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(Background: Promyelocytic leukemia zinc finger-retinoic acid receptor a (PLZF-RARa) is a transcriptional repressor
generated by a chromosomal translocation between the PLZF and RAR« genes in acute promyelocyteic leukemia patients.
Results: The transcriptional regulation of CDKNIA by PLZF-RARa involves the competitive binding of p53, RAR«, and Sp1, the
modification of histones, and DNA methylation at the promoter.

Conclusion: PLZF-RAR« increases cell proliferation by repressing p21 expression.

Significance: Oncoprotein PLZF-RAR« represses transcription of the CDKNIA.

J

Promyelocytic leukemia zinc finger-retinoic acid receptor
(PLZF-RARa) is an oncogene transcriptional repressor that is
generated by a chromosomal translocation between the PLZF
and RAR« genes in acute promyelocytic leukemia (APL-type)
patients. The molecular interaction between PLZF-RAR« and
the histone deacetylase corepressor was proposed to be impor-
tant in leukemogenesis. We found that PLZF-RAR« can repress
transcription of the p21 WAF/CDKNIA gene, which encodes the
negative cell cycle regulator p21 by binding to its proximal pro-
moter Spl-binding GC-boxes 3, 4, 5/6, a retinoic acid response
element (RARE), and distal p53-responsive elements (p53REs).
PLZF-RAR also acts as a competitive transcriptional repressor
of p53, RARq, and Spl. PLZF-RAR« interacts with co-repres-
sors such as mSin3A, NCoR, and SMRT, thereby deacetylating
histones Ac-H3 and Ac-H4 at the CDKNIA promoter. PLZF-
RARe also interacts with the MBD3-NuRD complex, leading to
epigenetic silencing of CDKNIA through DNA methylation.
Furthermore, PLZF-RAR« represses TP53 and increases p53
protein degradation by ubiquitination, further repressing p21
expression. Resultantly, PLZF-RAR« promotes cell prolifera-
tion and significantly increases the number of cells in S-phase.

Acute promyelocytic leukemia (APL)? is characterized by the
clonal expansion of malignant myeloid cells that are blocked at
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the promyelocytic stage of hematopoietic differentiation (1).
The RAR« gene fuses to the PLZF gene at the t(11;17)(q23;q21)
chromosomal translocation, leading to expression of a PLZEF-
RAR« fusion protein that initiates APL (2). The PLZF-RAR«
fusion protein contains the entire N-terminal transcriptional
effector regions and the first two zinc fingers of PLZF and all of
RARa« except the N-terminal A activation domain AF1. PLZF-
RARa« contains functional domains that are important to its
protein functions, including transcriptional repression the pox-
virus and zinc finger (POZ) domain of PLZF and the DNA bind-
ing domain of RARa. These structural features may explain the
leukemogenic properties of this particular fusion protein.
RARe binds to retinoic acid response elements (RAREs, direct
repeats of (A/G)G(G/T)TCA separated by 2 or 5 nucleotides),
located in the promoters of many genes. RARa normally binds
to RARE sites as a heterodimer with RXR. PLZF-RARa also
binds to RAREs as a heterodimer with RXR (3, 4).

The PLZF-RARa oncoprotein functions as a transcriptional
repressor in part by recruiting transcriptional corepressors and
histone deacetylases (HDACs). However, the precise molecular
mechanisms underlying the role of PLZF-RAR« in oncogenesis
and cell proliferation are poorly understood. It has been pro-
posed that RARE-bound PLZF-RAR« interacts with the NCoR/
SMRT-HDAC complex to repress transcription, which appears
to be a key pathogenic event in APL. Although the ligand/core-
pressor/coactivator binding domain of RAR« alters its struc-
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qPCR, quantitative PCR; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide.
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ture upon binding to RA ligand, releasing a corepressor and
recruiting a coactivator instead (5-7), PLZF-RARa does not
release the corepressorrHDAC complex in the presence of RA,
thus acting as a dominant-negative mutant form of RAR« in
APL (8). Accordingly, ATRA resistance of cells containing the
PLZF-RARa fusion gene disrupts the RA signaling pathway that
mediates myeloid differentiation, resulting in arrest at the
immature promyelocytic stage (6, 9—-12). Although some devel-
opmentally important PLZF and RAR« target genes have been
reported, the targets of PLZF-RAR« that are important in cell
proliferation and oncogenesis remain largely unknown but are
presumed to be genes that contain a RARE in their promoters
(e.g. CDKNI1A). PLZF-RAR« antagonizes RARE-containing
genes normally up-regulated by RAR« in the presence of reti-
noic acid. Thus, transcription of a battery of RAR« target genes
important in differentiation, development, and cell cycle arrest
can be aberrantly repressed, leading to proliferation of the
undifferentiated promyelocytes (2, 3).

p21, encoded by CDKNIA, inhibits the activity of the cyclin/
cdk2 complex and is a major regulator of mammalian cell cycle
arrest (13, 14). CDKN1A is primarily regulated at the transcrip-
tional and translational levels (15). Whereas the induction of
p21 predominantly leads to cell cycle arrest, the repression of
CDKNIA expression may have a variety of outcomes, including
cell proliferation, depending on the cellular context (15). The
CDKNIA gene also is a transcriptional target of p53, which acts
on the CDKNIA promoter distal p53 regulatory elements (14,
16) and plays a crucial role in mediating G;, G,, and S phase
growth arrests upon exposure to DNA-damaging agents (15).
In addition, Sp1 family transcription factors are major regula-
tors that affect CDKNIA gene expression by binding to the
proximal promoter (17). Recently, Kriippel-like transcription
factors were also characterized as key regulators of CDKN1A
expression that affect p53- and proximal Sp1-mediated regula-
tion of CDKN1A transcription (18 —24). p21 expression is acti-
vated by retinoic acid, and the CDKNIA promoter has a RARE
with RARe interacts to activate transcription.

MBD3 (methyl-CpG-binding domain protein-3) is a compo-
nent of the Mi-2/NuRD (Mi-2/nucleosome remodeling and
deacetylase) chromatin remodeling complex that contains a
nucleosome remodeling ATPase, HDAC1 and HDAC2 (his-
tone deacetylases-1 and -2), and metastasis-associated protein
2 (MTAZ2) (25). MBD3, which has no intrinsic DNA binding
activity, is targeted to methylated promoters through interac-
tions with MBD2. At the promoter, MBD3 maintains transcrip-
tionally repressed chromatin (26). Interestingly, the MBD3 pro-
tein was shown to be associated with the proximal promoter of
CDKNIA in cancer cells and was released upon treatment of
the cells with an HDAC inhibitor (27). However, the function
and mechanism of MBD3 association with the CDKNI1A pro-
moter remains largely uncharacterized. By recruiting HDACs
and DNA methyltransferases (DNMTs), MBD3 may act as an
important transcriptional repressor of p21 during oncogenic
transformation and cell proliferation (28).

Consequently, we investigated whether and how the CDKNIA
gene encoding p21, a key regulator of cell cycle control and cell
proliferation, is controlled by PLZF-RAR« at the transcriptional
level. Here, we show how various molecular interactions between
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PLZF-RARe, p53, Spl, and MBD3 are all involved in regulation of
CDKNIA. We found that the transcriptional regulation of
CDKNIA by PLZF-RAR« involves competitive binding of the
transcription factors described above, modification of histones,
and DNA methylation at the proximal CDKN1A promoter.

EXPERIMENTAL PROCEDURES

Plasmids, Antibodies, and Reagents—The pSG5-PLZF-RAR«
plasmid was kindly provided by Dr. Jonathan D. Licht of North-
western University (Chicago, IL). The CDKN1A-Luc plasmid was
kindly provided by Dr. Yoshihiro Sowa, Kyoto Perpetual Univer-
sity of Medicine (Kyoto, Japan). The pGL2-CDKN1A-Luc, pGL2-
TP53-Luc, pGL2-ARF-Luc, pGL2-MDM2-Luc, pcDNA3.1-p53,
pcDNA3.1-Sp1, pG5-5x(GC-box)-Luc, and pGL2-6x(p53RE)-
Luc and co-repressor expression vectors were either reported
elsewhere or prepared by us (23).

Antibodies against p21, p53, HDAC1, HDAC3, MDM2, PLZF,
RARe, Spl, GAPDH, Myc tag, Ac-H3, Ac-H4, H3K4-Me3, H3K9-
Me3, MBD3, HP1, MTA2, DNMT1, DNMT3b, mSin3A, NCoR,
and SMRT were purchased from Upstate, Chemicon, Cell Signal-
ing Technology, Abcam, Calbiochem, and Santa Cruz Biotechnol-
ogy. Most of the chemical reagents, including TSA (trichostatin
A), 5-aza-dC (5-aza-2'-deoxycytidine), and ATRA (all-trans-reti-
noic acid) were purchased from Sigma.

Cell Culture—HEK293, HL-60, HCT116 p53*/", and
HCT116 p53~ /" cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) (Invitrogen) supplemented with 10%
fetal bovine serum (FBS) (Invitrogen). HL-60 cells were cul-
tured in RPMI 1640 medium (Invitrogen) supplemented with
10% FBS.

Ubiquitination Assays—H1299 cells grown in 10-cm dishes
were co-transfected with 3 ug of pcDNA3-p53 and 2 ug of
pcDNA3-His-ubiquitin in the presence or absence of pSG5-
PLZE-RARa. Twenty-four hours after transfection, the cells
were treated with 20 um MG132 for 3 h and harvested. The cell
pellets were resuspended in RIPA buffer (0.1% SDS, 1% Nonidet
P-40, 1% EDTA, 50 mm, Tris-HCI, pH 8.0, 150 mMm NaCl, 2 mm
EDTA, complete Mini-Protease mixture (1 tablet/50 ml, Roche
Applied Science)). 500 ug of the cell lysates was incubated with
MagneHis™ nickel particles for 1 h at 4 °C. After this step, the
precipitated pellets were washed with buffer (0.5% Nonidet
P-40, 20 mMm Tris-HCI, pH 8.0, 120 mm NaCl, 1 mm EDTA)
three times, resuspended in 2X SDS sample buffer, resolved by
10% SDS-PAGE, and analyzed by Western blot using an anti-
p53 antibody.

Promoter DNA Methylation Analysis by Bisulfite DNA
Sequencing—Genomic DNA was purified using the Wizard
genomic DNA purification kit (Promega). Methylation analyses
were performed by bisulfite conversion of genomic DNA using
the EpiXplore™ Methyl Detection kit (Clontech). The primer
sequences used to amplify the CDKN1A promoter region were
sense, 5-AGGAGGGAAGTGTTTTTTTGTAGTA-3’, and
antisense, 5'-ACAACTACTCACACCTCAACTAAC-3". The
PCR product was cloned using the pPGEM®-T Easy vector Sys-
tem I kit (Promega). Mini-scale plasmid DNA was prepared
from more than 30 individually transformed Escherichia coli
clones and sequenced.
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Transcriptional Analysis of ARF, MDM2, TP53, CDKNIA,
and p53 Responsive Minimal Promoter—The pGL2-ARF-Luc,
pGL2-MDM2-Luc, pGL2-TP53-Luc, pG13-Luc, pG5-5x(GC-
box)-Luc, pGL2-CDKN1A-Luc promoter reporter fusion plas-
mids, and pSG5-PLZF-RAR«, pcDNA3-HA-p53, and pCMV-
LacZ were transiently cotransfected in various combinations
into cells (HEK293, HCT116 p53*/", HCT116 p53~/", and
HL-60) with Lipofectamine Plus reagent (Invitrogen). After
24.-36 h of incubation, the cells were harvested and analyzed
for luciferase activity. The reporter activity was normalized to
either the total protein concentration or co-transfected 3-ga-
lactosidase activity to correct for transfection efficiency.

Quantitative Real-time PCR (qPCR) of PLZF-RARwo, MDM?2,
p53, GAPDH, and CDKN1A mRNA Expression in Cells—Total
RNA was isolated from HEK293, HCT116 p53*/*, HCT116
p53 /7, and HL-60 cells using TRIzol reagent (Invitrogen).
c¢DNA was synthesized using 5 ug of total RNA, random hex-
amer (10 pmol), and SuperScript reverse transcriptase II (200
units) in a 20-ul reaction using a reverse transcription kit (Invit-
rogen). RT-qPCR was performed using SYBR Green master
mix (Applied Biosystems). The following RT-qPCR oligonu-
cleotide primer sets were used: PLZF-RAR« forward, 5'-GAA-
GACGTACGGGTGCGAGCTC-3’ and PLZF-RARa reverse,
5'-GAAGACGTACGGGTGCGAGCTC-3'; MDM2 forward,
5'-CCCCTTAATGCCATTGAACCT-3" and MDM?2 reverse,
5'-ACTGGGCAGGGCTTATTCCT-3’; p53 forward, 5'-CCT-
GAGGTTGGCTCTGACTGTA-3', and p53 reverse, 5'-AAA-
GCTGTTCCGTCCCAGTAGA-3'; p21 forward, 5'-AGGGG-
ACAGCAGAGGAAG-3' and p21 reverse, 5'-GCGTTTGGA-
GTGGTAGAAATCTG-3'; GAPDH forward, 5'-ACCACAG-
TCCATGCCATCAC-3" and GAPDH reverse, 5'-TCCA-
CCACCCTGTTGCTGTA-3".

Site-directed Mutagenesis of the CDKN1A Promoter—To inves-
tigate the role of each Spl binding site and RAR« binding site,
mutations were introduced into the p21 proximal promoter
sequence using the QuikChange site-directed mutagenesis kit
(Stratagene). The following oligonucleotides were used to intro-
duce mutations into the core binding sequences of the GC-boxes
and the RARE (only the top strands are shown): mSp1-2, 5'-
CCCGGGCGGCGCGGTTTTCCGAGCGCGGGTCCCG-3';
mSpl-3, 3'-CCCGCCTCAAGGAGGCGGGAAAAGCGCTC-
GGCCC-5";mSp1-4,5'-CCCGCCTCCTTGAGGCTTTCCCG-
GGCGGGGCGGT-3'; mSpl-5/6, 5'-TGAGGCGGGCCCG-
GGCTTTGCGGTTGTATATCAG-3'; mRARE#1, 5'-CAAAG-
GTGAAGTCCAAAGGAGGTCAGGGGTGTG-3'; mRARE#2,
5'-CAGAAAGCAGGCAAAAATGAAGTCCAGGGGAG-3;
mRARE#1&2, 5'-CAAAAATGAAGTCCAAAGGAGGTCAG-
GGGTGTG-3'. For site-directed mutagenesis, 18 PCR cycles with
denaturation at 94 °C for 30 s, hybridization at 55 °C for 1 min, and
extension at 68 °C for 10 min per cycle were used. The amplified
mixtures were then treated with Dpnl (Stratagene) at 37 °Cfor 1 h,
and aliquots were used to transform competent E. coli. All con-
structs were confirmed through DNA sequencing with an ABI
automatic DNA sequencer (Ramsey).

Western Blot Analysis—Cells were harvested and lysed in
RIPA buffer (50 mm Tris-HCI, pH 8.0, 1% Nonidet P-40, 0.25%
sodium deoxycholic acid, 150 mm NaCl, 1 mm EGTA, complete
Mini-Protease mixture (1 tablet/50 ml, Roche Applied Sci-
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ence)). The cell extracts (40 ug) were separated using a 12%
SDS-PAGE gel, transferred onto Immuno-Blot™ PVDF mem-
branes (Bio-Rad), and blocked with 5% skim milk (BD Biosci-
ences). The blotted membranes were then incubated with anti-
bodies against PLZF, RAR« (Santa Cruz), GAPDH (Chemicon),
p21 (Cell Signaling), p53, HDAC1, NCoR, HDAC3, PLZF, and
SMRT (Santa Cruz) and further incubated with either an anti-
mouse or anti-rabbit secondary antibody conjugated to HRP
(Vector Laboratories). Finally, antibody-bound protein bands
were visualized using an ECL solution (PerkinElmer Life
Sciences).

Quantitative Chromatin Immunoprecipitation (qChIP)
Assays—HEK293, HCT116 p53*/", HCT116 p53 /", and
HL-60 cells were transfected with increasing amounts of
pSG5-PLZF-RAR«a expression vector. The molecular inter-
actions between PLZF-RAR«a and p53, Spl, or RAR«a and
various histone modifications within the CDKNIA proximal
promoter were analyzed using a standard qChIP assay pro-
tocol as described elsewhere (23).

The degree of PLZF-RARa binding to p53RE-1, -2 and
RARE, and Sp1-binding sites was analyzed by ChIP assays using
an anti-PLZF, anti-RARe¢, and anti-HA tag antibody (Santa
Cruz). The level of endogenous Spl and p53 protein binding
was analyzed using polyclonal antibodies against anti-p53
(Santa Cruz), anti-Sp1l (Santa Cruz), anti-Ac-Histone 3, anti-
Ac-Histone 4, anti-Histone H3K4-Me3, and anti-Histone
H3K9-Me3 (Upstate). IgG was used as a negative control for the
qChIP assays.

Quantitative PCR of the chromatin-immunoprecipitated DNA
was performed using the following oligonucleotide primer sets,
which were designed to amplify the upstream regulatory regions
flanking the p53 and RAR« binding sites and the CDKN1A prox-
imal promoter region: p53RE-1 (bp —2307 to —1947) forward, 5'-
CTGTGGCTCTGATTGGCTTT-3' and reverse, 5'-GGGTCT-
TTAGAGGTCTCCTGTCT-3; p53RE-2 (bp —1462 to —1128)
forward, 5'-CCACAGCAGAGGAGAAAGAAG-3' and reverse,
5'-GCTGCTCAGAGTCTGGAAATC-3"; RARE (bp —1020to —
1200) forward, 5'-GGGTTCTGTTTTTTAGTGGGATTTC-3'
and reverse, 5'-TGGAAGTGTCTACTGGTTCTITCTGA-3';
and CDKN1A proximal promoter (bp —131 to +30) forward, 5'-
GCGCTGGGCAGCCAGGAGCCT-3' and reverse, 5'-CTGAC-
TTCGGCAGCTGCTCAC-3'. To analyze histone H3 and H4
modifications within the CDKNIA proximal promoter (bp —131
to +100), the forward, 5'-GATCGGTACCGCGCTGGGCAGC-
CAGGAGCCT-3’, and reverse, 5'-TCGTCACCCGCGCACTT-
AGA-3', primers were used. To analyze DNA methylation at the
proximal CDKNI1A promoter by ChIP, a Me-DIP kit designed to
immunoprecipitate methylated DNA with an anti-methylated
DNA antibody was used (Diagenode).

Immunoprecipitation Assays—HEK293, HCT116 p53*/",
HCT116 p53~/~, and HL-60 cells (transfected with an expres-
sion vector, if necessary) were washed, pelleted, and resus-
pended in lysis buffer supplemented with protease inhibitors
(20 mm Tris-HCI, pH 7.5, 150 mm NaCl, 10% glycerol, 1% Tri-
ton X-100, complete Mini Protease mixture (1 tablet/50 ml,
Roche Applied Science)). Cell lysates were pre-cleared, and the
supernatants were incubated overnight with an anti-PLZF (or
anti-p53, anti-Sp1, anti-RARq, anti-MBD3, anti-MTA2, anti-
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HP1, anti-DNMT1, anti-DNMT3b, or anti-GAPDH) antibody
on a rotating platform at 4 °C and then incubated with protein
A-Sepharose Fast Flow beads. The beads were collected,
washed, and resuspended in equal volumes of 5X SDS loading
buffer. The immunoprecipitated proteins were separated using
8 and 10% SDS-PAGE. Western blots were performed with the
appropriate antibodies as described above.

Oligonucleotide Pulldown Assays—HEK293, HCT116 p53™/",
HCT116 p53_/_, and HL-60 cells were lysed in HKMG buffer
(10 mm HEPES, pH 7.9, 100 mm KCI, 5 mm MgCl,, 10% glycerol,
1 mmM DTT, and 0.5% Nonidet P-40). The cell extracts were then
incubated with 1 ug of biotinylated double-stranded oligonu-
cleotides (p53RE-1, p53RE-2, RARE, Spl-1, Spl-2, Spl1-3,
Spl-4, and Sp1-5/6) for 16 h. Oligonucleotide sequences were
as follows (only the top strands are shown): Sp1-1,5'-GATCG-
GGAGGGCGGTCCCG-3'; Spl-2, 5'-GATCTCCCGGGCG-
GCGCG-3'; Sp1-3, 5'-GATCCGAGCGCGGGTCCCGGCTC-
3’; Spl-4, 5'-GATCCTTGAGGCGGGCCCG-3'; Spl-5/6,
5'-GATCGGGCGGGGCGGTTGTATATCA-3'; RARE, 5'-
GGCAAAGGTGAAGTCCAGGGGAGGTCAGGGGTGTG-
3'; p53RE-1,5'-GTCAGGAACATGTCCCAACATGTTGAG-
CTC-3'; p53RE-2, 5'-TAGAGGAAGAAGACTGGGCATGT-
CTGGGCA-3'; and 3' UTR, 5'-TCCTGGAGCAGACCACC-
CCGC-3'. To collect the DNA-bound proteins, the mixtures
were then incubated with streptavidin-agarose beads for 2 h,
washed with HKMG buffer, and the precipitates collected by
centrifugation. The precipitates were then analyzed by Western
blots using antibodies against PLZF, Sp1, p53, or GAPDH, as
described above.

Flow Cytometry for Cell Cycle and Apoptosis Analysis—
HEK293, HCT116 p53*/", HCT116 p53~ /", and HL-60 cells
were transfected with either a PLZF-RAR« expression or con-
trol vector. Transfected cells were washed, fixed with methanol,
and stained with a solution containing propidium iodide (50
pg/ml) and ribonuclease A (100 ug/ml) for 30 min at 37 °C in
the dark. The DNA content, cell cycle profiles, and forward
scatter of the cells were analyzed using a FACSCalibur (BD
Biosciences) flow cytometer set to 488 (excitation) and 575 nm
(peak emission). The data were analyzed using ModFit LT 2.0
(Verity Software House) and WindMDI 2.8 (Joseph Trotter,
Scripps Research Institute).

To analyze the effect of PLZF-RAR« on apoptosis, HEK293,
HCT116, p53*/", HCT116 p53~'~, and HL-60 cells were
transfected with a PLZF-RAR« expression vector. Cells were
washed and stained with Annexin V-FITC (1:25, BD Biosci-
ences) and propidium iodide (1 pg/ml, BD Biosciences) in
Annexin V binding buffer (10 mm HEPES, pH 7.4, 140 mMm
NaCl, 5 mm CaCl,) by incubating for 10 —15 min at room tem-
perature in the dark and then fixed for 15 min with chilled 2%
paraformaldehyde in PBS. The apoptotic cells were analyzed
using a FACSCalibur (BD Biosciences) flow cytometer, with
Annexin V-FITC and propidium iodide excitation/emission
wavelengths of 405/570 and 488/620 nm, respectively. The data
were analyzed using CellQuest (BD Biosciences) and WindMDI
2.8 (Joseph Trotter, Scripps Research Institute).

MTT Assays—Confluent HEK293, HCT116 p53*/*, HCT116
p53_/ ~, and HL-60 cells grown on 10-cm culture dishes were
transfected with either a PLZF-RAR« expression vector or control
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FIGURE 1. PLZF-RAR«a promotes cell proliferation but does not induce
apoptosis. A, FACS analysis of HEK293 and HCT116 cells transfected with
either a pcDNA3 or pSG5-PLZF-RARa plasmid. B, MTT assay of cell prolifera-
tion. HEK293 and HCT116 cells transfected with either a pcDNA3 or pSG5-
PLZF-RARa plasmid were grown for 1-4 days and analyzed for MTT to form-
azan conversion using colorimetry at 540-600 nm. *, p < 0.05. Mean values of
three independent experiments are shown. Error bars are too small to see and
represent S.D. C, FACS analysis of apoptosis. HEK293 cells were transfected
with either a pcDNA3 or pSG5-PLZF-RARa plasmid. The cells were stained
with Annexin V and propidium iodide 48 h after transfection. x axis, Annexin
V-FITC staining; y axis, propidium iodide (PI) staining. The numbers shown in
the two right quadrants represent the percentage of cells undergoing
apoptosis.

vector, transferred to 6-well culture dishes and grown for 0—4
days. At days 0, 1, 2, 3, and 4, the cells were incubated for 1 h at
37 °C with 20 ul of MTT/well (2 mg/ml). The precipitates were
dissolved with 1 ml of dimethyl sulfoxide and the levels of cellular
proliferation was determined by analyzing the conversion of MTT
to formazan using a SpectraM A X 250 spectrophotometer (Molec-
ular Devices) at 570 nm.

Statistical Analysis—Student’s t test was used for all statisti-
cal analyses. p < 0.05 values were considered significant.

RESULTS

PLZF-RAR« Stimulates Cell Proliferation and Increases the
Number of Cells in S-phase—We tested whether the oncopro-
tein PLZF-RAR« can promote cell proliferation in HEK293,
HCT116 cells, and eventually in HL-60 myeloid cells in the later
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FIGURE 2. PLZF-RAR« represses the transcription of p53 pathway genes in HEK293 cells. A, transient transcription assays for the ARF, MDM2, TP53, and
CDKN1A genes of the p53 pathway. The PLZF-RARa expression vector and promoter-luciferase fusion reporter plasmid were transiently co-transfected into
HEK293 cells, and luciferase activity was measured. The results are the average of three independent assays. Bars, standard deviations. B and C, RT-qPCR and
Western blot (WB) analyses showing PLZF-RAR« and endogenous MDM2, TP53, and CDKNTA expression in HEK293 cells transfected with a PLZF-RAR«
expression vector. GAPDH, control. D, structures of the four COKN1A promoter constructs tested and transient transcription assays for COKN1A gene expression.
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part of this study. Flow cytometry analysis of HEK293 and
HCT116 cells transfected with a PLZF-RAR« expression plas-
mid showed that PLZF-RAR« stimulated cell cycle progression
and increased the number of cells in S-phase (from 31.8 to
43.3%) (Fig. 1A). In agreement, MTT assays showed that PLZF-
RARa significantly increased cell proliferation (Fig. 1B).
Because PLZF acts as a tumor suppressor with apoptotic
activity in cells with a hematopoietic origin, we investigated
whether PLZF-RARa induces apoptosis by analyzing HEK293
cells stained with Annexin V and propidium iodide. The cell
populations undergoing early and late apoptosis were either
minimal or negligible (from 1.11 to 3.75%) (Fig. 1C).
PLZF-RAR« Is a Transcriptional Repressor of the CDKN1A
Gene Encoding p21—To understand how PLZF-RAR«
increases cell proliferation and exerts oncogenic properties, we
investigated whether the oncoprotein PLZF-RARa could stim-
ulate cell proliferation by controlling genes of the p53 pathway,
important for cell cycle regulation. Transient transcription
assays of HEK293 cells showed that PLZF-RAR« repressed
transcription of ARF, MDM?2, TP53, and in particular,
CDKNIA (Fig. 2A). RT-qPCR and Western blot analyses
revealed that ectopic PLZF-RAR« also repressed the expres-
sion of endogenous TP53, MDM?2, and CDKNIA at the tran-
scriptional level (Figs. 2B and 3C). Thus, PLZF-RARa regulates
the upstream regulatory genes that eventually affect CDKNIA
expression. We also examined which region of the CDKNI1A
promoter is important for transcriptional repression by PLZE-
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RAR« in HEK293 cells. PLZF-RAR« repressed the transcrip-
tion of the four different CDKNIA promoters in a similar fash-
ion, suggesting that PLZF-RAR« may repress transcription by
acting at the proximal promoter, which has six Spl-binding
GC-boxes (Fig. 2D).

PLZF-RARa Represses Transcription of the CDKN1A Gene by
Binding to the Distal p53 Binding Elements and Decreasing p53
Stability and TP53 Transcription—Treatment with the DNA
damaging agent etoposide increased CDKNIA expression by
inducing p53 in HCT116 cells, which was repressed by PLZF-
RARe (Fig. 3A4). In HCT116 p53 /" cells, ectopic p53 expres-
sion increased CDKNIA expression, which was also repressed
by PLZF-RAR« (Fig. 3B). An additional transcriptional analysis
using a pG5-6x(p53RE)-Luc construct with five copies of the
distal p53 binding elements of the CDKNIA showed that PLZF-
RARa blocked transcriptional activation of CDKN1A by p53 in
Saos-2 cells (Fig. 3C). We observed a similar PLZF-RARa-me-
diated transcriptional repression of pG13-Luc, which contains
13 copies of the putative p53 binding element (Fig. 3D). Overall,
our data suggest that PLZF-RAR« can inhibit transcriptional
activation of the CDKNIA gene by p53 at the p53 response
element (p53RE) of the distal CDKNI1A promoter.

We next analyzed whether ectopic PLZF-RAR« affected p53
binding induced by etoposide in HCT116 cells. Although eto-
poside treatment did not affect the expression of PLZF-RAR«
significantly, transcriptional activation of P53 and CDKN1A

JOURNAL OF BIOLOGICAL CHEMISTRY 18645



PLZF-RAR«, a Transcriptional Repressor of CDKN1A and TP53

A B
£ £ P p53ps3  spi(t-6) or )
2 25 £ 3 * -2307 bp-ﬂ—ﬂ—//—ll—l-ll—]:- HH—{ e | CDKN1A
2 2 53RE-1 p53RE-2 +30bp
2 20 2 6 P53RE-1 p53RE-
o —~ © —~
8215 832 kDa
5L 5L 4
510 g< PLZF-RARG. «i10
I FE) WB: anti-PLZF
g 05 g P53 . - <5
& e 0 1 7 4 WB: anti-p53
pGL2- %Rm% Luc+ + _'3_ i peL2- CDKN“& LUCI + % + GAPDH " s s s < 37
SCEPL R + pgg A3, A 53 + + WB:anti-GAPDH
St A P
pGL2-6x(p53RE)-tk Luc pG13-Luc
c W, Tp D 13x,0, 1> TP
> Suam i 2 e E
2 . p53 RE Z . W * = *
g 8 £ 3 16007 | _ns
5 3 o 3 *
O~ C =
23, 236 E 12001
s= 574 So
° 2 o xS
2] 2 2 = 9800
% 0 1 2 3 4 § 0 1 2 3 4 lﬁ
oyt 13 ¢ - EEE T
NAS WA pss ;T + £ 1
oSGE pLZF: M Yo+ f 8§3 ‘Bﬂ%ﬂ? + 4+ T"; 0
kDa kDa 3 4
PLZF-RARa. v <4110PLZF-RARG. —— <110 M Eto os'de + + 4+
WB: anti-PLZF WB: anti-PLZF SG5 PLZF-RARc. + +
p53 -— - <53 p53 - - <53
WB: anti-p53 WB: anti-p53
GAPDH s s s @ < 37  GAPDH s e s s « 37
WB:anti-GAPDH WB:anti-GAPDH
= =)
F2 Gs3 5 NS. H DMSO 20 M Etoposide
3.5 L3 I sG5  PSG5- oG5 PSGS5-
< 3 P P kDa
S 3. 2, PLZF- PLZF-RARc'  PLZF-RARa
K = - 110
< 2.5 < RARc o - <
Z ) Z3 WB: anti-PLZF
[ 1 [S P53 — — ¢ 53
3 51 §_ 21 1L WB: anti-p53
[N
g 21 P21 - -
£ 051 B WB:anti-p21
o) [}
2 0 e are eyl 1, ————_
pSG5 pSG5  + WB:anti-GAPDH
25 uM Etol osme M Etoposide + +
pSG5PLZF-RAR:  + T ps 5PLZF-RAR0.  + T

FIGURE 3.PLZF-RARa represses transcriptional activation of CDKN1A by p53. A, transient transcription assays. HCT116 cells were transiently co-transfected
with a PLZF-RAR« expression vector and a pGL2-CDKN1A-Luc (—2.3 kb) reporter plasmid, after which the cells were treated with the DNA-damaging agent
etoposide and analyzed for luciferase activity. B, transient transcription analysis in HCT116 p53 /" cells. Cells were transiently co-transfected with pGL2-
CDKN1A-Luc WT (—2.3 kb), p53 and/or PLZF-RARa expression vectors and luciferase activity was measured. C and D, transient transcription assays for the
p53-responsive minimal promoters. Saos-2 cells lacking p53 were cotransfected with pGL2-6x(p53RE)-Luc (or pG13-Luc), a PLZF-RAR« expression vector
and/or a p53 expression vector. p53RE, distal p53 binding element of the CDKNTA promoter pG13 containing 13 copies of the putative p53 binding element.
E-H, transcriptional regulation of endogenous TP53 and CDKN1A by PLZF-RARa in HCT116 cells treated with etoposide, as shown by RT-gPCR and Western blot

(WB) analysis. **, p < 0.05; *, p < 0.001; N.S., not significant; t test.

by etoposide was potently repressed by PLZF-RARa at both the
mRNA and protein levels (Fig. 3, E-H).

PLZF-RAR«a also repressed transcriptional activation of
CDKNIA by etoposide or ectopic p53 (Fig. 3). We also tested
whether PLZF-RAR« repressed transcription of CDKNIA in
the absence of p53. Transient transcription assays in HCT116
p53 7/~ cells showed that PLZF-RAR« could repress transcrip-
tion of CDKNIA (Fig. 4A4), and MTT assays of the same cells
showed that PLZF-RARa significantly increased cell prolifera-
tion by 2.5-fold (Fig. 4B). Western blot and RT-qPCR analyses
revealed that ectopic PLZF-RAR« also repressed the expres-
sion of endogenous CDKNIA at both the protein and mRNA
levels in HCT116 p53 ™/~ cells (Fig. 4, C—F). These results sug-
gest that transcriptional repression of CDKNIA by PLZE-
RAR« can be independent of p53.
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Accordingly, PLZF-RAR« may directly repress transcription
of CDKNIA or indirectly, by repression of p53 activity or
expression. Oligonucleotide pulldown assays showed that
PLZF-RARa binds to and decreases p53 binding to p53REs (Fig.
5B). ChIP assays showed similar results in vivo (Fig. 5, C-G).
Together, these results suggest that PLZF-RARa competes
with p53 to bind to the two p53 binding elements and that this
binding competition is important for transcriptional repression
of CDKNI1A. The transcription repression of TP53 by PLZE-
RARa may also contribute indirectly to the repression of
CDKNIA (Figs. 3, F and H; 5B, input lane 2, and 51, input
lane 2).

As protein-protein interactions between transcription fac-
tors can also repress transcription, we investigated whether
PLZF-RARa directly interacts with p53. Co-immunoprecipita-
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control. *, p < 0.05; N.S., not significant; t test.

tion and Western blot assays of HEK293 cells transfected with a
PLZF-RAR« expression vector revealed that PLZF-RAR«
interacts with p53 in vivo (Fig. 5H). Interestingly, we noticed
that PLZF-RARa decreased the expression and acetylation of
p53 (Fig. 51). Ubiquitination assays and Western blot analyses
further revealed that PLZF-RAR« considerably increased p53
ubiquitination, likely decreasing p53 protein stability. In cells
expressing ectopic PLZF-RARa, p53 expression was most likely
low because of the combination of decreased p53 stability and
transcriptional repression of TP53 (Figs. 3, Fand H; and 5, H-)).

PLZF-RAR« Binds to the Proximal GC Boxes and Interacts
with Spl to Repress the Transcription of CDKN1A—PLZE-
RARa« can repress transcription by acting on the short proximal
promoter (bp —131 to +30) of CDKNIA. The proximal pro-
moter is GC-rich, contains six Sp1 binding sites (Sp1-1 to Sp1-
6), and is important in transcriptional activation by Sp1 (Fig.
6A) (15, 17, 29). We found that Sp1 activated transcription of
the pG5-5x(GC)-Luc reporter plasmid that contained Spl-
binding GC-boxes, which was also repressed by PLZF-RAR«
(Fig. 6, Band C).

We also tested which GC-box at the CDKNIA promoter is
important for transcriptional repression by PLZF-RARa. Site-
directed mutagenesis of the proximal GC-boxes of reporter
plasmids and transient transcription assays revealed that GC-
boxes 3, 4, and 5/6 are important for transcriptional repression
by PLZF-RARe, as mutations in these elements inhibited
CDKNIA transcriptional repression by PLZF-RAR« (Fig. 6D).

Oligonucleotide pulldown assays using HEK293 cells trans-
fected with a control or PLZF-RAR« expression vector also
indicated that PLZF-RAR« binds to these three elements and
decreases Sp1 binding (Fig. 6E). PLZF-RAR« expression did not
affect Spl expression (Fig. 6, E and I). ChIP assays further
revealed that HA-tagged PLZF-RAR« or untagged PLZF-RAR«
bound to the proximal promoter region in vivo, and that the
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/= cells transfected with the PLZF-RARa expression vector. GAPDH,

increased PLZF-RAR« expression vector decreased endoge-
nous Spl binding to the proximal promoter (Fig. 6, H and 1).
Additionally, co-immunoprecipitation and Western blot assays
of HEK293 cells transfected with a PLZF-RAR« expression vec-
tor revealed that PLZF-RARa and Sp1 interact with each other
in vivo (Fig. 6, G-I). Our data indicate that PLZF-RAR« is a
GC-box-binding transcription factor that can compete with
Spl at GC-boxes 3, 4, and 5/6 to repress the transcription of
CDKNIA.

PLZF-RARa Binds to a Distal RARE Promoter Element to
Repress Transcription of CDKNIA—It has previously been
shown that RARa-RXR complexes can activate transcription of
CDKNIA by acting on the RARE in the CDKNIA distal pro-
moter region (bp —1212 to —1194) (15, 30). In addition, the
PLZF-RAR« fusion protein retains a functional RARae DNA
binding domain, and dysregulation of RARa target gene
expression has been proposed to be an underlying cause of
oncogenesis (5, 31). Accordingly, we tested whether PLZF-
RARa could represses transcription of a CDKNIA-reporter
fusion gene and the endogenous CDKNIA gene in HEK293
cells. Co-expression of RXR and RAR« increased transcription
and, in the presence of ATRA, further activated transcription.
Regardless of the presence of ATRA, PLZF-RARa« repressed
both the CDKNI1A reporter (Fig. 7A) and endogenous CDKNIA
at their protein and mRNA levels (Fig. 7, B and C). Interestingly,
we noticed that ATRA treatment increased p53 expression and
PLZF-RAR« decreased p53 expression, but ATRA did not
affect PLZF-RARa expression (Fig. 7, Band C). Decrease in p53
expression by PLZF-RAR« could further decrease CDKNIA
expression.

Site-directed mutagenesis of the RARE of the CDKN1A pro-
moter in the reporter plasmid and transient transcription
assays revealed that the RARE is important for PLZF-RARa-
mediated transcriptional repression because the mutation of
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FIGURE 5. PLZF-RAR« represses CDKN1A gene transcription through binding competition with p53, TP53 transcriptional repression, and increased
p53 ubiquitination. A, structure of the human CDKN 1A gene promoter. The arrows at the p53 binding elements indicate the locations of the qChIP-PCR primer
binding sites. Tsp(+ 1), transcription start site. B, oligonucleotide pulldown assay of PLZF-RARa binding to p53 response elements in the CDKN1A promoter.
Extracts from HCT116 p53™/" cells expressing ectopic PLZF-RARa were incubated with biotinylated oligonucleotides, incubated with streptavidin-agarose
beads, and precipitated. The precipitates were analyzed by Western blot with the antibodies indicated. C-F, qChlP assay showing HA-PLZF-RARa/PLZF-RAR«
or p53 binding to the distal p53RE-1and -2 of the endogenous CDKN1A gene in HCT116 p53 /™ cells. The cells were transfected with an increasing amount (0-9
ng) of pSG5-PLZF-RAR« expression vector. Antibodies against PLZF, RARq, and p53 were used for ChlP. IgG, control. G, Western blot (WB) analyses showing
PLZF-RAR« and endogenous p53 expression in HCT116 p53 "™ cells transfected with an increasing amount (0-9 ug) of pSG5-PLZF-RAR« expression vector.
GAPDH, control. H and I, co-immunoprecipitation (IP) of PLZF-RARa and p53. HCT116 p53™/* cell lysates were immunoprecipitated using an anti-RAR«
antibody and the precipitates were analyzed by Western blot using an anti-p53 antibody. Alternatively, the anti-p53 antibody was used first in the co-IP, and
the anti-RARa antibody was used for Western blotting. J, ubiquitination assay for endogenous p53. H1299 cells were transfected with pcDNA3-His-ubiquitin or
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incubated with MagneHis nickel particles and the precipitated pellets were washed, resolved by 10% SDS-PAGE, and analyzed by Western blot using a p53
antibody. *, p < 0.05; N.S., not significant; t test.

repression, PLZF-RAR« may inhibit transcription at the
CDKNIA proximal promoter by interacting with the

any of the bipartite RARE elements caused a loss of transcrip-
tional repression (Fig. 7, D and E). Oligonucleotide pulldown

assays indicated that PLZF-RAR« binds the RARE (Fig. 7F).
Moreover, ChIP assays of PLZF-RAR« binding with both anti-
PLZF and anti-HA antibodies revealed that ectopic PLZF-
RARa binds to the RARE (Fig. 7G), resulting in CDKN1A tran-
scriptional repression.

PLZF-RARw Epigenetically Silences the CDKNIA Proxi-
mal Promoter by Interacting with the MBD3-NuRD-HDAC3
Complex and DNMTs, Leading to DNA Methylation—PLZF
was shown to repress transcription by interacting with the
NCoR/SMRT corepressor (2). Because PLZF-RAR« retains
the domains of PLZF that are important for transcriptional
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corepressorrHDAC complex. ChIP assays showed that
expression of ectopic PLZF-RAR« decreased acetylation of
histones H3 and H4 at the CDKNIA proximal promoter by
40-65% (Fig. 8C). In addition, epigenetic markers of tran-
scriptional repression (H3K9-Me3) and activation (H3K4-
Me3) were increased or decreased, respectively, by PLZF-
RAR (Fig. 8D).

These data imply the involvement of HDACs, DNMTs,
and promoter DNA methylation in the transcriptional
repression of CDKNIA by PLZF-RARa. Accordingly, we
investigated whether the CDKNI1A promoter region can be
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FIGURE 6. PLZF-RARa represses CDKN1A transcription by competing with Sp1 for binding to proximal promoter GC-boxes 3, 4, and 5/6, in vitro and in
vivo. A, structure of the human CDKN1A promoter. The arrows indicate the binding positions of the qChIP oligonucleotide PCR primers. Tsp(+ 1), transcription
start site. B, transcription analysis in HEK293 cells. Cells were transiently co-transfected with the pGL2-CDKN1A-Luc WT (—131 bp), Sp1 and/or PLZF-RAR«
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sequence. D, identification of the functional elements in transcriptional repression by PLZF-RARa (left). The structures of the pGL2-CDKN1A-Luc WT (—131 bp)
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Transcription analysis in HEK293 cells. Cells were transiently co-transfected with pGL2-CDKN1A-Luc WT or a mutant construct (—131 bp), and PLZF-RAR«
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RARa binding at the endogenous CDKN 1A proximal promoter in HEK293 cells. The cells were transfected with an increasing amount (0-9 .g) of the PLZF-RAR«

expression vector. Antibodies against HA tag, PLZF, Sp1, and IgG (control) were used in the ChIP assays. *, p < 0.05; N.S., not significant; t test.

methylated by Me-DIP (methylated DNA immunoprecipita-
tion) assays. Ectopic PLZF-RAR« increased methylation of
the CDKNIA promoter region, as in the positive control
AlphaX1 promoter, indicating that PLZF-RAR« may repress
transcription of CDKN1A through DNA methylation at the
15 CpGs of the proximal promoter region (bp, —139 to +30)
(Fig. 8E). In control cells transfected with the pcDNA3 con-
trol construct, methylated bisulfite DNA sequencing showed
that although some of the CpGs were methylated, only 1 of
20 CDKN1A promoter DNA strands sequenced was strongly
methylated (13 of 15 CpGs), and only 2—-3 moderately meth-
ylated promoter DNA strands were detected. In particular,
the core CpG of Sp1 binding site-3, which is critical for tran-
scriptional activation of CDKNIA, was methylated in 50% of
the promoter DNA strands sequenced (17). In contrast,
PLZF-RAR« dramatically increased methylation at the CpG
island of the CDKNIA proximal promoter, with virtually
70% (14 of 20) of the promoter DNA strands sequenced
exhibiting extensively methylated CpGs (Fig. 8F). Interest-
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ingly, all of the core CpGs of the six Sp1 binding GC-boxes
were heavily methylated, which may inhibit promoter DNA
binding and transcriptional regulation by Spl family and
other Kriippel-like transcription factors.

Co-immunoprecipitation and Western blot analysis of
either HEK293 cells or HEK293 cells transfected with a
PLZF-RARa expression vector revealed that PLZF-RAR«
interacts with MBD3, the Mi-2-NuRD-HDAC3 complex, and
the NuRD complex-associated DNMTs and HP1 (Fig. 8G).
ChIP analysis also showed that ectopic PLZF-RARa signifi-
cantly increased the binding of MBD3, Mi-2:NuRD-HDAC3
complex (as monitored by diagnostic subunit MTA2),
DNMT1/3b, and HP1 to the CDKNIA proximal promoter
(Fig. 8H). PLZF-RARa, by interacting with MBD3, recruits
the Mi-2:-NuRD-HDAC3 complex and the complex-associ-
ated DNMT1/3b and HP1, likely resulting in CDKNIA pro-
moter DNA methylation. Together, these results suggest
that the CDKNIA promoter may be epigenetically silenced
by histone deacetylation and DNA methylation.
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FIGURE 7. PLZF-RARa represses the transcription of CDKN1A by binding to its RARE in vitro and in vivo. A, transcription assay for the CDKN1A promoter
in the presence of PLZF-RAR«a and ATRA or EtOH control in HEK293 cells. Cells were transiently co-transfected with the pGL2-CDKN1A-Luc WT (—2.3 kb),
PLZF-RARa and/or RXR-RAR« expression vectors, treated with ATRA, and luciferase activity was measured. Band C, Western blot (WB) and RT-gPCR mRNA level
analysis of the cell lysates transfected with control or PLZF-RAR« expression vectors and treated with ATRA or EtOH control. D, structure of the human CDKNTA
promoter showing point mutations within the RARE. RXRE, the binding sites for RXR are also indicated. E, CDKNTA transcription reporter assays. HEK293 cells
were transiently co-transfected with pGL2-CDKN1A-Luc WT or one of the three RARE mutants (—2.3 kb) and the PLZF-RARa expression vector and/or control
vector, and luciferase activity was measured. F, oligonucleotide pulldown assays showing PLZF-RARa binding to the RARE. HEK293 cell extracts were incubated
with biotinylated double-stranded oligonucleotide and analyzed, as described in the legend to Fig. 3/ using an antibody against PLZF or IgG. G, qChlP assay
showing PLZF-RARa binding at the RARE of the endogenous CDKN1A proximal promoter in HEK293 cells. The cells were transfected with HA-PLZF-RAR« or
PLZF-RAR« expression vector. Antibodies against HA and PLZF and IgG were used in ChlIP assays. The endogenous CDKNTA gene structure is shown. RAREs are
indicated as RARa. The arrows indicate the binding positions of the qChlIP oligonucleotide PCR primers flanking the RARE. Tsp(+ 1), transcription start site. *, p <
0.05; N.S., not significant; t test.
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PLZF-RAR« Stimulates Cell Proliferation and Represses associated DNMT1/3b and HP1. These results show the
CDKNI1A Transcription in HL-60 Leukemia Cells through molecular mechanisms we identified in HEK293 cells are
the Competitive Binding of p53, RAR«, and Spl, Histone also applicable to HL-60 human leukemia cells.
Modifications, and DNA Methylation—We showed the Epigenetic Repression of CDKNIA by PLZF-RARo in
molecular mechanism underlying the oncogenic properties HL-60 Cells Can Be Partially Reversed by the HDAC Inhibi-
of PLZF-RARa in HEK293 and HCT116 cells, and eventually ~ tor TSA, the DNMT Inhibitor 5-Aza-2'-deoxycytidine, ATRA
tried to validate our findings in acute promyelocytic leuke- o7 Any Combination of these Three Drugs—PLZF-RAR«a can
mia HL-60 cells. PLZF-RAR« promoted cell proliferation of ~repress CDKNIA expression in HL-60 cells through epige-
human HL-60 cells and repressed CDKNIA and TP53 netic mechanisms that include histone deacetylation and
expression (Fig. 9, A—C). ChIP assays also showed that promoter DNA methylation. Ectopic PLZF-RAR« repressed
ectopic PLZF-RAR« decreased acetylation of histones H3 CDKNIA through the deacetylation of histones H3 and H4
and H4 at the CDKNIA proximal promoter by 40 —65% and (Fig. 10, A and B). The ChIP data on markers of transcrip-

increased or decreased histone methylation markers of tional activation and repression indicated that treating the

repression (H3K9-Me3) or activation (H3K4-Me3), respec- cells With epigenetic dereprgssive agents (TSA and 5-aza-2'-
tively (Fig. 9, D—F). Furthermore, Me-DIP assays showed deoxycytidine) combined with the RARa ligand ATRA did

that ectopic PLZE-RARa expression increased DNA meth- not completely derepress CDKN1A transcription to the level

ylation of the CDKNIA proximal promoter (Fig. 9G). These fo‘und in control cells (Fig. 10, H a{1d /) Tr‘eatiflg th,e cells
data imply that, as in HEK293 cells, PLZE-RAR« represses with any of these agents alone or in combination did not
CDKNIA transcription by HDAC and promoter DNA meth- affect PLZF-RARa (as judged by ChIP using an anti-PLZF
lation in HIL-60 cells antibody) binding or the control ChIP reactions (Fig. 9E).

Y ChIP assays of HL éO cells transfected with a PLZE-RARa These results indicate that, of the several transcriptional
i ] i hanisms described above, CDKNIA tran-

expression vector further revealed that ectopic PLZF-RAR« rep.res‘smnl mec an‘lsmls) e;cn ec above bindi £ ran
increased binding of MBD3, the Mi-2:NuRD-HDAC3 com- scriptional repression by the competitive binding of po3,

) s PLZF-RARa, and Spl is quite significant. Because binding
plex (as monitored by MTA2 binding), DNMT1/3b, and HP1 competition between these transcription factors is not likely

to the CDKN1A promoter (Fig. 9, H-K). These results sug-  sffected by TSA and ATRA, the finding may explain why
gest that PLZF-RAR« may repress CDKNIA expression epi-  some APL patients with PLZF-RARa translocation are
genetically by histone deacetylation and/or methylation by  resistant to TSA and ATRA combination therapy and
recruiting the MBD3-Mi-2:NuRD-HDAC3 complex and its  relapse.
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FIGURE 8. PLZF-RAR« represses transcription of CDKN1A epigenetically by histone deacetylation and DNA methylation. A, structure of the human
CDKN1A gene promoter. The arrows indicate the locations of the qChIP-PCR primer binding sites. B, qChlP assays showing PLZF-RAR« binding at the endog-
enous CDKN 1A proximal promoter using an antibody against RAR«. Cells were transfected with the PLZF-RAR« expression vector and immunoprecipitated (/P)
with an anti-RAR« antibody. /gG, control ChIP antibody. C and D, qChIP-PCR assays showing histone modifications at the endogenous CDKNTA proximal
promoter. Cells were transfected with the PLZF-RARa expression vector and lysates were immunoprecipitated with the indicated antibodies (IgG, Ac-H3,
Ac-H4, H3K4-Me3, or H3K9-Me3). E, Me-DIP (methylated DNA ChiP) assays showing increased DNA methylation at the endogenous CDKN 1A proximal promoter
following ectopic PLZF-RARa expression. HEK293 cells were transfected with a PLZF-RAR« expression vector, lysates were immunoprecipitated (/P) with the
antibody recognizing methylated DNA, and precipitated DNA was amplified using the primers indicated in A. F, bisulfite sequencing analysis of the methylated
CDKN1A promoter. The proximal promoter sequences of CDKNTA, with potentially methylated CpGssites are shown in gray ovals, and the Sp1 binding GC-boxes
shown above. Open ovals, unmethylated CpG,; filled ovals, methylated CpG. G, co-immunoprecipitation of PLZF-RAR«, MBD3, NuRD (MTA2), DNMT1, DNMT3b,
and HP1. Cell lysates from either HEK293 cells transfected with a pcDNA3 vector or a PLZF-RARa expression vector were immunoprecipitated (/P) using
anti-PLZF, anti-RARa or anti-lgG antibodies and analyzed by Western blot (WB) with the indicated antibodies. H, qChlP assays showing the proximal promoter
binding of PLZF-RARa, MBD3, the NURD-HDAC3 complex, DNMT1/3b and HP1 proteins in HEK293 cells transfected with the PLZF-RAR« expression vector.
*,p < 0.05; N.S., not significant; t test.

Although ATRA supplemented with the HDAC inhibitor
TSA is effective in leukemia treatment, the addition ofa DNMT
inhibitor such as 5-aza-2'-deoxycytidine appears to be more
effective in inhibiting the proliferation of HL-60 cells trans-
fected with the PLZF-RAR«a expression vector (Fig. 10G).
Because CDKNIA transcriptional repression caused by the
competitive binding of p53, PLZF-RARa, RAR«, and Spl and
PLZF-RARa-mediated down-regulation of CDKNIA expres-
sion by PLZF-RAR«a (Fig. 10, H-J) persists in leukemic cells
expressing the PLZF-RAR« oncoprotein, a certain population
of leukemic cells may still remain resistant to the three drug
combination therapies. Accordingly, the fundamental goal for
better treating RA-resistant APL leukemic patients may be to
inactivate PLZF-RAR« activity or block the expression of the
fusion protein.

DISCUSSION

In APL-resistant ATRA treatment, the PLZF gene is fused
with the RAR« gene by chromosomal translocation (1, 2, 4).
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PLZF-RARa was presumed to antagonize the function of
RARa by interfering with promyeloctye differentiation
or/and disrupting myeloid-specific PLZF functions. PLZEF-
RARa promotes proliferation of promyelocytes (immature
granulocytes) through the aberrant regulation of cell cycle-
associated genes such as MYC (1-3, 32). However, the target
genes and the mechanism by which the PLZF-RAR« onco-
protein stimulates cell proliferation and blocks myeloid dif-
ferentiation has remained largely unknown.

PLZF-RARa interacts with co-repressorrHDAC com-
plexes such as NCoR/SMRT and Sin3A. PLZF-RAR« con-
tains two co-repressor binding sites, the CoR box of RAR«
and the POZ domain of PLZF. Retinoic acid releases HDAC
complexes from the CoR box of PLZF-RARq, but not from
the POZ domain, which accounts for the molecular basis of
RA resistance in PLZF-RARa-type APL patients. Previously,
an artificial minimal promoter system with a RARE was used
to demonstrate that the histone deacetylase inhibitors TSA
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FIGURE 9. PLZF-RAR« stimulates cell proliferation and represses CDKN1A transcription in HL-60 cells through inhibitory histone modifications and
DNA methylation. A, MTT assay of cell proliferation. HL-60 cells transfected with either pcDNA3 or pSG5-PLZF-RAR« plasmid were grown for 1-4 days and
analyzed for MTT to formazan conversion using colorimetry at 540-600 nm. Band C, Western blot (WB) and RT-qPCR analysis of protein and mRNA levels of the
HL-60 cells transfected with the PLZF-RAR« expression vector or a control plasmid. D-F, gChlP assays of modified histones Ac-H3, Ac-H4, H3K4-Me3, H3K9-Me3,
and PLZF-RARa binding at the proximal CDKN1A promoter. HL-60 cells were transfected with the PLZF-RAR« expression vector and analyzed for changes in
Ac-H3, Ac-H4, H3K4-Me3, and H3K9-Me3 levels at the indicated regions (Fig. 8A) using the indicated antibodies. G, Me-DIP assays to assess DNA methylation of
the endogenous CDKNTA proximal promoter in HL-60 cells transfected with PLZF-RAR« expression vector. Alpha X1, positive control. H-K, qChlP assays of
MBD3, NuRD (MTA2), DNMT1 and -3b, and HP1 binding at the proximal CDKN1A promoter in HL-60 cells transfected with a PLZF-RARa expression vector.*, p <

0.05; N.C,, negative control; P.C,, positive control; N.S., not significant; t test.

and ATRA can lift the transcriptional repression by PLZF-
RARa and synergistically activate reporter gene expression
in CV-1, NB4, and U937 cells (5, 33). That study provided a
basis for the effective growth suppression of ATRA-resistant
leukemic cells by HDAC inhibitors and ATRA (5). Although
genome-wide PLZF-RAR« target genes were characterized
by ChIP-on-ChlIP in lymphoma U937 cells (34), the true tar-
gets of PLZF-RAR« that play important roles in cell prolif-
eration, and the molecular mechanisms of PLZF-RAR«
actions on these targets, remain largely unknown.

One of the key regulators of the cell cycle is p21. The
CDKNIA gene encoding p21 was previously reported to be a
direct target of RAR« (15). Our investigation revealed that
PLZF-RAR« represses CDKNIA expression potently to stimu-
late cell proliferation. PLZF-RAR« also represses expression of
another key regulator of the cell cycle, p53. Our investigation of
the molecular mechanism of CDKNIA transcriptional regula-
tion by PLZF-RAR« revealed several important novel features
of the oncoprotein PLZF-RARa. These include CDKNIA
repression through competitive binding of transcription fac-
tors (p53, Spl, RARe, and PLZF-RARa), transcriptional repres-
sion of TP53, degradation of p53 by ubiquitination, and
CDKNIA promoter histone deacetylation and DNA methyla-
tion. Moreover, the DNA binding specificity of PLZF-RAR« is
rather promiscuous and is not limited to the RARE. PLZF-
RARe also binds to two distal p53 binding elements and prox-

18652 JOURNAL OF BIOLOGICAL CHEMISTRY

imal GC-boxes (thus competing with Sp1 for GC-box binding).
These binding activities of PLZF-RAR« could potentially block
both the constitutive and inducible expression of CDKNIA.

Consequently, we propose a hypothetical model for the tran-
scriptional regulation of CDKNIA by PLZF-RAR« (Fig. 11).
Under normal cellular conditions in which p53 levels are low
and no PLZF-RAR« is present, p21 is expressed at a low level
and cells proliferate normally. When cells are challenged with
genotoxic stress, however, the tumor suppressor p53 is mark-
edly induced and activates CDKN1A transcription by interact-
ing with its p53REs and Sp1 bound at the Sp1-binding GC-box
3. The induced p21 protein then stops progression of the cell
cycle and allows the cells to either repair DNA damage or
undergo apoptosis. When cells express PLZF-RAR« following
chromosomal translocation, PLZF-RAR« represses CDKN1A
transcription by binding to proximal GC-boxes 3, 4, and 5/6,
RARE, and the distal p53 binding elements of the CDKNIA
promoter (Fig. 11B). Thus, transcriptional activation by p53,
RARa, and Spl can be effectively blocked by PLZF-RAR« at
their respective binding elements. Even when cells are under
genotoxic stress, p53 and Sp1 cannot activate transcription due
to PLZF-RAR«a competitive binding to both the proximal GC
boxes and distal p53REs that are critical for basal transcription
and synergistic transcriptional activation by Sp1 and p53, lead-
ing to the accumulation of DNA damage and increased cell
proliferation.
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FIGURE 10. Proliferation of HL-60 cells is increased by ectopic PLZF-RAR« and decreased by TSA, 5-aza-2’-deoxycytidine, ATRA, or any combi-
nation thereof. Transcriptional repression of CDKNT1A by PLZF-RARa is derepressed by the reagents. A-D, qChlP assays of histone modifications at the
endogenous CDKN1A gene proximal promoter using antibodies against IgG, Ac-H3, Ac-H4, H3K4-Me3, and H3K9-Me3. Cells were transfected with a
PLZF-RAR«a expression vector and the cell lysates were immunoprecipitated with the indicated antibodies. £ and F, qChIP-PCR assays of PLZF-RAR«
binding at the endogenous CDKN1A proximal promoter. Cells were transfected with a PLZF-RAR« expression vector and the cell lysates were immuno-
precipitated with an anti-PLZF antibody. Control ChIP assays using IgG are shown at the right (F). G, MTT assay of HL-60 cell proliferation. The cells were
transfected with the pSG5-PLZF-RARa plasmid, treated with 200 nm TSA, 4 um 5-aza-2'-deoxycytidine, 2 um ATRA for 12 h or any combination thereof,
grown 1-4 days, and analyzed for the MTT to formazan conversion using colorimetry at 540-600 nm. H, Western blot (WB) analysis of ectopic
PLZF-RAR« expression in HL-60 cells treated with various combinations of reagents. / and J, RT-qPCR analysis of PLZF-RARa and p21 mRNA. HL-60 cells
transfected with the PLZF-RAR« expression vector were further treated with the reagents and analyzed for expression of ectopic PLZF-RARa and
endogenous p21 mRNA. *, p < 0.05; N.S., not significant; t test.
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ubiquitination of p53 decreases p53 protein stability.

Furthermore, PLZF-RAR« potently represses transcription
of TP53 and decreases p53 stability by inhibiting p53 acetyla-
tion and increasing p53 ubiquitination. p53 is an upstream
transcriptional activator of CDKN1A. PLZF-RARa blocks the
induction of CDKNIA by repressing the expression of de novo
p53 and promoting the degradation of p53 through decreased
p53 acetylation and increased p53 ubiquitination (Figs. 5, B, G,
I,and J; and 11, C and D). PLZF-RAR significantly affects not
only the transcription of CDKNIA, but may also affect other
p53 and RARa target genes important for apoptosis, differenti-
ation, cell cycle regulation, etc.

However, the transcriptional repression of CDKNI1A medi-
ated by PLZF-RARa appears to be more complex than the
repression by competitive binding among transcription factors
and HDAC activity, and additionally involves epigenetic silenc-
ing by histone deacetylation and DNA methylation. Interest-
ingly, the methylated DNA-binding protein MBD3, which is
one of the subunits of the Mi-2:"NuRD-HDAC3 complex, was
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found to be associated with the proximal promoter of CODNK1A
(35). PLZF-RAR« interacts with MBD3 and recruits the
Mi-2:-NuRD-HDAC3 complex and the NuRD-associated DNMT1/
3band HP1, which eventually leads to CDKN1A promoter DNA
methylation.

Using HEK293 and HCT116 cells, we were able to consis-
tently show that PLZF-RARa has proto-oncoprotein charac-
teristics with the capacity to transform cells and stimulate cell
proliferation by repressing CDKNI1A expression. However, one
might argue that the molecular mechanism of transcriptional
regulation of CDKNI1A by PLZF-RARa« revealed in HEK293
and HCT116 cells might not be true in leukemic cells, which is
often true depending on the transcription factors and cellular
contexts. We were able to demonstrate that PLZF-RAR« also
represses transcription of CDKNIA in human promyelocytic
leukemia HL-60 cells.

The PML-RARa fusion protein has an abnormally high affin-
ity for corepressors, and the protein switches to an activator by
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releasing corepressors at pharmacological doses of ATRA (5,
36). However, the PLZF-RAR« fusion protein is ATRA-resis-
tant and does not release corepressors. Previously, HDAC inhib-
itors such as TSA and butyrate were shown to block PLZE-
RARa-mediated repression of reporter genes (5), and the
combination of ATRA and the HDAC inhibitor suberoyl ani-
lide hydroxamic acid (SAHA) was reported to be sufficient for
clearing leukemic blasts from the peripheral blood of mice har-
boring PLZF-RARa (12). Our study suggests that DNMT inhib-
itors such as 5-aza-2'-deoxycytidine in combination with
ATRA and HDAC inhibitors may be more effective in derepres-
sion of the PLZF-RAR« target genes involved in cell differenti-
ation, cell proliferation, and oncogenesis. Thus, PLZF-RAR«a-
type APL patients may be more effectively treated by the
addition of DNMT inhibitors to the ATRA plus HDAC inhibi-
tor regimen. However, because the repression of CDKN1A is, in
part, due to competitive binding between p53, PLZF-RARq,
RARe, and Spl, and the fact that transcription repression of
TP53 by PLZF-RAR« persists in leukemic cells with PLZF-
RARe, a certain population of leukemic cells may still remain
resistant to the above described three drug combination ther-
apy. Thus, an improved treatment of ATRA-resistant APL
patients could be to inactivate PLZF-RARa activity or block the
expression of the fusion protein.
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