA, it is not surprising that XOR activity is restricted
in humans comparedwith rodents, at a level supporting longev-
ity and health, as indicated by the fact that basal XOR activity is
100 times lower in humans than in nonprimate species (47–
49). This suggests that XOR activity in humans must be con-
trolled by uniquemechanisms to preserve its activity for purine
metabolism while minimizing the deleterious effects of XOR-
derived ROS. To date, both post-translational and transcrip-
tional mechanisms have been shown to play important roles in
controlling human XOR (hXOR) activity. For post-transla-
tional mechanisms, loss of molybdenum, phosphorylation, and
associationwith nitric-oxide synthasemay partially account for
the low activity (12, 50, 51). Our laboratory has focused on
transcriptional mechanisms controlling hXOR by characteriz-
ing chromosomal location, genomic organization, and basal
transcription (52–56). The studies demonstrate that the cis ele-
ments located in the hXOR promoter, including an E-box and
TATA-like element, play critical roles in repressing basal pro-
moter activity. A nuclear protein complex containing compo-
nents of DNA-dependent protein kinase (DNA-PK, including
Ku86, Ku70, and DNA-PK catalytic subunit (DNA-PKcs)) that
participates in repair of damaged DNA and phosphorylation of
transcription factors and AREB6-like proteins (proteins
immuno-reactive to AREB6 antibody) interacts with the E-box
of the hXOR promoter (55–59). Importantly, AREB6-like pro-
teins play a key role in repressing XOR transcription by binding
to the E-box (56). In the present study we identify and charac-
terize the role of the “AREB6-like” proteins. The results dem-
onstrate for the first time that hXOR is targeted by tumor sup-
pressors including SAFB1, SAFA, and BRG1 in addition to
DNA-PK. We also demonstrate that SAFB1 directly binds to
the E-box and suppresses hXOR expression. Oncostatin M
(OSM) increases the phosphorylation of SAFB1, which relieves
basal suppression of hXOR expression, resulting in increased
hXOR mRNA expression.

MATERIALS AND METHODS

Cells Culture and OSM Stimulation—PFSK-1, MDA-MB-
231, and BEAS-2B (B2B) cells were used for the studies. They
were obtained from ATCC and cultured according to ATCC
recommendationswith a supplement of 10% fetal bovine serum
and penicillin/streptomycin. B2B cells were stimulated for 18 h
by addingOSM (dissolved inDMSO) to a final concentration of
100 nM in the culture media with the addition of the same vol-
ume of DMSO as a control.
Purification of Nuclear Proteins Binding to the Probe EG—

Nuclear extracts were prepared from cultured PFSK-1 cells as
described previously (55, 60). Protein concentrations of the

extractswere determined spectroscopically usingBio-Rad protein
reagents. For DNA affinity purification the biotin-labeled DNA
probe3�EG(three repeats of probeEG,47bp for each repeat that
contains the E-box, conjunct GTTTC, and Ku86 site) was gener-
ated by PCR amplification (56). The labeled probe was chemically
conjugated to DYNAL streptavidin magnetic beads following the
recommended protocol (DYNAL). The nuclear extracts were first
desalted through a PD-10 column (Amersham Biosciences) and
then purified by anion exchange using a Hi-Trap-Sepharose Q
column following the recommended protocol (Amersham Bio-
sciences). Nuclear proteins were incubated with the 3� EG-con-
jugated DYNAL beads. After three washes of the magnetic beads
with buffer containing scrambled probes to remove the non-spe-
cifically boundproteins, specifically boundproteinswere eluted in
100 �l of ice-cold buffer containing 20 mM Tris, pH 8.0, 1 mM
EDTA, 10% glycerol, 1 mM dithiothreitol, 0.01% (v/v) Triton
X-100, and 0.6 M NaCl. The eluted proteins and the molecular
weightmarkersweremixedwith10�l of 2�Laemmli buffer, then
boiled for 3 min, and while warm directly loaded onto SDS-poly-
acrylamide gels for electrophoresis. The proteins recovered from
the gels were subject to NMR-mass spectrum analysis.
Expression of Recombinant Proteins—Recombinant GST-

Ku86 and GST-Ku70 proteins were expressed in Escherichia
coli using pGEX-2TK-Ku86 and pGEX-2TK-Ku70 vectors
(gifts fromDr. Stephen Jackson, Cambridge,UK). Recombinant
GST-SAFB1 C-terminal (SAFB1C, amino acid residues 400–
916) was expressed in E. coli using a pGEX-2TK-SAFB1C vec-
tor modified from pGEX-2TK-SAFB1 (a gift from Dr. Oester-
reich, Houston, TX). GST-fused AREB6 C-terminal
(AREB6-C) and H-fragment (AREB6-H) were expressed using
vectors modified from pGEX-3X-AREB6 (a gift from Dr.
Kawakami, Kawachi, Japan) as described previously (56, 57).
The recombinant proteins expressed in E. coli were purified
using a GST purification kit (Amersham Biosciences). The
purified proteins were further characterized and compared
with their predicted molecular weights by SDS-polyacrylamide
gel electrophoresis.
Electrophoretic Mobility Shift Assays (EMSA)—EMSA were

employed to study the binding of recombinant SAFB1C, Ku86,
and Ku70 proteins to DNA probes. For EMSA, the DNA probe
EG (wild type) was used as a binding probe, whereas EG, EmG
(mutant E-box) and Kum1 (mutant of the putative Ku86 bind-
ing site) were used as competitors, as described previously (55,
56). For gel-shift assays, 15–30 fmol of labeled binding probes
were incubated for 30 min at room temperature with 200 ng of
recombinant proteins in a 50-�l reaction mixture containing
4% glycerol, 10 mM Tris, pH 7.5, 10 mM NaCl, 0.5 mM dithio-
threitol, 1 mM MgCl2, 0.5 mM EDTA, 0.05% Nonidet P-40, and
25�g of bovine serum albumin plus 3�g of poly[d(I-C)] or poly
[d(A-T)] to reduce nonspecific binding. For competition stud-
ies, the samples were preincubated with unlabeled competitors
for 10 min at room temperature before the addition of the
labeled binding probes. For supershift analysis, incubation of
EMSA reaction mixtures for 15 min at room temperature was
followed by the addition of specific or irrelevant antibodies and
incubation for an additional 30 min at room temperature. The
reaction samples were electrophoresed and then transferred to
nylon membranes by electroblotting. The oligonucleotides
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were fixed onto the membranes by baking at 100 °C for 30 min.
The chemiluminescent signals were detected after using the
DIG Gel Shift kit (Roche Applied Science) protocol.
Silencing the SAFB1 and DNA-PKcs Expression—To study

the effect of silencing SAFB1 on hXOR expression in basal con-
ditions, a pDS vector containing a cytomegalovirus promoter to
express green fluorescent protein for fluorescent-activated cell
sorting analysis and aU6 promoter for expression of siRNAwas
constructed by modifying vectors pcDNA3.1 (Invitrogen) and
pU6 (Ambion). For preparation of DNA constructs (pDS-
SAFB1) for SAFB1 silencing, synthesized oligonucleotides for
RNA interference (siRNA) targeting SAFB1 were cloned into a
pDS vector. The transfection of pDS-SAFB1 plasmids into
MDA-MB-231 cells was performed using a Lipofectin Plus kit
(Invitrogen) following the supplier’s protocol. At 72 h after
transfection, the cells were sorted using fluorescent-activated
cell sorting. The silencing of SAFB1 expression in the sorted cells
was confirmed using reverse transcription-PCR analysis. Cells
transfectedwith the pDS plasmid (2�g/well) containing insertion
of nonspecific siRNAwere used as a control.
To study the effects of silencing SAFB1 and DNA-PKcs on

OSM-induced hXOR expression, double-stranded, chemically
synthesized oligonucleotide mixtures (1 �M/well) for silencing
SAFB1 or DNA-PKcs, purchased from Dharmacon, were used
with relevant nonspecific oligonucleotide mixtures as controls
(microarray-confirmed by the supplier). The transfections
were performed in B2B cells using DharmaFECT� siRNA
transfection reagents following the supplier’s protocol.
Measurement of hXOR, SAFB1, and DNA-PKcs Transcripts—

Todetermine the transcript levels, total RNAwas isolated from
cells using RNAgents Total RNA Isolation System (Promega)
following the supplier’s protocol and used for reverse transcrip-
tion. For semiquantitative PCR analysis, the primers for ampli-
fication of XOR transcripts were described previously (55).
The primer pairs 5�-TGACGGGGTCACCCACACTGTGC-
CCATCTA (forward) and 5�-CTAGAAGCATTTGCGGTG-
GACGATGGAGGG (reverse) were used for amplification of
�-actin transcripts (691 bp) and 5�-AATGGCGGAGACTCT-
GTCAG (forward) and 5�-CATCCCTCTTAAGGTTTGTAGA
(reverse) for SAFB1 transcripts (1550 bp). The PCR conditions for
amplification of XOR, SAFB1, and �-actin transcripts were the
same as those for XOR (55) except that 30 cycles were used for
amplification of �-actin. The PCR products were confirmed by
sequencing analysis and electrophoresed on agarose gel. After
ethidiumbromide staining, thegelwas imagedandsubject toband
density analysis. The �-actin density was used to standardize the
levels of XOR and SAFB1 transcripts.
In addition, the real-time PCRwas performed to quantify the

expression of XOR, SAFB1, DNA-PKcs, and�-actin using Taq-
Man Gene Expression assay kits (Applied Biosystems) following
the supplier’s protocol. The assay kits were Hs99999903_m1 for
�-actin,Hs0016–1495_m1 for SAFB1,Hs01071747_m1 forXOR,
and Hs00179161 for DNA-PKcs.
Western Blot Analysis and Protein Dephosphorylation—

Western blot analysis of nuclear extracts was performed using an
ECLkit (AmershamBiosciences) following thesupplier’sprotocol.
Except for SAFB1 (Upstate Biotechnology), all antibodies (Ku86,
Ku70, DNA-PKcs, and BRG1) were purchased from Santa Cruz

Biotechnology and used in a dilution range from 1:1000 to 1:3000.
For determination of phosphorylated and nonphosphorylated
SAFB1, the sampleswere treatedwith calf intestinal alkaline phos-
phatase (1 unit/sample) before the analysis.
GST Pulldown Assays and Immunoprecipitation—For GST

pulldown, GST recombinant proteins were conjugated to glu-
tathione-Sepharose beads (GE Healthcare). The conjugated
beads were incubated with nuclear extracts at 4 °C for 2 h in a
total volume of 400 �l of binding buffer (25mMHEPES, pH 7.5,
10% glycerol, 150 mM NaCl, and 0.2 mM EDTA) containing
0.05% Triton X-100. After extensive washing with binding
buffer, the beads were suspended in sample buffer for SDS-
PAGE. Immunoprecipitation was performed using Ku86,
SAFB1, or irrelevant (vimentin, Santa Cruz Biotechnology)
antibodies following the protocol described in Bonifacino et al.
(61). The precipitates were analyzed by immunoblotting as
described above.
Chromatin Immunoprecipitation (ChIP) Assay—Approxi-

mately 2�108 PFSK-1 cellswere collected forChIP assays.Native
protein-DNA complexes were cross-linked by formaldehyde
treatment (1%) for 15 min. For ChIP assays, isolated chromatin
was sonicated with 4–8 pulses for 15–20 s each using a Cole
Parmer Ultrasonic Homogenizer 4710 with an output control set
at 2.5. Equal aliquots of sonicated chromatinwere used for immu-
noprecipitation with rabbit anti-DNA PKcs (Santa Cruz), Ku70
(Santa Cruz), Ku86 (Santa Cruz), or SAFB1 (Beth Lab) antibodies
or rabbit IgG (negative control, Santa Cruz). The DNA fragments
associated with immunoprecipitates were isolated and subject to
PCR amplification with primers specific to the hXOR promoter
sequences flanking the E-box/TATA-like element (forward,
5�-ACAGTCGCCTAGTGCCAAGTC; reverse, 5�-CGAACTC-
CAGGTACCTCACTC). 5 �g of each antibody were used for
immunoprecipitation.
Statistical Studies—All experiments were repeated at least

three times independently. Data are presented as the mean �
S.E.; statistical significancewas determined by Student’s t test. p
values �0.05 were considered significant.

RESULTS

DNA Affinity Purification and Sequence Analysis of Eluted
Nuclear Proteins Binding to Probe EG—Our previous studies
demonstrated that components (Ku86, Ku70, and DNA-PKcs)
of the DNA-PK complex and proteins immunoreactive to anti-
AREB6 antibodies (AREB6-like proteins) bind to the hXOR
promoter region containing the E-box and putative Ku86 sites
(probe EG) (55). In the present investigation we further charac-
terized the AREB6-like proteins from PFSK-1 nuclear extracts.
Nuclear proteins binding to DNA probes containing three
repeats of probe EG (probe 3� EG) conjugated to the DYNAL
magnetic beads were eluted and separated by electrophoresis
on a 10% polyacrylamide gel. Coomassie staining demonstrated
that in addition to three known proteins, DNA-PKcs (350 kDa),
Ku86 (86 kDa), and Ku70 (70 kDa), there were three unknown
proteins with masses around 200, 150, and 120 kDa (Fig. 1).
These unknowns were eluted and digested with trypsin to gen-
erate peptide fragments for sequencing. NMR-mass spectrum
analysis of the peptides identified the unknown proteins as
SAFA, SAFB1, and BRG1, as indicated in Fig. 1. The 120-kDa
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protein, SAFA, is consistent with its reported size (62). The
150-kDa protein is SAFB1, which has an aberrant migration on
SDS-PAGE (apparent sizes 130�150 kDa), although its calcu-
lated size is around 100 kDa (63). The 200 -Da protein is BRG1
(�205 kDa) (64).
Proteins Immunoreactive to SAFB1 andBRG1Antibodies Are

Present in the Eluted Proteins and SAFB1 Is the AREB6-like
Protein—To further confirm the NMR results, we used West-
ern blotting to examine for the presence of the intact proteins in
eluted nuclear extracts. These experiments demonstrated that
proteins immunoreactive to SAFB1 and BRG1 antibodies were
indeed present in the PFSK-1-eluted proteins (Fig. 2A) and in
nuclear extracts from other cell types including B2B andMDA-
MB-231 cells (data not shown). The presence of SAFA in the
eluted nuclear proteins was not examined because a specific
antibody is not currently available.
We previously reported the presence of AREB6-like proteins

in the complex binding to the E-box/Ku86 region. However,
NMR-mass spectrum analysis demonstrated no AREB6 in the
eluted extracts, suggesting that SAFB1 and/or BRG1 are the
AREB6-like proteins identified due to the cross-immunoreac-
tivity between the proteins. Sequence analysis indicated that
AREB6-C contains three zinc finger domains with the highest
homology (60%) to the central region of SAFB1 that has anRNA
recognitionmotif, possibly causing the cross-immunoreactivity
of SAFB1 with AREB6-C antibody. As shown in Fig. 2A,
AREB6-C antiserum detected a protein with a size similar to
SAFB1 in the eluted proteins, suggesting that SAFB1 reacts
with AREB6-C antibodies. This finding was further supported
by results (Fig. 2B) showing that the detection of SAFB1 was
blocked by preabsorption of SAFB1 antibodies with AREB6-C
but not with AREB6-H peptides.
The Loss of SAFB1 Function Increases hXORmRNA Expression—

To study the functional role of SAFB1 in repressing basal hXOR
expression, we next determined the effect of silencing SAFB1 on

hXOR mRNA expression. In these experiments transfected MDA-
MB-231 cells were sorted using fluorescent-activated cell sorting. In
Fig. 3Awedemonstrate that SAFB1 transcript expressionwas signif-
icantly lower incells transfectedwithpTDS-SAFB1siRNAcompared
with that in control cells transfected with pTDS-nonspecific siRNA,
indicating that the SAFB1-targeted siRNA silenced SAFB1 expres-
sion. The silencing effect on SAFB1 protein levels was shown in Fig.
8B. The effect of silencing SAFB1 on hXOR expression was deter-
mined using reverse transcription-PCR. Fig. 3B shows that hXOR

FIGURE 1. Magnetic DNA affinity purification of nuclear proteins binding
to probe 3� EG. The PFSK-1 nuclear proteins binding to the probe were
eluted after purification with probe 3� EG-conjugated DYNAL magnetic
beads and analyzed by electrophoresis. Six bands with sizes of around 350,
200, 150, 120, 86, and 70 kDa were observed.

FIGURE 2. A, detection of the eluted proteins from probe 3� EG-conjugated
DYNAL magnetic beads using AREB6-C, SAFB1, and BRG1 antibodies.
B, detection of SAFB1 was blocked by preabsorption of SAFB1 antibodies with
AREB6-C extracts but not AREB6-H.

FIGURE 3. A, a representative image showing that SAFB1 expression is inhib-
ited by SAFB1-targeted siRNA (SAFB1 siRNA) but not by the nonspecific siRNA
(control). In addition, the expression of hXOR transcripts was greater in the
cells with the silenced SAFB1 expression than that in the control cells. B, sta-
tistical results of three independent experiments (n � 3 for each experiment).
*, indicates p � 0.05.
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mRNA levels were substantially higher in cells with the silenced
SAFB1 expression comparedwith those in the control cells.
SAFB1 Binds to the hXOR Promoter—Previous studies indi-

cated binding of AREB-6-like proteins to the E-box (56). There-
fore,we surmised that SAFB1 could bind to the E-box. To assess
this possibility, we determined the ability of recombinant
SAFB1C to bind to the hXOR promoter. The binding specificity

to the E-box was analyzed using
DNA competitors. As shown in Fig.
4A, SAFB1C bound to the hXOR
promoter (lane 4). The binding was
competed by either wild-type (lane
6) or mutant Ku86 binding site
competitors (lane 7). The competi-
tor with a mutant E-box was unable
to compete for the binding (lane 5).
Moreover, supershift analysis (Fig.
4B) showed that the binding was
blocked by SAFB1 antibodies but
not by �-actin antibodies. Collec-
tively, the results indicate that
SAFB1 binds to the E-box.
Ku86 Alone Does Not Bind to the

hXOR Promoter Containing the
E-box/Ku86 Site—Our previous
studies demonstrated a repressive
effect of Ku86 on hXOR expression
and its presence in the nuclear com-
plex binding to the E-box/Ku86
region (55, 56). However, it still is
not known whether the function of
Ku86 is related to its direct binding
to the putativeKu86 site. To address
this issue, we assessed the ability of
Ku86 to bind to the putative Ku86
site. As shown in Fig. 4A, neither
Ku86 norKu70 binds to the putative
Ku86 site (lanes 2 and 3). The results

indicate that the direct binding of Ku86 to the promoter by
itself likely does not occur.
Ku86 Interacts with SAFB1 in Vitro—Our previous studies

demonstrated protein-protein interactions between Ku86 and
AREB6-like proteins (56). Therefore, if SAFB1 represents the
AREB6-like protein, interactions between Ku86 and SAFB1
should be observed. To test this possibility we used recombi-
nant Ku86 and SAFB1C for in vitro pulldown analyses. As
shown in Fig. 5, SAFB1 in the nuclear extracts was pulled down
by GST-Ku86 proteins. In addition, Ku86 was pulled down by
GST-SAFB1. These results confirm interactions between Ku86
and SAF-B1.
NuclearSAFB1,Ku86, andBRG1AreCoimmunoprecipitated—

To examine whether protein-protein interactions are present in
vivo, we performed coimmunoprecipitation analyses using Ku86
and SAFB1 antibodies. The GST antibodies were used as nonspe-
cific antibody controls. Fig. 6A shows the presence of SAFB1 and
BRG1 in thecoimmunoprecipitateswithKu86antibodies, indicat-
ing interactions between Ku86, SAFB1, and BRG1 in vivo. More-
over, Ku86 and BRG1 coimmunoprecipitated with SAFB1 (Fig.
6B). The results establish the interaction between SAFB1, Ku86,
and BGR1.
SAFB1, DNA-PKcs, Ku86, and Ku70 Are Associated with the

hXOR Promoter in Chromatin—To determine whether the
protein complex binds to the hXOR promoter in a chromatin
environment, ChIP assays were performed in PFSK-1 cells.
Cross-linked chromatin was immunoprecipitated with various

FIGURE 4. SAFB1C binds to the E-box. A, EMSA were performed using recombinant SAFB1C proteins. Probe
EG contains both E-box and putative Ku86 sites. Binding to the E-box is indicated by an arrow and was specif-
ically competed by the unlabeled probes EG (lane 6) or Kum1 (probe with mutant Ku86 site, lane 7), whereas the
mutations of the E-box (probe EmG, lane 5) lost the ability to specifically compete. In comparison, Ku86 (lane 3)
and Ku70 (lane 2) did not bind to the probe EG. B, lane 4 shows binding of SAFB1C to probe EG, as indicated by
an arrow. The binding was blocked by SAFB1 antibodies (lanes 2) but not by nonspecific antibodies (lane 3).

FIGURE 5. Representative immunoblots showing pulldown analysis of
protein-protein interaction between SAFB1 and Ku86 proteins.
A, nuclear proteins immunoreactive to SAFB1 antibodies, as indicated by an
arrow, were pulled down by GST-Ku86 proteins. B, nuclear proteins immuno-
reactive to Ku86 antibodies, as indicated by an arrow, were pulled down by
GST-SAFB1C proteins. Map2 and GST were used as negative controls.
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rabbit antibodies or with rabbit IgG as a negative control, and
PCR was used to amplify a 286-bp fragment of the hXOR pro-
moter (�306 to �20). The data show that DNA-PKcs, Ku70,
Ku86, and SAFB1 bind to the promoter (Fig. 7). Binding of
BRG1 to the promoter was not observed (data not shown).
These results demonstrate that the protein complex is associ-
ated with the hXOR promoter.
SAFB1 Mediates the OSM-induced XOR mRNA Expression—

Previous studies have shown that XOR mRNA expression is
stimulated by tumor necrosis factor, interferon-�, interleukin-6
and -1 in bovine epithelial cells (24). In the present investigation
we sought to determine whether cytokine stimulation of
hXOR expression was due to a loss of SAFB1-controlled
basal repression. To test this possibility, we first examined
the effects of OSM, a member of interleukin-6 family, on
hXOR expression in human lung epithelial cells (B2B). The
results using real-time quantitative PCR analysis show that
OSM induced hXOR expression 3-fold (3.05 � 0.44, n � 3)
compared with the control. We then determined whether
SAFB1 mediates OSM-induced hXOR mRNA expression by
examining the effect of OSM on hXOR mRNA expression in
B2B cells with SAFB1 expression silenced by chemically syn-
thesized siRNAs. The results demonstrate that the siRNAs
reduced the SAFB1 mRNA expression by 85 � 1% (n � 3) in

comparison with the control mixture. In B2B cells with
silenced SAFB1 expression, OSM only moderately increased
the hXOR mRNA expression (1.52 � 0.47-fold, n � 3). This
indicates that silencing the SAFB1 expression attenuates the
OSM-induced hXOR expression, suggesting that SAFB1
mediates the OSM-induced hXOR mRNA expression.
OSM Stimulates Phosphorylation of SAFB1—Many tumor

suppressors are regulated by phosphorylation. Therefore, it is
possible that phosphorylation of SAFB1 mediates the OSM-
induced hXOR expression. We examined this possibility by
determining the effects of OSM on SAFB1 phosphorylation. As
shown in Fig. 8, SAFB1 has both phosphorylated (P) and non-
phosphorylated (non-P) forms, which was confirmed by calf
intestinal alkaline phosphatase treatment and SAFB1 silencing.
NMR analysis showed that the phosphorylation occurs at the
serine residue of SAFB1 at amino acid residue 604 (data not
shown). Fig. 8A demonstrates that OSM increased the phos-
phorylation of SAFB1. In addition, we found that the SAFB1
expression was not induced by OSM (data now shown). The
results support the possibility that OSM induces hXOR expres-
sion by stimulating phosphorylation of SAFB1, resulting in a
release of its basal repression of hXOR transcription.
Role of DNA-PKcs in OSM-induced hXORmRNAExpression—

To investigate whether DNA-PKcs is involved in OSM-induced
hXORmRNAexpression, we studied the effect of silencingDNA-
PKcs on hXOR in the B2B cells with orwithoutOSMstimulation.
First, we determined the silencing efficacy of the siRNA targeting
to the DNA-PKcs with a nonspecific siRNAmixture as a control.
The quantitative real-time PCR analysis showed that the siRNA
inhibits DNA-PKcs mRNA expression �5-fold (4.92 � 1.04, n �
5) compared with the control (p� 0.01). Moreover, this silencing
reduced basal hXOR mRNA expression by �17% (0.87 � 0.23-
fold, n � 4) compared with the control (1.04 � 0.17-fold, n � 4,
p � 0.01). Importantly, under the silencing conditions, OSMwas
unable to induce hXOR mRNA (1.03 � 0.08-fold, n � 4) com-
pared with the control (0.96 � 0.10-fold, n � 4). These results
indicate that DNA-PKcs contributes to the regulation of hXOR
expression particularly after OSM stimulation.

DISCUSSION

hXORIsaNewlyIdentifiedGeneTargetedbyTumorSuppressors—
OurpreviousstudiesdemonstratethathXOR is transcriptionallysup-
pressed in basal conditions. A promoter region containing an E-box
and a putative Ku86 site (E-box/Ku86) plays a key role in the basal

FIGURE 6. Coimmunoprecipitation analysis of SAFB1, Ku86, and BRG1.
A, nuclear proteins immunoreactive to SAFB1 and BRG1 antibodies, as indi-
cated by the arrows, were present in the coimmunoprecipitates with Ku86
antibodies. B, nuclear proteins immunoreactive to Ku86 and BRG1 antibodies,
as indicated by the arrows, were present in the coimmunoprecipitates with
SAFB1 antibodies. GST was used as a negative control. SAFB1, Ku86, and BRG1
in the nuclear extracts (NE) were used as the positive controls.

FIGURE 7. Two independent representative ChIP assays of DNA-PKcs,
Ku70, Ku86, and SAFB1 interactions with hXOR promoter in PFSK-1 cells.
Bands are the PCR products (a 286-bp fragment of the hXOR promoter). A and
B are images showing two independent results. In A each antibody essay was
performed in triplicate (1–3, 4 – 6, 7–9, 10 –12), whereas in B each was per-
formed in duplicate (1 and 2, 3 and 4, 5 and 6, 7 and 8, 9 and 10).

FIGURE 8. Western blot images demonstrating that the phosphorylation
of SAFB1 is up-regulated by OSM. A, the representative images showing
that OSM (100 nM) increased the phosphorylated SAFB1 (P) that was dephos-
phorylated by calf intestinal alkaline phosphatase (CIAP) treatment but not
the non-phosphorylated CIAP (non-P). B, the representative images showing
that phosphorylated and nonphosphorylated SAFB1 were reduced by
SAFB1-silencing (siRNA) but not by the nonspecific silencing (control). �-Ac-
tin was detected as a loading control.
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repression. A protein cluster binding to the region includes three
components (Ku86, Ku70, and DNA-PKcs) of the DNA-PK and
AREB6-like proteins that share immunogenicity with the repressive
transcriptional factor, AREB6 (55, 56). In the present study we dem-
onstrate that a complex of six proteins (350, 200, 150, 120, 86, and 70
kDa) binds to the E-box/Ku86 region.NMR-mass spectrumanalysis
showedthat inadditiontothepreviously identifiedDNA-PKcs,Ku86
and Ku70, the tumor suppressors SAFB1, BRG1, and SAFA bind to
the E-box/Ku86 region.Western blot analysis further demonstrated
thepresenceofSAFB1andBRG1innuclearextracts fromvariouscell
types (data not shown) in addition to their presence in the eluted
nuclear proteins. The absence of AREB6 in the eluted proteins sug-
gestedthatSAFB1,SAFA,orBRG1might interactwiththeAREB6-C
antibodies that were used in our previous study to characterize the
components in the protein cluster. This possibilitywas confirmedby
the results demonstrating that SAFB1andAREB6-Cantibodies both
recognizeproteinswithasimilar sizeandthat thedetectionofSAFB1
was blocked by preabsorption of SAFB1 antibodies with AREB6-C
extracts.More importantly,ChIPanalysis furthersupportedthepres-
ence of the tumor suppressor SAFB1 in the nuclear protein complex
associatedwith hXORpromoter in the chromatin environment.
Tumor suppressors play crucial roles in determining suscep-

tibility to cancers by regulating the expression of their target
genes. Understanding the function and mechanisms of tumor
suppressor-controlled gene expression is important for improving
strategies for cancer prevention, diagnosis, and treatment. SAFB1
and BRG1 are recently identified scaffold proteins acting as com-
ponents of chromatin.Mutation of SAFB1 or BRG1occurs in var-
ious tumors, including breast and lung cancers (65, 66). However,
the downstream genes targeted by these proteins are unknown.
Our results for the first time indicate that hXOR is a gene targeted
by the tumor suppressors, SAFB1 and BRG1.
Tumor suppressors generally function as repressive tran-

scriptional factors limiting the expression of targeted or down-
stream genes including various oncogenes (such as Ras,
C-MYC, and RET genes) that encode mediators of signaling
pathways important for controlling cell growth, proliferation,
and apoptosis (67–70). Amutation of a tumor suppressor leads
to the activation of oncogenes, thereby causing neoplasia. A
series of genetic alterations that can be either hereditary or
caused by various environmental factors result in the inactiva-
tion of tumor suppressor genes and susceptibility to cancer
(71–75). The present investigation provides a new paradigm
supporting the possibility that genetic alterations of tumor sup-
pressors increases the susceptibility to cancer by releasing the
repression on ROS producers such as XOR. This is consistent
with our unpublished observation showing that in a subpopu-
lation of liver and breast cancers, XOR expression is markedly
increased when compared with normal liver or breast tissues.
Repressive Effect of SAFB1 onhXORExpression and ItsMolec-

ular Basis—Previous studies have demonstrated that mutation
of the E-box significantly increases hXORpromoter activity and
that AREB6-like proteins bind to the E-box, suggesting that
these proteins may repress hXOR expression (55). Therefore,
we expected that SAFB1, as an AREB6-like protein, might
repressively control hXOR expression. This prediction was
confirmed in the present investigation by the results demon-
strating that silencing SAFB1 expression significantly increases

hXOR expression.We next demonstrated that SAFB1C specif-
ically binds to the E-box. The findings lead us to conclude that
SAFB1 represses hXOR expression by directly binding to the
E-box of the gene.
In addition to the results demonstrating that the E-box is a

critical cis element in controlling hXOR, our previous study
demonstrated that a functional loss of Ku86 enhanced hXOR
promoter activity andmRNA expression, suggesting that Ku86
contributes to the repressive regulation of hXOR.Moreover, we
observed that mutation of the Ku86 binding site does not sig-
nificantly alter hXOR promoter activity (55, 56). These results
indicate that the repressive function of Ku86 in controlling
hXOR expression may be accounted for by its interactions with
other components of the protein cluster binding to the E-box.
Alternatively, its interaction with the putative Ku86 site on the
promoter may require the presence of other protein compo-
nents (e.g. SAFB1). This possibility is supported by two findings.
1) Ku86 did not directly bind to the putative Ku86 site by itself.
However, our preliminary results indicate that in the presence
of SAFB1, Ku86 binds to the promoter (data not shown). 2)
SAFB1, Ku86, and BRG1 associate as a protein complex in vitro
and in vivo.

Combining the results of our previous and current studies,
we have identified the proteins binding to the E-box/Ku86
region of hXOR, including all three components of DNA-PK
and three tumor suppressors, SAFA, SAFB1, and BRG1. Based
on the findings, a modified workingmodel is presented to illus-
trate the function of these proteins and related cis elements in
the regulation of hXOR expression by the E-box region of the
promoter (Fig. 9). In themodel the transcription factors include
DNA-PK, identified tumor suppressors, co-repressors, TFIID,
and other unknown proteins. Among the proteins, SAFB1
directly binds to the E-box andmay function as a core protein in
repressing hXOR, as supported by the result showing that the
silencing of SAFB1 expression elicits a significant increase of
hXOR mRNA levels. Other components within the protein

FIGURE 9. A model illustrating the molecular basis for regulation of the
hXOR promoter. In this model SAFB1 binds to the consensus E-box (ACAG-
GTG) and restricts hXOR promoter activity and interacts with other co-repres-
sors, such as Ku86, SAFA, and BRG1. Ku86 is associated with Ku70 and DNA-
PKcs. Based on EMSA, other unknown transcription factors that may be
involved in the regulation of hXOR are labeled with capital letters (A–C).
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cluster such as Ku86 and BRG1 control hXOR expression by
acting as partners via interaction with the key component,
SAFB1. This model for the protein complex binding to the
hXOR promoter in chromatin environment is supported by the
ChIP assay results.
SAFB1Mediates the Stimulation of XOR Expression by OSM—

The induction of XOR mRNA expression by cytokines has been
demonstrated previously (24). However, the molecular basis for
this induction is not known. Based on the model, in the present
investigation we determined the effect of OSM on hXORmRNA
expression and SAFB1. The results show that OSM increases
phosphorylated SAFB1 but does not affect the overall SAFB1
expression level. Inaddition, theeffectofOSMonXORexpression
was weaker than that of SAFB1 silencing. These results suggest
that SAFB1 silencing and OSM affect XOR expression through
different mechanisms. The effect of SAFB1 knockdown observed
under basal conditions reflects the repressive effect of SAFB1 on
XOR expression, whereas the effect of OSM is likely attributed to
its induction of SAFB1 phosphorylation and not the repression of
SAFB1 expression. The results also indicate that phosphorylation
of SAFB1 plays an important role in mediating the induction of
XOR mRNA expression in response to OSM stimulation. This is
supported by the results showing that silencing the kinase DNA-
PKcs significantly reduces the SAFB1-mediated increase of hXOR
expression in response to OSM induction, which suggests that
DNA-PKcs has a central role inOSM-inducedphosphorylation of
SAFB1. Our scenario is consistent with previous results showing
that DNA-PKcs acts as a regulator of gene transcription by phos-
phorylation of transcription factors in addition to its well known
roles in DNA repair and that DNA-PK associating with tumor
suppressors inaclustermayregulate theactivityof thesuppressors
via DNA-PKcs-modulated phosphorylation (76–81). Therefore,
the most attractive possibility is that DNA-PKcs, present with
SAFB1 in the nuclear complex, regulates the phosphorylation of
SAFB1. This in turn affects the interaction of SAFB1 with protein
partners and/or binding to the DNA.
In summary, the present study for the first time demon-

strates that hXOR is a gene targeted by tumor suppressors. The
concept that a gene encoding an enzyme that catalyzes purine
metabolism is a target of tumor suppressors is novel and sug-
gests a new pathway by which tumor suppressors control cell
growth. Both ROS and UA have been implicated in tumorigen-
esis (31–37, 46). Equally important, mutations of SAFB1 and
BRG1 have been reported in various tumors, including breast
and lung cancers. Our results provide a molecular basis for fur-
ther studying the role of hXOR in SAFB1 and BRG1 mutation-
associated cancers and the importance of phosphorylation of
tumor suppressors in hXOR-associated diseases including
carcinogenesis.
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