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Background: The POK proteins play roles in the regulation of the cell cycle, oncogenesis, and tumor suppression. A novel

POK protein, BOZF1, is overexpressed in cancer.

Results: BOZF1 represses transcription of CDKNIA by inhibition of p53 acetylation and Sp1 binding.
Conclusion: BOZF1 stimulates cell proliferation by repressing p21 expression.
Significance: BOZF1 is a negative regulator of tumor suppressors p53 and p21.

The human POZ domain and Kriippel-like zinc finger (POK)
family proteins play important roles in the regulation of apopto-
sis, cell proliferation, differentiation, development, oncogene-
sis, and tumor suppression. A novel POK family transcription
factor, BTB/POZ and zinc finger domains factor on chromo-
some 1 (BOZF-1; also called ZBTB8A), contains a POZ domain
and two C,H,-type Kriippel-like zinc fingers and is localized at
nuclear speckles. Compared with paired normal tissues, BOZF1
expression is increased in cancer tissues of the prostate, breast,
and cervix. BOZF1 repressed the transcription of p21 WAF/
CDKN1A by acting on the proximal promoter concentrated with
Spl-binding GC boxes. BOZF1 competed with Sp1 in binding to
GC boxes 1-5/6 of the CDKN1A proximal promoter. In addi-
tion, BOZF1 interacted with p53 and decreased the acetylation
of p53 by p300, which reduced the DNA binding activity of p53
at the far distal p53-binding element. BOZF1 blocked the two
major molecular events that are important in both constitutive
and inducible transcription activation of CDKNIA. BOZF1 is
unique in that it bound to all the proximal GC boxes to repress
transcription, and it inhibited p53 acetylation without affecting
p53 stability. BOZF1 might be a novel proto-oncoprotein that
stimulates cell proliferation.

The POZ? domain and Kriippel-like zinc finger (POK) pro-
teins play critical roles in apoptosis, cell differentiation, cell
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cycle regulation, development, tumor suppression, and onco-
genesis (1, 2). The POK transcription factors that have been
relatively well characterized include BCL6 (3, 4), promyelocytic
leukemia zinc finger (5, 6), leukemia/lymphoma-related factor/
FBI-1 (7-9), hypermethylated in cancer 1 (10, 11), and Myc-
interacting zinc finger 1 (MIZ-1) (12-14). Some of the novel
POK proteins have been reported as transcription regulators of
the genes that control the cell cycle. BCL6 interacts with MIZ-1
to repress CDKN1A transcription and increases cell cycle pro-
gression in germinal center B cells (14). Promyelocytic leuke-
mia zinc finger is a negative regulator of cell cycle progression
and suppresses cell growth through the expression of cyclin
A (15). The proto-oncogene FBI-1 (also called Pokemon;
ZBTB7A) is a specific transcription repressor of human
CDKNZ2A, which encodes tumor suppressor alternate reading
frame (ARF) and CDKNIA (9, 16). ZBTB4 suppresses cell cycle
arrest through the regulation of p21 expression (17).

Under DNA damaging conditions, progression of the cell
cycle can be controlled by the genes of the p53 pathway (ARF-
Mdm?2-TP53-CDKN1A) (18, 19). DNA damaging signals
induce p53 expression, which serves as the “guardian of the
genome” through the induction of cell cycle arrest and/or apo-
ptosis depending on the DNA damage level. As a tumor sup-
pressor, p53 protects the cell from DNA damage, abnormal cell
proliferation, angiogenesis, and the loss of survival factors. The
inactivation or loss of function of p53 could lead to oncogenesis
(20, 21).

P53 controls the expression of a number of downstream tar-
get genes to determine cell fate, and depending on the post-
translational modification of p53, a particular subset of genes is
expressed to perform specific functions related to cell fate (22,

factor on chromosome 1; MIZ-1, Myc-interacting zinc finger 1; ARF, alter-
nate reading frame; CDK, cyclin-dependent kinase; PCAF, p300/CBP-asso-
ciated factor; ATM, ataxia telangiectasia mutated; ATR, ATM and Rad3-re-
lated; C/EBP, CCAAT/enhancer-binding protein; qPCR, quantitative PCR;
qChlP, quantitative ChIP; p53RE, p53 response element; CDKN1A, cyclin-
dependent kinase inhibitor 1A.
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23). One of the important regulators of the cell cycle and a
downstream target of p53 is CDKN1A, which encodes p21. The
expression of p21 is induced by p53 (24-26). p21 is a potent
cyclin-dependent kinase inhibitor that binds to and inhibits the
activity of cyclin-CDK2 or -CDK4 complexes and thus func-
tions as a negative regulator of cell cycle progression (26 —29).

In addition to inducible p53, Sp1l transcription factor acti-
vates CDKNIA transcription through binding at the six Sp1-
binding elements (GC boxes 1-6) and plays an important role
in the basal expression of p21 (30, 31). The interaction between
p53 bound at the distal p53-binding elements and Sp1 bound at
GC box 3 synergistically activates CDKNIA transcription.
Mutations in GC box 3 greatly affect not only the basal tran-
scription of the CDKNIA promoter but also the synergistic
transcription activation by p53 and Sp1, suggesting the impor-
tance of the element (32).

Stress signals activate various protein kinases (ATM and
ATR) and acetyltransferases (p300, PCAF, and Tip60), which
phosphorylate and acetylate p53, respectively (33-37). The
posttranslational modification of p53 results in the stabilization
and/or activation of p53 in the nucleus. Modified p53 binds to
the DNA elements of target genes and regulates diverse cellular
responses, such as apoptosis, cell cycle arrest, and DNA repair.
For example, the acetylation of p53 at Lys-373 and Lys-382
increases the stability, site-specific DNA binding, and p53 tar-
get gene expression (e.g. CDKNI1A) (38, 39). The PCAF-medi-
ated acetylation of p53 at Lys-320 is induced through DNA
damage and results in the inhibition of apoptosis (40). Deacety-
lases (SIRT1 and histone deacetylases) and ubiquitinases have
also been shown to affect p53 stability (41, 42).

BOZF1 is an uncharacterized member of the POK family
transcription factors. BOZF1 mRNA encodes polypeptides
composed of 441 amino acids and containing a POZ domain at
the N terminus and two Kriippel-like zinc fingers at the C ter-
minus. The gene located at chromosome 1p35.1 is 67 kb in size
and is composed of five exons and four introns. BOZF1 is highly
expressed in cancer tissues of the prostate, breast, cervix, etc.
We found that BOZF1 increased cell proliferation by repressing
CDKNIA expression through a molecular mechanism that
involved the inhibition of p53 and Sp1 activity.

EXPERIMENTAL PROCEDURES

Plasmids, Antibodies, and Reagents—To express BOZF1 pro-
tein with Myc and poly(His) tags, BOZF1 cDNA fragment was
cloned into pcDNA3.1. The pGL2-CDKNI1A-Luc plasmid
series was reported elsewhere (43). pGL2-CDKN1A-Luc-mC/
EBPq, -B, and -mRAR were prepared by site-directed muta-
genesis. Oligonucleotide primers used in mutagenesis are
described in the supplemental table. pGL2-CDKNI1A-Luc-
AGC-boxes was prepared by deleting GC boxes 1-4 of the
proximal promoter. To prepare the recombinant GST-POZ-
BOZF1 and GST-ZF-BOZF1 proteins, cDNA fragments encod-
ing the POZ domain (amino acids 1-92) and zinc fingers
(amino acids 282-333) were cloned into pGEX4T1. All plasmid
constructs were verified by sequencing.

Antibodies against p21, p53, acetyl-p53 (Lys-320), acetyl-p53
(Lys-382), acetyl-lysine, Spl, Myc tag, GAPDH, and His tag
were purchased from Santa Cruz Biotechnology (Santa Cruz,
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CA), Millipore (Billerica, MA), R&D Systems (Minneapolis,
MN), Upstate Biotechnology (Lake Placid, NY), and Cell Sig-
naling Technology (Beverly, MA). The rabbit polyclonal anti-
body against BOZF1 was prepared in our laboratory using
recombinant POZ domain polypeptide (amino acids 1-92) of
BOZF1 as antigen. Most of the chemical reagents were pur-
chased from Sigma.

Cell Cultures and Transcription Analysis—Cells were cul-
tured in the media recommended by ATCC (Manassas, VA).
For the analysis of transcriptional regulation of various
promoters by BOZF1, promoter-reporter fusion plasmids,
pcDNA3.1-BOZF1, or the pcDNA3.1 vector in various combi-
nations were transiently transfected into HEK293 and HCT116
p53*/* cells using Lipofectamine Plus reagent (Invitrogen) and
analyzed for luciferase activity as reported elsewhere (43).

Knockdown of BOZF1 mRNA by siRNA and Quantitative
Real Time PCR Analysis of BOZF1 mRNA—Four siRNA against
BOZF1 mRNA were synthesized in duplicate and purchased from
Bioneer (Daejeon, Korea). Approximately 100 pmol of siRNA was
transfected into HEK293 cells using Lipofectamine 2000 (Invitro-
gen). The siRNA sequences used were: siBOZF1-1, 5'-GCAAGG-
AACAGGUAUAAUA-3';siBOZF1-2,5'-CUUCAAAGCACAU-
CGAAAU-3'; siBOZF1-3, 5'-GAUCCUAUGUGGAGAUUGU-
3'; siBOZF1-4, 5'-UCUAACAGGGCAAGUGGUA-3'.

Total RNA was isolated from the transfected cells using TRI-
zol reagent (Invitrogen). cDNAs were synthesized using 5 ug of
total RNA, oligo(dT) primer, and Superscript reverse transcrip-
tase II (200 units/ul) (Invitrogen). The RT-qPCR was per-
formed using SYBR Green Master Mix (Applied Biosystems,
Foster City, CA). The following oligonucleotide PCR primers
were used for RT-qPCR: BOZF1: forward, 5'-GCGATTCAA-
GTGCCCGTACT-3'; reverse, 5'-CTTGACATGGATAGGG-
CCTTTC-3'; CDKN1A: forward, 5'-AGGGGACAGCAGAG-
GAAG-3'; reverse, 5'-GCGTTTGGAGTGGTAGAAATCTG-
3’; GAPDH: forward, 5'-CCCCTTCATTGACCTCAACTAC-
3’; reverse, 5'-TCTCGCTCCTGGAAGATGG-3'. To analyze
BOZF1 mRNA expression in a C57BL/6N mouse, total RNA
was isolated from various mouse tissues, and RT-PCR was car-
ried out using the following oligonucleotide primer sets:
murine BOZF1: forward, 5'-CCTCCTGCAGCAACTGAA-
TGA-3'; reverse, 5'-CACGAGAATACTGCAGTCACAAAAC-
3’; murine CDKN1A: forward, 5'-CATTCCCTGCCTGGTTC-
CTT-3'; reverse, 5'-CCTGTTCTAGGCTGTGACTGCTT-3';
murine GAPDH: forward, 5'-CCCCTTCATTGACCTCAAC-
TAC-3'; reverse, 5'-TCTCGCTCCTGGAAGATGG-3".

Western Blot Analysis and Co-immunoprecipitation Assays—
Western blot analyses and co-immunoprecipitation were per-
formed as reported elsewhere (16). The blotted PVDF mem-
branes were incubated with antibodies against the His tag,
GAPDH, p21, p53, Spl, Myc tag, and BOZF1. The membranes
were further incubated with anti-mouse or -rabbit secondary
antibodies conjugated with HRP (Vector Laboratories, Burlin-
game, CA). The protein bands were visualized using ECL solu-
tion (PerkinElmer Life Sciences).

For co-immunoprecipitation assays, the HEK293 cell lysate
was precleared, and the supernatant was incubated with anti-
bodies at 4 °C overnight and further incubated with protein
A/G-agarose beads for 4 h at room temperature. Beads were

VOLUME 288+NUMBER 10-MARCH 8, 2013



BOZF1, a Transcription Repressor of p2 TWAF/CDKN1A

washed and resuspended in 5X SDS loading buffer. Immuno-
precipitated proteins were separated by 10 or 12% SDS-PAGE
and analyzed for interacting proteins by following a standard
Western protocol.

Immunocytochemistry—HEK293 cells transfected with
pcDNA3.1-BOZF1 were cultured in 6-well culture dishes over-
laid with slide coverglasses. The cells were washed, fixed with
cold methanol/formaldehyde (99:1), permeabilized with 0.2%
Triton X-100, blocked with horse serum, and incubated with
mouse anti-His primary antibody for 1 h at room temperature.
After washing, the cells were further incubated with FITC-con-
jugated anti-mouse secondary antibody. Finally, the cells were
soaked with solution containing 4,6-diamidino-2-phenylindole
(1 mg/ml), washed, and mounted. The cells were examined
with a Carl Zeiss LSM 510 confocal laser-scanning microscope
(Carl Zeiss, Germany).

Quantitative Chromatin Immunoprecipitation (ChIP)-qPCR
Assays—The molecular interaction between the transcription
factors (BOZF1, p53, and Sp1) and the DNA elements of the
CDKNIA promoter and histone modification around the prox-
imal promoter in HEK293 cells were analyzed using a standard
qChIP assay protocol as described elsewhere (44, 45).

The quantitative PCR analysis of chromatin immunoprecipi-
tated DNA was performed using the following oligonucleotide
primer sets designed to amplify the upstream regulatory
regions flanking the p53 binding sites and the proximal pro-
moter: p53RE-1 primers (bp 2307 to —1947): forward, 5'-
CTGTGGCTCTGATTGGCTTT-3'; reverse, 5'-GGGTCTT-
TAGAGGTCTCCTGTCT-3'; p53RE-2 binding primers (bp
—1462 to —1128): forward, 5'-CCACAGCAGAGGAGAAAG-
AAG-3’; reverse, 5'-GCTGCTCAGAGTCTGGAAATC-3';
proximal promoter (bp —133 to +100): forward, 5'-CGCTG-
GGCAGCCAGGAGCCT-3’; reverse, 5-TCGTCACC-
CGCGCACTTAGA-3".

FACS Analysis—HEK293 cells were transfected with the
BOZF1 expression or control vector. Cells were fixed with 100%
methanol and washed with PBS, and cellular DNA was stained
with propidium iodide (50 wg/ml) in RNase A (100 pg/ml) solu-
tion (43). A cell cycle profile and forward scatter were deter-
mined using a BD FACSCalibur, and the data were analyzed
using the CellQuest program (BD Biosciences).

Focus Formation Assay—NIH3T3 and HEK293 cells were
transfected with pcDNA3.1 or pcDNA3.1-BOZF1 and cultured
overnight. The cells were collected, plated, and cultured on
6-well plates. The cells stably overexpressing BOZF1 were
selected by culturing the cells in a medium containing G418
(500 pwg/ml) for 14 days. The cells were washed two times with
ice-cold 1 X PBS, fixed with ice-cold methanol, and stained with
0.5% crystal violet solution.

Cell Growth Curves and 3-(4,5-Dimethylthiazol-2-yl)-2,5-di-
phenyltetrazolium Bromide Assays of Cell Proliferation—The
growth of HEK293 cells was measured by directly counting the
number of cells using a hemocytometer. Confluent HEK293
cells were transfected with the BOZF1 expression or control
vector, cultured overnight, and plated at 2 X 10? cells/well in
24-well dishes. The cell numbers were counted by harvesting
cells daily for 6 days.
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Confluent HEK293 cells were grown on 10-cm culture dishes
and transfected with the BOZF1 expression or control vector.
The cells (5 X 10%) were seeded in each well of a 96-well plate
and cultured for 0—-4 days. At 0, 2, and 4 days, the cells were
incubated with 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide (2 mg/ml) for 2—4 h at 37 °C. Cell proliferation
was determined from the conversion of 3-(4,5-dimethylthiazol-
2-y1)-2,5-diphenyltetrazolium bromide to formazan using a
SpectraMAX 250 (Molecular Devices) at 570 nm.

BrdUrd Incorporation—Confluent HEK293 cells were trans-
fected with pcDNA3.1 or pcDNA3.1-BOZF1, incubated for
24 h, and cultured in serum-free medium overnight. Cells were
exposed to BrdUrd (20 um) for 1 h, washed, and fixed. Cells
were permeabilized, incubated for 2 h with an anti-BrdUrd
monoclonal antibody, washed, and incubated for 1 h with an
Alexa Fluor 488 goat anti-mouse IgG secondary antibody.
Nuclei were stained with DAPI for 10 min. Three random
images per sample were acquired using an Olympus BX51 flu-
orescence microscope (Olympus, Tokyo, Japan).

Oligonucleotide Pulldown Assays of p53, Spl, and BOZFI
Binding—The transfected cells were lysed in HKMG buffer (10
mwm HEPES, pH 7.9, 100 mm KCl, 5 mm MgCl,, 10% glycerol, 1
mM DTT, 0.5% Nonidet P-40, and protease inhibitors). The
cellular extracts were incubated with 1 ug of biotinylated dou-
ble-stranded oligonucleotides (p53RE-1, p53RE-2, and GC
boxes 1, 2, 3, 4, and 5/6) for 12 h. The mixtures were incubated
with streptavidin-agarose beads for 4 h, washed three times
with HKMG buffer, and precipitated by centrifugation. The
precipitated biotin-streptavidin oligonucleotide protein com-
plexes were analyzed by Western blot assay using antibodies
against p53, Spl, and BOZF1. The sequences of the oligonu-
cleotides were (only the top strands are shown): p53RE-1, 5'-
GTCAGGAACATGTCCCAACATGTTGAGCTC-3'; p53RE-2,
5'-TAGAGGAAGAAGACTGGGCATGTCTGGGCA-3'; GC
box 1, 5'-GATCGGG AGGGCGGTCCCG-3'; GC box 2, 5'-
GATCTCCCGGGCGGCGCG-3'; GCbox 3,5 -GATCCGAG-
CGCGGGTCCCGCCTC-3'; GCbox 4, 5'-GATCCTTGAGG-
CGGGCCCG-3'; GC box 5/6, 5'-GATCGGGCGGGGCG-
GTTGTATATCA-3'".

Immunohistochemistry of BOZF1 Expression in Cancer
Tissues—A human prostate cancer tissue array (45 cases), uter-
ine cervix cancer-metastasis-normal array (55 cases; CZA2)
and breast cancer-metastasis-normal array (55 cases; CBA4)
were purchased from Accumax (Array number A222I1II) (ISU
AXIS, Seoul, Korea) and SUPER BIO CHIPS (Seoul, Korea).
Cancer tissues with corresponding normal tissues were stained
for the immunohistochemical detection of BOZF1 expression
using the Vectastain Elite ABC (Vector Laboratories) and Per-
oxidase Substrate Kit (3,3'-diaminobenzidine) (Vector Labora-
tories) by standard protocol. The tissue slides were deparaf-
finized in xylene, rehydrated, and boiled for 20 min in sodium
citrate solution (10 mm sodium citrate, pH 6.0) for antigen
retrieval. The slides were washed, permeabilized with 0.2% Tri-
ton X-100 in PBS, and blocked using BSA (5%) and goat serum
(1%) for 30 min at room temperature. The slides were incubated
overnight at 4 °C with a primary antibody against BOZF1 (dilu-
tion, 1:10), washed, and subsequently incubated with a biotiny-
lated universal secondary antibody for 1 h at room temperature.
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The cancer tissue slides were examined using an Olympus
BX51 light microscope. The BOZF1-positive cells were
counted and recorded by a pathologist. The immunohisto-
chemical staining intensity was scored as follows: no staining, 0;
weak, 1; moderate, 2; and strong, 3, respectively.

Electrophoretic Mobility Shift Assay (EMSA) of BOZF1—EM-
SAs were performed as described previously by incubating
the probes with recombinant GST-ZF-BOZF1 protein and the
probes (16). The sequences of the six *’P-labeled GC box
probes on the CDKNIA proximal promoter and the two p53
response element probes on the distal promoter are reported
elsewhere (16).

GST Fusion Protein Pulldown Assay of Protein Interaction
between BOZFI1 and p53 or p300—Recombinant GST and
GST-POZ-BOZF1 and GST-ZF-BOZF1 fusion proteins were
prepared from Escherichia coli BL21(DE3) by glutathione-aga-
rose 4 bead affinity chromatography (Peptron, Taejeon, Korea).
p53 polypeptides were prepared using an in vitro transcription
and translation system (TNT system, Promega, Madison, W1I) in
the presence of [**S]methionine (PerkinElmer Life Sciences).
GST fusion protein-agarose bead complexes were incubated
with 3°S-labeled p53 polypeptides or p300 polypeptides at 4 °C
for 4 h in HEMG buffer (40 mm HEPES, 100 mMm KCIl, 0.2 mm
EDTA, 5 mm MgCl2, 0.1% Nonidet P-40, 10% glycerol, 1.5 mm
DTT, protease inhibitors). The reaction mixtures were centri-
fuged, pellets were rinsed, and the bound proteins were sepa-
rated using 12% SDS-PAGE. The gels were exposed to x-ray
film (Eastman Kodak Co.).

In Vitro Acetylation Assay of p53 by the p300 Protein—Re-
combinant p53 protein (6 ug) and acetyl coenzyme A (0.83 mm)
were incubated with p300 (300 ng) (Active Motif, Carlsbad,
CA) or p300 + BOZF1 (6 ng) in 1X HAT assay buffer (50 mm
Tris-HCI, pH 8.0, 10% glycerol, 0.1 mm EDTA, and 1 mm dithi-
othreitol) (Upstate Biotechnology) at 37 °C for 1 h. Aliquots
(Y10) of the reaction mixtures were resolved by SDS-PAGE and
analyzed by Western blot using anti-lysine antibody to evaluate
the acetylation of p53.

Ubiquitination Assay—H1299 cells were co-transfected with
3 ug of pcDNA3-p53 and 2 ug of pcDNA3-His-ubiquitin in the
presence or absence of pcDNA3.1-BOZF1. The cells were cul-
tured overnight and treated with 20 um MG132 for 3 h before
harvest. The cell lysates (500 ug) in radioimmune precipitation
assay buffer was incubated with the MagneHis™™ nickel parti-
cles (Promega), and the precipitated pellets were washed,
resolved by 10% SDS-PAGE, and analyzed by Western blotting
using anti-p53 antibody.

Statistical Analysis—Student’s ¢ test was used for the statis-
tical analyses. p values of <0.05 were considered statistically
significant.

RESULTS

BOZFI Increases Proliferation of NIH3T3 and HEK293 Cells—
We isolated and characterized a new member of the human
POK protein family, BOZF1, which encodes a protein of 441
amino acid residues. BOZF1 has a POZ domain at its N termi-
nus (amino acids 24-92) and two zinc finger domains at its C
terminus (amino acids 282-333). Immunocytochemistry
showed that BOZF1 is located in the nucleus of HEK293 cells,
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particularly in nuclear speckle-like structures (supplemental
Fig. 1, A and B). Although Bozfl mRNA is expressed in most
mouse tissues, it is relatively abundantly expressed in the duo-
denum, pancreas, stomach, and testis and highly expressed in
the white adipose tissue (supplemental Fig. 2A). BOZF1 mRNA
was expressed in several human cell lines tested and was rela-
tively high in HEK293 and HCT116 p53 "/ cells (supplemental
Fig. 2B).

We examined whether BOZF1 could form larger colony foci
by cellular transformation into rapidly growing cells. NIH3T3
and HEK293 cells transfected with the BOZF1 expression vec-
tor formed a substantial number of large foci, suggesting that
BOZF1 caused cellular transformation into rapidly growing
cells (Fig. 1A and supplemental Fig. 1D). Analysis of HEK293
cell growth showed that ectopic BOZF1 increased cell prolifer-
ation by 1.5-fold at day 6, and the knockdown of BOZF1 expres-
sion decreased cell proliferation by 1.6-fold (Fig. 1B). 3-(4,5-
Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assays
also showed that ectopic BOZF1 increased cell growth by 1.4-
fold at day 4 compared with the control, and the siRNA-
mediated knockdown of BOZF1 expression decreased cell
growth by 1.8-fold (supplemental Fig. 1C). The FACS analyses
of the HEK293 cells showed that BOZF1 increased the number
of the cells in the S phase from 27.7 to 49.6%. The knockdown of
endogenous BOZF1 expression decreased the cells in S phase
(Fig. 1C). The percentage of cells incorporating BrdUrd (as an
indicator of cell proliferation) also increased by more than
13-fold in HEK293 cells transfected with BOZF1 expression
vector compared with the control cells (Fig. 1D). Overall, these
results suggested that BOZF1 promotes cell proliferation.

BOZF1 Represses Expression of a Negative Cell Cycle Regula-
tor, p21, Encoded by CDKNIA—BOZF1 expression was in-
creased in several cancer tissues tested, and BOZF1 increased
cell proliferation. Accordingly, we examined whether BOZF1
could regulate the expression of p21, which is important in the
regulation of the cell cycle. BOZF1 repressed the transcription
of pGL2-CDKN1A-Luc (Fig. 2A), and this repression was
strong. We also examined whether BOZF1 regulates endoge-
nous p21 expression in HEK293 cells. Ectopic BOZF1 sup-
pressed p21 expression by 55% (Fig. 2, Band C) in HEK293 cells.
RT-qPCR and Western blot analyses revealed that the
knockdown of endogenous BOZF1 mRNA by siRNAs 1, 2, 3,
and 4 resulted in the derepression of p21 expression at both
the mRNA and protein levels (Fig. 2, D and E). These data
suggested that BOZF1 is a transcription repressor of endoge-
nous CDKNIA.

BOZF1 Represses Transcription Activation of the CDKNIA
Promoter by Spl—We examined which regulatory elements of
the CDKN1A promoter are important in transcriptional repres-
sion by BOZF1 in HEK293 cells. BOZF1 repressed the tran-
scription of all four promoter constructs, which had 5’-up-
stream regulatory regions of different lengths (bp —2308,
—1462, —864, and —133 to +30 from the transcription start
site). BOZF1 potently repressed transcription of the longer pro-
moter construct containing two p53-binding elements by 80%.
Transcriptional repression of the shortest promoter construct
(—131 bp) was also rather potent (Fig. 34). We also examined
the functions of the C/EBPa binding site (bp —1270 to —1256),
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FIGURE 1. BOZF1 increases cell proliferation and increases number of cells in S phase. A, focus formation assays. NIH3T3 cells were transfected with BOZF1
expression or control vector and selected with medium containing G418 for 2 weeks. The foci were stained with 0.5% crystal violet. B, growth curve of HEK293 cells. The
cells were transfected with either the BOZF1 expression vector (left) or siRNA against BOZF1 mRNA (right). Cell numbers were counted daily for 6 days. Mean values of
three independent experiments are shown. *, p < 0.05. Error bars represent S.D. C, FACS analysis of cell cycle. HEK293 cells were transfected with the BOZF1 expression
vector or BOZF1 siRNA and cultured for 2 days. The cells were fixed, stained with propidium iodide, and analyzed by FACS. Mean values of three independent
experiments are shown. *,p < 0.05. Error bars represent S.D. D, BrdUrd incorporation assay. HEK293 cells were transfected with pcDNA3.1 or pcDNA3.1-BOZF1.One day
after transfection, cells were cultured in serum-free medium and incubated for 1 h with BrdUrd in DMEM with 10% FBS. The cells actively incorporating BrdUrd were
counted by immunocytochemistry using a fluorescence microscope. Mean values of three independent experiments are shown. *, p < 0.05. Error bars represent S.D.

Primary anti-BrdUrd antibody and secondary anti-mouse Ig fluorescein were used. Magnification, 200X. N.C., negative control.

C/EBPB binding site (bp —1928 to —1920), and retinoic acid
response elements (bp —1212 to —1194) in the transcription
repression by BOZF1 (Fig. 3B). Although BOZF1 repressed the
promoter with intact C/EBP binding sites, it could not repress
transcription of the promoter with the mutation at either one of
the C/EBP binding sites and resulted in an increase in transcrip-
tion. However, the mutations at retinoic acid response elements
did not affect the transcription repression of CDKNIA by BOZF1
(Fig. 3B). The results suggested that the two C/EBP-binding ele-
ments are important in transcriptional repression of CDKNIA
gene by BOZF1 and suggested that the binding competition
between BOZF1 and C/EBPs might be important in the regulation
of p21 in the tissues, such as liver, where C/EBPs are expressed.
The data basically indicate that BOZF1 can suppress tran-
scription by acting on the small proximal regulatory region
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concentrated with Sp1-binding GC boxes. Because BOZF1 can
repress transcription of CDKNIA by acting on the proximal
promoter with six Spl-binding GC boxes, we investigated
whether BOZF1 could suppress the transcription activation of
the CDKNI1A minimal promoter by Sp1. As expected, Sp1 acti-
vated the promoter, and BOZF1 repressed transcriptional acti-
vation by Sp1 (Fig. 44). BOZF1 repressed the promoter with the
deletion of Sp1-binding GC boxes 1-4 weakly (Fig. 4B). BOZF1
might repress the transcription of endogenous CDKNIA by
blocking the transcription activation by Sp1l at the proximal
promoter.

BOZF1 Represses Transcription of CDKNI1A by Competing
with Sp1 for Binding to GC boxes 1-5/6 of the Proximal Pro-
moter—The transcriptional repression by BOZF1 can be estab-
lished by inhibiting Spl activity, such as DNA binding, by
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FIGURE 2.BOZF1 represses transcription of CDKN1A in HEK293 cells. A, transient transcription assay. pGL2-CDKN1A-Luc and BOZF1 expression vector were
transfected into HEK293 cells and analyzed for luciferase activity. Luciferase activities were normalized with co-expressed B-galactosidase activity, and data
presented are the average of three independent assays. Error bars represent S.D. *, p < 0.05. B, RT-gPCR analysis of the endogenous CDKN1A mRNA of the
HEK293 cells transfected with either pcDNA3.1 control or the BOZF1 expression vector. *, p < 0.05. Mean values of three independent experiments are shown.
Error barsrepresent S.D. C, Western blot analysis of endogenous p21 expression in HEK293 cells transfected with the BOZF 1 expression vector. GAPDH was used
as a control. D, knockdown of endogenous BOZF1 mRNA increases CDKN1A transcription. RT-gPCR analysis of endogenous CDKN7A and BOZF1 mRNA after
transient transfection of the HEK293 cells with siRNAs against BOZF1 (7-4) or negative control (N.C.) siRNA. *, p < 0.05. Mean values of three independents
experiments are shown. *, p < 0.05. Error bars represent S.D. E, Western blot analysis of endogenous p21 expression in HEK293 cells transfected with siRNA
against BOZF1 or a negative control siRNA. GAPDH was used as a control. Relative band intensities are indicated by number.

BOZF1-Spl1 interactions or DNA binding competition between
the proteins. The co-immunoprecipitation and Western blot
analyses showed that BOZF1 did not interact with Spl, thus
eliminating the possibility of transcriptional repression
through Sp1-BOZF1 interaction (Fig. 4C). Because transcrip-
tional repression is possible through DNA binding competi-
tion, we first examined whether BOZF1 could bind to the Sp1-
binding GC boxes of the proximal promoter. Oligonucleotide
pulldown assays using cell extracts with ectopic BOZF1 expres-
sion and EMSA with recombinant GST-ZF-BOZF1 revealed
that BOZF1 directly bound to all of the Sp1-binding GC box
probes (1-5/6). BOZF1 binding to GC box 3, an element critical
for basal transcription and synergistic interaction with p53, was
relatively weak in both experiments (Fig. 4, D and E). ChIP
assays showed that BOZF1 bound to the proximal promoter of
endogenous CDKNIA, and Spl binding was decreased by
BOZF1 in vivo (Fig. 4F). These results suggested that BOZF1
binds rather extensively to the proximal six GC boxes and
represses transcription of the endogenous CDKNIA by binding
competition with Sp1 at the proximal promoter.

BOZF1 Interrupts p53 Binding to the Distal Promoter of
CDKNIA by Protein Interactions—Another important regula-
tor of CDKNIA transcription is p53, particularly under stress
conditions (24, 25). We analyzed whether BOZF1 affects the
transcriptional activation of endogenous CDKNIA through
interactions with p53. We used etoposide treatment to induce
p53 and observed the increased CDKN1A transcription, which
was repressed by BOZF1 (Fig. 5A4). In addition, ectopic p53
potently activated the transcription of pG13-Luc with 13 copies
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of the p53-binding element, and BOZF1 completely repressed
transcriptional activation by exogenous p53 in lung cancer
H1299 cells lacking p53 (supplemental Fig. 3A).

We examined whether the protein interaction between p53
and BOZF1 is required for transcription repression using co-
immunoprecipitation/Western blot and GST pulldown assays.
BOZF1 interacted with endogenous p53 (Fig. 5B). In addition,
the GST-fused POZ or zinc finger domain of BOZF1 interacted
with the DNA binding domain of p53 in vitro (Fig. 5C and
supplemental Fig. 3B). Thus, the repression of CDKNIA tran-
scription by BOZF1 might involve the protein interaction
between p53 and BOZF1, which might inhibit the p53 activity
important in transcription activation.

The Protein Interaction between p53 and BOZFI Inhibits the
DNA Binding Activity of p53 on the Distal Promoter of CDKNIA—
To test whether DNA binding competition between BOZF1
and p53 at the two distal p53-binding elements facilitates the
transcription repression of CDKNIA by BOZF1, we performed
EMSA analyses using recombinant zinc finger DNA binding
domain from BOZF1 (GST-ZF-BOZF1). Although BOZF1
bound to the proximal Sp1-binding GC boxes (Fig. 4, D, E, and
F), it did not bind the p53REs in vitro (supplemental Fig. 3C).
Oligonucleotide pulldown assays of the total cell lysates using
the two p53-binding elements showed that BOZF1 did not bind
the two elements as in EMSA. However, ectopic BOZF1
decreased endogenous p53 binding to the p53RE-1 but not to
the downstream p53RE-2 (Fig. 5D).

These data suggest that the transcription repression of the
gene might be caused by the protein interaction between p53
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FIGURE 3. BOZF1 represses the transcription of the CDKN1A promoter by acting on the far distal p53-binding element and the proximal promoter.
A, structures of the four CDKNTA promoter and luciferase gene fusion constructs tested and transient transcription assays. BOZF1 expression vector and
pGL2-CDKN1A-Luc reporter plasmid with a variable upstream sequence were transiently co-transfected into HEK293 cells and analyzed for luciferase activity.
Luciferase activities were normalized with co-expressed B-galactosidase activity, and data presented are the average of three independent assays. Error bars
represent S.D. *, p < 0.05. B, transient transcription assays and structures of three additional CDKN 1A promoter and luciferase gene fusion constructs designed
to test the function of C/EBP- and retinoic acid receptor (RAR)/retinoid X receptor-binding elements in transcriptional regulation by BOZF1. pGL2-CDKN1A-Luc
wild type (WT) or pGL2-CDKN1A-Luc mutant plasmids were co-transfected with pcDNA3 or pcDNA3-BOZF1 and analyzed as above. *, p < 0.05. Mean values of

three independent experiments are shown. Error bars represent S.D. mRARE, mutated retinoic acid response element; mC/EBP, mutated C/EBP.

and BOZF1, which affects the DNA binding activity of p53 to
p53RE-1. Indeed, ChIP assays showed that BOZF1 reduced the
DNA binding activity of p53 to p53RE-1 but not to p53RE-2
(Fig. 5E). The RT-qPCR analysis revealed that PCR amplifica-
tion of the ChIP regions is detected only in a high number of
PCR cycles (35 cycles), and ectopic expression of BOZF1 did
not change the binding pattern of BOZF1, indicating that
BOZF1 probably does not bind to the p53REs (Fig. 5F).
Furthermore, we studied the functional significance of the
protein interaction between p53 and BOZF1. Western blot
assays of the immunoprecipitation of HEK293 cells using anti-
p53 and anti-acetyl-lysine antibodies showed a significant
decrease in acetylation of p53, whereas the total amount of p53
protein remained constant (Fig. 6A4). Acetylations at Lys-320
and Lys-381 of p53 were decreased significantly by the ectopic
BOZF1. Because p53 is frequently acetylated by histone acetyl-
transferase proteins like p300 and BOZF1 decreased p53 acety-
lation significantly, we tested whether BOZF1 interacts with
p300. BOZF1 may affect p53 acetylation by interfering with the
molecular interaction between p53 and p300. The co-immuno-
precipitation showed that p300 interacted with BOZF1 (Fig.
6B). The in vitro acetylation assays also showed that the acety-
lation of p53 by p300 was significantly decreased by the pres-
ence of BOZF1 (Fig. 6C). GST fusion protein pulldown assays
revealed that the histone acetyltransferase domain of p300

MARCH 8, 2013 «VOLUME 288+NUMBER 10

(polypeptide 3) interacted directly with the POZ domain of
BOZF1 (Fig. 6D). The ubiquitination assays showed that the
inhibition of p53 acetylation by ectopic BOZF1 did not affect
the ubiquitination of p53 (Fig. 6E). The results suggested that
the inhibition of p53 acetylation may not affect p53 stability.
Because acetylation of p53 is also important in DNA binding
activity, BOZF1 might repress the transcription of endogenous
CDKNIA through suppressed acetylation of p53 by protein
interactions among BOZF1, p300, and p53.

DISCUSSION

Some POK family proteins have been shown to be important
in cell differentiation, development, and oncogenesis. In this
study, we characterized a novel member of the human POK
family proteins, BOZF1. BOZF1 is abundantly expressed in
many types of tumor tissues, such as breast, prostate, and cervix
(supplemental Fig. 4). BOZF1 stimulates cell proliferation. Bio-
chemical analyses showed that BOZF1 appears to be a mamma-
lian oncogenic transcription factor. We investigated the func-
tion of BOZF1 in the control of cell proliferation with particular
interest in the molecular mechanism involved in the transcrip-
tional regulation of CDKNIA, which encodes a major negative
cell cycle regulator, p21. BOZF1 stimulated cell proliferation by
repressing p21 expression at the transcriptional level. The tran-
scriptional repression involved molecular interactions with
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FIGURE 4.BOZF1 competes with Sp1 to bind to the proximal Sp1 binding GC boxes of CDKN1A. A, transient transcription assays. pGL2-CDKN1A-Luc, —133
bp reporter, pcDNA3, pcDNA3-Sp1, and/or pcDNA3-BOZF1 plasmids were co-transfected in the various combination indicated and analyzed as described in
Fig.3.* p < 0.05.Mean values of three independent experiments are shown. Error bars represent S.D. B, transient transcription assays. pGL2-CDKN1A-Luc (WT),
pGL2-CDKN1A-Luc-AGC-boxes (deletion of Sp1-binding GC boxes 1-4) reporter, pcDNA3, or pcDNA3-BOZF1 plasmids were co-transfected and analyzed as
above. *, p < 0.05. Mean values of three independent experiments are shown. Error bars represent S.D. C, co-immunoprecipitation and Western blot assays of
molecular interaction between BOZF1 and Sp1. HEK293 cell extracts with ectopic Myc-BOZF1 expression were immunoprecipitated with anti-Myc or anti-Sp1
antibody followed by Western blot analysis with anti-Myc, anti-Sp1, and anti-GAPDH antibodies. D, oligonucleotide pulldown assays. The structure of the
proximal CDKNTA promoter is shown above. Boxes, Sp1-binding GC boxes. Tsp (+ 1), transcription start site. £, EMSA. The 32P-labeled GC box probes were
incubated with GST-ZF-BOZF1 (1.5 ng), separated by 4% nondenaturing PAGE, and analyzed by autoradiography. F, qChlIP assays of Sp1 and BOZF1 binding
atthe endogenous CDKN1A proximal promoter in HEK293 cells. The locations of the primer binding sites are indicated by arrows in D. The ChIP antibodies used
were anti-Myc for Myc-BOZF1, anti-Sp1, and control IgG. ¥, p < 0.05. Mean values of three independent experiments are shown. Error bars represent S.D. N.C.,
negative control.
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expression were immunoprecipitated with anti-His tag or anti-p53 antibody. The precipitates were analyzed by Western blotting with anti-His tag, anti-p53,
and anti-GAPDH antibodies. C, GST fusion protein pulldown assays. GST fusion proteins were incubated with the [**S]methionine-labeled p53 polypeptides
indicated, pulled down, separated by 15% SDS-PAGE, and analyzed by autoradiography. Structures of the polypeptides used are described in supplemental
Fig. 3B. D, oligonucleotide pulldown assays of BOZF1-His, protein binding or p53 binding to the p53RE-1 and p53RE-2 sites of the CDKNTA promoter. The
structure of the CDKNTA promoter is shown above. GAPDH was used as a control. Tsp (+ 1), transcription start site. £, qChIP assay of endogenous p53 binding
at the distal p53RE-1 and -2 sites of the CDKNTA promoter in HEK293 cells. The cells were transfected with BOZF1 expression vector and fixed, and the
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represent S.D. N.C., negative control; ab, antibody; DBD, DNA binding domain; N-Term, N terminus; C-term, C terminus; ZF, zinc finger.

p53, the inhibition of p53 DNA binding activity, and DNA bind-
ing competition with Spl at the proximal promoter. BOZF1
bound to the six Spl-binding GC boxes of the proximal pro-
moter, but it did not directly bind to the distal p53-binding
elements. BOZF1 repressed transcription of the endogenous
CDKNI1A by interfering with Sp1 binding to the proximal pro-
moter region containing all of the Sp1-binding GC boxes (Fig. 7,
hypothetical model).

The molecular interaction between p53 and BOZF1 resulted
in the inhibition of p53 acetylation, decreased p53 DNA bind-
ing activity at the distal p53RE-1 site but not at p53RE-2.
Intriguingly, the inhibition of acetylation did not affect p53 sta-
bility but appeared to affect DNA binding activity at p53RE-1.
These data are consistent with a report by Luo et al. (38) indi-
cating that acetylated p53 binds more efficiently to the p53RE-1
site.

The transcription of CDKNIA is activated through p53 and
Spl actions at the distal and proximal elements, respectively.
The protein interaction between proximal promoter-bound
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Spl and distal p53 is important in the transcriptional activation
of the CDKNIA (32). Apparently, BOZF1 represses CDKNI1A
gene transcription through decreased Sp1 binding at the prox-
imal promoter by binding competition at the proximal GC
boxes and through inhibition of the DNA binding activity of
p53 without affecting p53 stability.

Previously, we have shown that FBI-1 (ZBTB7A), ZBTB2,
ZBTB5, Kr-pok, and MIZ-1 also regulate the transcription of
CDKNIA (16, 43-46). FBI-1, ZBTB2, and ZBTBS5 interact with
Spl and compete with Sp1 for binding to the GC boxes of the
proximal promoter. Interestingly, each POK protein has a pref-
erence for binding to a specific GC box(es) (e.g. FBI-1, GCbox 3;
ZBTB2, GC boxes 5/6; ZBTB5, GC boxes 5/6; Kr-pok, GC
boxes 1 and 3; MIZ-1, GC boxes 3 and 5/6). In contrast, BOZF1
bound to all of the GC boxes, covering the entire proximal pro-
moter. By competing with Sp1, BOZF1 could exclude Sp1 fam-
ily transcription factors at this region. Unlike other POK pro-
teins, such as ZBTB2 and ZBTB5, BOZF1 did not interact with
Spl (43, 46).
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The cell extracts were immunoprecipitated using the anti-p53 antibody (DO-1). The immunoprecipitates were analyzed for acetylation using the anti-acetyl-
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FIGURE 7. Hypothetical model of the transcriptional regulation of CDKN1A by BOZF1 under three different cellular conditions. A, transcriptional
regulation of CDKNTA under normal condition and no BOZF1 expression. Constitutive Sp1 family activates transcription of CDKN1A at the basal level, and cells
proliferate normally. B, transcriptional regulation of CDKN 1A under stress conditions and no or low BOZF 1 expression. p53 isinduced and binds to the two distal
p53REs. The acetylated p53 binds preferentially to p53RE-1. The p53 interacts with the Sp1 bound at the proximal promoter to synergistically activate
transcription (indicated as arrows). The gray arrow indicates weaker interactions and transcription activation, and the thicker black arrow indicates a strong
interaction and more potent transcription activation. C, transcriptional regulation of CDKNTA under stress conditions and high BOZF1 expression as in some
cancer tissues. p53 is induced and binds to the two distal p53REs. BOZF1 represses the transcription of CDKN1A by competing with Sp1 at proximal GC boxes
1-5/6.BOZF1 bound at the proximal promoter represses the basal level of transcription and inducible transcription by blocking the interaction between p53
and Sp1. BOZF1 does not interact with Sp1. BOZF1 also represses transcription contributed by p53 at the p53REs. BOZF1 interacts with p53 and p300 and
inhibits the acetylation of p53 by p300 without affecting p53 stability. The non-acetylated or partially acetylated p53 has lost the ability to bind to the p53RE-1
region but does retain DNA binding activity at the downstream p53RE-2 region. Tsp (+ 1), transcription start site; ZF, zinc finger.
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At the distal p53 binding regions, FBI-1, ZBTB2, and ZBTB5
inhibit p53 activity by DNA binding competition with p53 at
the p53RE-1 and/or -2 sites with preference for the p53RE-1
site (16, 43, 46). In the case of Kr-pok, the inhibition of p53
activity occurs by a different mechanism. Kr-pok does not sig-
nificantly bind to the p53REs. Instead, it interacts with p53 for
recruitment to the p53REs and transcriptional suppression;
thus, p53 acts as a docking protein (45). Uniquely, although
BOZF1 showed direct DNA binding activity at the proximal
promoter GC boxes, it did not have DNA binding activity on
the p53 elements, which represents a different mechanism from
the other POK proteins that block transcriptional activation
through p53. BOZF1 potently blocked p53 acetylation by PCAF
or p300, decreased p53 binding, and inhibited transcriptional
activation by p53. In particular, BOZF1 potently blocked acety-
lation at p53 Lys-320, a site known to be important in transcrip-
tion activation of CDKNIA (40).

Accordingly, BOZF1 might play a critical role in regulating
important biological processes, such as DNA repair, cell
growth, differentiation, and apoptosis, by regulating the
expression of p21. BOZF1 could be a novel member of the
proto-oncogenic POK family of transcription factors that stim-
ulates cell proliferation with a unique mechanism.
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