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Transcriptional repression of CDKN2D by PML/RARα
contributes to the altered proliferation and
differentiation block of acute promyelocytic
leukemia cells

Y Wang1,5, W Jin1,2,3,5, X Jia1,5, R Luo4,5, Y Tan1, X Zhu1, X Yang1, X Wang1 and K Wang*,1,2,3

Cell proliferation and differentiation are highly coordinated processes. These two processes are disrupted during leukemogenesis,
resulting in differentiation block and uncontrolled proliferation in leukemia. To understand the mechanisms disrupting the
coordination between the two processes in acute promyelocytic leukemia (APL), we investigated the regulatory mechanism of
the negative cell cycle regulator CDKN2D by the promyelocytic leukemia/retinoic acid receptor α (PML/RARα) fusion protein and
the role of CDKN2D in cell differentiation and proliferation. We found that CDKN2D expression in APL cells was significantly lower
than that in normal promyelocytes. By chromatin immunoprecipitation and luciferase reporter assays, we showed that PML/RARα
directly bound to and inhibited the transactivation of the CDKN2D promoter. Further evidence by the truncated and mutated
CDKN2D promoters revealed that the everted repeat 8 (ER8) motif on the promoter was the binding site of PML/RARα. Forced
expression of CDKN2D induced G0/G1 phase arrest and partial granulocytic differentiation in APL-derived NB4 cells, suggesting
the function of CDKN2D in regulating both cell proliferation and granulocytic differentiation. Furthermore, all-trans retinoic acid
(ATRA) significantly induced CDKN2D expression in APL cells and knockdown of CDKN2D expression during ATRA treatment
partially blocked the ATRA-induced differentiation and cell cycle arrest. Collectively, our data indicate that CDKN2D repression by
PML/RARα disrupts both cell proliferation and differentiation in the pathogenesis of APL, and induced expression of CDKN2D by
ATRA alleviates the disruption of both processes to ensure treatment efficiency. This study provides a mechanism for coupling
proliferation and differentiation in leukemic cells through the action of CDKN2D.
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Acute promyelocytic leukemia (APL), a distinct subtype of
acute myeloid leukemia, is characterized by an oncogenic
fusion protein of a translocation between chromosomes 15
and 17, promyelocytic leukemia/retinoic acid receptor α (PML/
RARα). PML/RARα has an essential role in the leukemogen-
esis of APL by interfering with its target genes, eventually
leading to a differentiation block at the promyelocytic stage
and a hyperproliferation of blocked promyelocytes;1 both are
the hallmark features of APL. Pharmacological concentrations
of all-trans retinoic acid (ATRA) can induce the degradation of
PML/RARα and restore the expression of those genes
suppressed by PML/RARα, resulting in the granulocytic
differentiation and cell cycle arrest of leukemic cells.2

It has been well documented that cell proliferation and
differentiation are two fundamental and distinct processes that
must be coordinated during development and homeostasis.3

Loss of coordination between the two processes usually leads
to aberrant development and tumor formation.4 A large

number of studies have shown that proliferation and differ-
entiation in hematopoietic cells are modulated by different
regulators. Cell proliferation is mainly controlled by the cell
cycle machinery and apoptosis;5 myeloid differentiation is
generally orchestrated by tightly tuned activities of hemato-
poietic transcription factors.6 Accordingly, during the
pathogenesis of APL, abnormal differentiation block and
uncontrolled cell proliferation are, respectively, attributed to
disruption of differentiation- and proliferation-related regula-
tors by PML/RARα. For example, PML/RARα blocks differ-
entiation by interfering with the normal function of RARα and
PU.1.7,8 On the other hand, PML/RARα alters cell proliferation
by impairing the formation of functional PML nuclear bodies,
which suppresses cell growth by inducing G1-phase arrest
and apoptosis.9,10

Interestingly, emerging evidence suggests that cell differ-
entiation and proliferation can be controlled by the same
regulators. Certain dual-function regulators may serve as links
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for coordinating cell proliferation and differentiation. For
example, HoxA10 can simultaneously affect both cell pro-
liferation and differentiation during the development of
hematopoiesis,11 resulting in precise and highly coordinated
developmental changes of blood cells. Dysregulation of
HoxA10 participates in perturbing both cell proliferation and
differentiation, resulting in the occurrence of acute myeloid
leukemia.12 However, the molecular mechanisms underlying
the coordination of cell proliferation and differentiation are just
beginning to be understood. Emerging evidence suggests that
cell cycle regulators, especially CDK inhibitors (CKIs), are
involved in the regulation of differentiation in addition to their
well-documented function of governing the cell cycle
process.3 On the basis of the exploration of verified PML/
RARα binding sites derived from several genome-wide
screening,8,13 of particular interest is CDKN2D, one of the
INK4 family CKIs encoding p19INK4D.
CDKN2D is a member of the INK4 family CKIs. The INK4

family consists of CDKN2A, CDKN2B, CDKN2C and
CDKN2D, and generally regulates the G1-to-S phase transi-
tion by specifically inhibiting the activity of CDK4 and CDK6.14

The genes of the INK4 family act as tumor suppressors in the
pathogenesis of many malignancies, including leukemia,14

and provide a direct link between tumorigenesis and the loss
of negative control of cell cycle progression. However, the role
of the INK4 family participating in the differentiation block of
malignant cells has not been clearly explored. It has been
reported that, in normal neural development, CDKN2D is
capable of deciding whether differentiation starts before or
after cell cycle exit,15 implicating its potential role in
differentiation. In myeloid differentiation, CDKN2D promotes
the differentiation and maturation of megakaryocytes by
arresting endomitosis,16 suggesting the ability of CDKN2D to
regulate differentiation. However, it is unclear whether or not
CDKN2D is involved in the coordination of abnormal

proliferation and differentiation of leukemia cells and the
manner by which CDKN2D regulates these processes.
It is worth noting that CDKN2D expression is induced by

1,25-dihydroxy vitamin D3 (1,25-VD3) or retinoic acid (RA) in
multiple cell lines, such as U937 myeloid leukemia cells,
SCC25 head and neck squamous cell carcinoma cells and
Calu-3 lung carcinoma cells,17 suggesting that CDKN2D is a
target of nuclear receptors and may be directly regulated by
the oncogenic PML/RARα fusion protein. To fully understand
the leukemogenesis of APL, it is crucial to determine the role of
PML/RARα in the regulation of its target genes that regulate
both cell proliferation and differentiation. In this study, we show
that CDKN2D expression is directly repressed by the PML/
RARα fusion protein, and the decrease in CDKN2D expres-
sion contributes to the altered proliferation and differentiation
block of APL cells. ATRA significantly induces CDKN2D
expression, and increased expression of CDKN2D is linked to
ATRA-induced differentiation and cell cycle arrest. Our data
suggest the dual nature of CDKN2D in controlling both
differentiation and proliferation.

Results

CDKN2D expression is significantly lower in APL cells
than that in normal promyelocytes. We initially compared
CDKN2D expression in primary APL patient samples with
that in normal promyelocytes. The expression profiles of
samples from 14 APL patients, 5 normal promyelocytes and 5
peripheral mononuclear cells18 were retrieved to perform the
comparison. As shown in Figure 1a, the expression level of
CDKN2D in APL patient samples was significantly lower than
that in normal promyelocytes and peripheral mononuclear
cells. To determine whether CDKN2D expression is inversely
correlated with the PML/RARα fusion protein in APL, we
performed quantitative real-time RT-polymerase chain reac-
tion (qRT-PCR) analysis to compare CDKN2D expression in

Figure 1 CDKN2D expression is significantly lower in APL cells than that in normal promyelocytes. (a) The expression level of CDKN2D in APL patient samples was
significantly lower than that in normal promyelocytes (Pro) and peripheral mononuclear cells (PMNs). The expression data were retrieved from microarray profiling performed by
Payton JE et al. (GSE12662).18 The expression values are absolute intensities after being log-transformed. (b) The upper panel shows the induced expression of PML/RARα by
ZnSO4 (Zn) in PR9 cells using western blot analysis. The lower panel shows the reduced expression of CDKN2D after the induction of PML/RARα. PR9 cells were treated with or
without 100 μM ZnSO4 (Zn) for 4 h. The relative mRNA level of CDKN2D was normalized to GAPDH. * indicates Po0.05, *** indicates Po0.001
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the presence or absence of PML/RARα in PR9 cells, a PML/
RARα-inducible cell line. As shown in Figure 1b, CDKN2D
expression was markedly decreased after the PML/RARα
induction. These results suggest that CDKN2D expression
can be repressed by PML/RARα in APL cells.

PML/RARα represses the transcription of CDKN2D
through the everted repeat 8 (ER8) site on the CDKN2D
promoter. To determine whether reduced CDKN2D expres-
sion in APL cells is directly mediated by PML/RARα, we
cloned a 900-bp fragment of the CDKN2D promoter
upstream of the transcriptional start site into a luciferase
reporter plasmid to conduct promoter-reporter assays
(Figure 2a). Increasing amounts of the pSG5-PML/RARα
expression construct were co-transfected into 293T cells
along with the CDKN2D promoter plasmid. As shown in
Figure 2b, CDKN2D promoter activity was repressed by PML/
RARα in a dose-dependent manner, indicating that CDKN2D
expression was transcriptionally repressed by PML/RARα. To
locate the region within the CDKN2D promoter responsible
for the PML/RARα-mediated transcriptional repression, a
series of 5′ truncated luciferase constructs were co-
transfected into 293T cells with the pSG5-PML/RARα
expression plasmid. As shown in Figure 2c, promoter activity
of the − 488 bp truncated form showed no significant change
of the repression fold by PML/RARα, as compared with the
−900 bp form, indicating that the region from −900 bp to

− 488 bp was less sensitive to PML/RARα-mediated inhibi-
tory effect than other regions. In contrast, truncation to
− 273 bp caused a significant reduction in the degree of PML/
RARα-mediated suppression, suggesting that the region
between − 488 bp and −273 bp might be essential for
transcriptional repression of the CDKN2D promoter by
PML/RARα.
Analysis of the region between − 488 bp and− 273 bp of the

CDKN2D promoter identified a 20 bp sequence (−368 bp to
− 349 bp) organized as anER8 site, which is an everted repeat
of two RA response element (RARE) half sites separated by
eight nucleotides. This ER8 site has been reported to be
involved in 1,25-VD3- or RA-induced CDKN2D expression in
other cell lines,17 providing the possibility that this site may be
responsible for the PML/RARα-mediated transrepression of
CDKN2D in APL. To test this hypothesis, we mutated the ER8
site in the −488-bp construct and found that the repression
was significantly relieved when the ER8 site was mutated
(Figure 2c). The results obtained in 293T cells could also be
seen in APL patient-derived NB4 cells that express the
endogenous PML/RARα fusion protein (Figure 2d). Collec-
tively, the mutation analysis demonstrated that PML/RARα
repressed the transactivation of the CDKN2D promoter
through the ER8 site located at −368 bp to −349 bp.

PML/RARα binds to the endogenous CDKN2D promoter.
One important question that remains to be answered is

Figure 2 PML/RARα represses the promoter activity of CDKN2D through the ER8 site. (a) Schematic representation of the CDKN2D promoter region shows the different
truncations/mutations used in this study. Numbering is indicated with respect to the transcriptional start site (TSS) of CDKN2D (bent arrow).□ represents the wild-type ER8 site
and ⊠ represents the mutated ER8 site. (b) PML/RARα repressed the promoter activity of CDKN2D in a dose-dependent manner. The CDKN2D promoter reporter construct
(-900 bp) and increasing amounts of pSG5-PML/RARα expression plasmid (PML/RARα) were cotransfected into 293T cells. Luciferase values were normalized to those of
control. Values were the mean± S.E.M. obtained from at least three independent experiments. (c–d) The ER8 site located between − 273 bp and − 488 bp of the CDKN2D
promoter is critical for PML/RARα-mediated repression. The 293T cells were transfected with different truncations/mutations of the CDKN2D promoter reporter construct and the
pSG5-PML/RARα expression plasmid or the empty vector. Results in 293T cells (c) are represented as fold repression. The NB4 cells were transfected with different truncations/
mutations of the CDKN2D promoter reporter construct. Results in NB4 cells (d) are relative to the empty vector (pGL3-basic). * indicates Po0.05
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whether PML/RARα binds to the CDKN2D promoter in vivo.
To address this question, we performed chromatin immuno-
precipitation (ChIP)-PCR assays using anti-PML, anti-RARα
and a nonspecific antibody (normal IgG). Primers were
designed to amplify a 207-bp amplicon covering the ER8
site (region 1) (Figure 3a). An irrelevant region (region 2),
which was located far upstream of the transcriptional start
site and contained no RARE sites, was selected as a
negative control. As illustrated in Figure 3b (left panel), we
found that the positive band was amplified in the chromatin
region covering the ER8 site using the anti-RARα immuno-
precipitation in U937 cells, in accordance with a previous
study that RARα binds to the ER8 site of the CDKN2D
promoter.17 Further, we treated PR9 cells with ZnSO4 to
induce the expression of PML/RARα and found that region 1
was highly enriched by both the anti-PML and anti-RARα
antibodies, but were not enriched by the nonspecific normal
IgG control. In contrast, region 2 was not enriched by all of
the antibodies (Figure 3b, middle panel). These results
indicate that when cells express PML/RARα protein, PML/
RARα could compete with RARα to bind the ER8 site of the
CDKN2D promoter. To further support the above finding, we
performed ChIP assays in the APL-derived NB4 cells. The
result was compliant with that in ZnSO4-treated PR9 cells
(Figure 3b, right panel). Collectively, the results of ChIP
assays show that PML/RARα binds to the endogenous
CDKN2D promoter.

Forced expression of CDKN2D induces cell cycle arrest
and a partial granulocytic differentiation of APL cells.
The findings that CDKN2D was targeted and repressed by
PML/RARα prompted us to investigate the biological effects
of CDKN2D restoration on APL-derived NB4 cells. We
restored CDKN2D expression in NB4 cells with retroviral
transduction (Figure 4a), and compared the differentiation
potential and cell cycle status of cells before and after
restoration. As shown in Figure 4b, forced expression of
CDKN2D significantly increased the cells in the G0/G1 phase
from 45.3% to 76.3% which was in accordance with the well-
documented role of CDKN2D in cell cycle control. Forced

expression of CDKN2D also induced a partial granulocytic
differentiation of NB4 cells, based on the observations of the
elevation of the neutrophilic differentiation marker CD11b
(Figure 4c) and the morphological change (Figure 4d). These
data suggest that the cell cycle regulator CDKN2D is involved
in both cell cycle regulation and granulocytic differentiation.

ATRA restores the expression of CDKN2D in APL cells.
APL is characterized by a unique clinical response to ATRA,
which is able to efficiently induce differentiation of APL cells
and restore the expression of genes inhibited by PML/RARα.2

We thus examined CDKN2D expression in NB4 cells treated
with 1 μM ATRA in a time course analysis by qRT-PCR. We
found that ATRA treatment increased the mRNA level of
CDKN2D in a time-dependent manner (Figure 5a). Because
we found that PML/RARα repressed CDKN2D transcription
through the ER8 site, which may serve as a non-canonical
site of RA signaling, we further tested whether CDKN2D is a
direct ATRA-responsive gene independent of de novo protein
synthesis. NB4 cells were pre-treated with or without
cycloheximide, a protein synthesis inhibitor, before the
addition of ATRA. The results showed that CDKN2D
expression induced by ATRA was not perturbed by pre-
treating NB4 cells with cycloheximide (Figure 5b), indicating
that CDKN2D was a direct ATRA-responsive gene indepen-
dent of de novo protein synthesis.
Because the endogenous VDR and RARα can regulate

CDKN2D expression at the presence of ATRA, we compared
CDKN2D expression after ATRA treatment in cells with or
without PML/RARα. We treated PR9 cells before and after the
addition of ZnSO4 with 1 μM ATRA and performed qRT-PCR.
As expected, we found that CDKN2D expression was both
upregulated after ATRA treatment no matter whether PR9
cells were treated with or without ZnSO4. More interestingly,
ATRA treatment induced a stronger (10.5-fold) upregulation of
CDKN2D in the presence of PML/RARα, as compared with
endogenous RARα (2.9-fold) (Figure 5c), indicating that ATRA
induced CDKN2D expression more efficiently in PML/RARα
expressing cells.

Figure 3 PML/RARα binds to the endogenous CDKN2D promoter. (a) Schematic representation of the CDKN2D promoter region. The bent arrow represents the
transcriptional start site.□ represents the ER8 site. The paired arrowheads represent the primers used in the ChIP analysis. (b) The ChIP assays of PML/RARα binding within
the CDKN2D promoter were performed in U937 cells, ZnSO4-treated PR9 cells and NB4 cells. The total input and immunoprecipitated DNAswere analyzed by PCR using primers
specific (region 1) or non-specific (region 2) to the ER8 site. Left: the positive band was amplified in the region 1 using the anti-RARα immunoprecipitation in U937 cells. Middle:
region 1 was highly enriched by both the anti-PML and anti-RARα antibodies in ZnSO4-treated PR9 cells. PR9 cells were treated with 100 μM ZnSO4 for 4 h. Right: region 1 was
highly enriched by both the anti-PML and anti-RARα antibodies in NB4 cells. Total input and DNAs immunoprecipitated by normal IgG served as positive and negative controls,
respectively
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Knockdown of CDKN2D impaired the ATRA-induced cell
cycle arrest and granulocytic differentiation of APL
cells. To further elucidate the function of CDKN2D in
ATRA-induced differentiation, we used a siRNA approach to
knockdown CDKN2D expression in NB4 cells during ATRA
treatment. The reduction of CDKN2D expression in cells
transfected with CDKN2D-specific siRNA was confirmed by
qRT-PCR and western blot analysis (Figure 6a). Because
CDKN2D was involved in regulating both cell cycle and

granulocytic differentiation (Figures 4b and c), we next
determined the interference effects of CDKN2D knockdown
on cell cycle during ATRA treatment. As shown in Figure 6b,
knockdown of CDKN2D expression significantly reduced the
percentage of ATRA-induced G0/G1 phase cells from 72.0%
to 58.2% (Figure 6b), suggesting that CDKN2D was required
for ATRA-induced cell cycle arrest of APL cells. Furthermore,
we detected the differentiation status of cells during ATRA
treatment. As illustrated in Figure 6c, knockdown of CDKN2D

Figure 4 Ectopic expression of CDKN2D induces cell cycle arrest and a partial granulocytic differentiation of NB4 cells. (a) Western blot analysis of CDKN2D expression in
total cell lysates. NB4 cells were harvested by 72 h after MigR1 (Ctrl) or MigR1-CDKN2D (CDKN2D) infection. (b) Overexpression of CDKN2D induced G0/G1 phase arrest of
NB4 cells. Cell cycle distribution was analyzed in GFP-positive cells. Values were the mean± S.E.M. obtained from three independent experiments. The representative DNA
content histograms were shown in the right panel. (c) Overexpression of CDKN2D induced a partial granulocytic differentiation of NB4 cells. Cell surface expression of CD11b in
GFP-positive cells was determined by flow cytometry. (d) Wright’s staining of NB4 cells. The left panel depicted the MigR1-infected NB4 cells, and the right panel showed MigR1-
CDKN2D-infected NB4 cells differentiated toward neutrophils. * indicates Po0.05

Figure 5 ATRA restores the expression of CDKN2D in APL cells. (a) ATRA restored the expression of CDKN2D mRNA in NB4 cells in a time-dependent manner. NB4 cells
were treated with 1 μM ATRA for the indicated times. (b) CDKN2D is a direct ATRA-responsive gene. NB4 cells were pretreated with or without 10 μg/ml cycloheximide (CHX) for
half an hour and then were cultured for 8 h in the presence of 1 μM ATRA. (c) ATRA induced CDKN2D expression more efficiently in PML/RARα expressing cells. PR9 cells were
pretreated with or without 100 μM ZnSO4 for 4 h and then were cultured for another 12 h in the presence or absence of 1 μM ATRA. * indicates Po0.05
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reduced the ATRA-induced differentiation (CD11b) from
76.7% to 55.2%. We also detected the effect of knockdown
of CDKN2D on apoptosis following ATRA treatment and
found that CDKN2D had less impact on apoptosis (data not
shown). These results support the findings that CDKN2D is
required for ATRA-induced cell cycle arrest and differentiation
of APL cells.

Discussion

Leukemia cells are blocked at a certain stage of hematopoietic
differentiation and display a high proliferative capacity. In this
study, we demonstrated that the reduced expression of
CDKN2D by the PML/RARα fusion protein contributed to both
the differentiation block and altered proliferation in APL. PML/
RARα is the initiating factor in the pathogenesis of APL.19

Genome-wide studies on the genomic landscape of PML/
RARα have demonstrated that PML/RARα targets are
involved in a variety of functional processes, including
differentiation and proliferation.20 However, we know relatively
little about the role of PML/RARα in controlling the coordina-
tion of these two processes. Our data provide a mechanism by
which PML/RARα disrupts the coordination between cell
proliferation and differentiation by repressing CDKN2D in APL.
Although cell proliferation and differentiation are two

mutually exclusive processes, a large body of evidence
demonstrates that the two processes are also coordinated
and can be controlled by the same regulator. Transcription
factors regulating the differentiation process often directly
regulate cell cycle progression. For instance, the hemato-
poietic specific transcription factor GATA1 controls the cell

proliferation during erythroid maturation by directly regulating
the cyclin-dependent kinase inhibitor p21.21 Conversely, key
cell cycle regulators also participate in controlling differentia-
tion. One of the most striking examples is cyclin-dependent
kinase 6 (CDK6), that is the regulator of cell cycle progression
and is capable of blocking myeloid differentiation by inhibiting
Runx1 activity.22 Our findings provide a new link between cell
cycle regulation and granulocytic differentiation through
CDKN2D. Therefore, PML/RARα might disrupt both prolifera-
tion and differentiation by repressing CDKN2D expression,
thus promoting the pathogenesis of APL.
In addition to the well-studied function of CDKN2D on cell

cycle regulation, previous studies implicate that CDKN2D
might be involved in the differentiation of hematopoietic
systems. DMSO induces HL-60 cells to differentiate to
granulocyte, accompanied by upregulation of CDKN2C and
CDKN2D.23 Increased expression of CDKN2D is also involved
in the cytokine IL-6-induced growth arrest and the differentia-
tion of M1 leukemic cells.24 Overexpressed CDKN2D can
induce the differentiation of immature 32Dcl3 myeloid cells to
macrophage-like cells in the presence of G-CSF.25 Of note, the
effects of CDKN2D on differentiation seem to be dependent on
the cellular contexts. CDKN2D knockdown shows no effect on
differentiation of monocytic leukemia cells U937 induced by
1,25-VD3 or ATRA.26 Here, we showed that the repressed
expression of CDKN2D contributed to the differentiation block
of APL cells, along with the abnormal proliferation. Further-
more, CDKN2D expression was increased during ATRA-
induced differentiation and cell cycle arrest, and knockdown of
CDKN2D expression reduced the effect of ATRA on both
processes. It should be mentioned that the effect of

Figure 6 Knockdown of CDKN2D impaired the ATRA-induced cell cycle arrest and granulocytic differentiation of APL cells. (a) The mRNA and protein level of CDKN2D were
detected in NB4 cells transfected with siRNA specifically targeting CDKN2D (siCDKN2D) or negative control siRNA (NC). Cells were treated with 1 μM ATRA for the indicated
times. (b) Knockdown of CDKN2D decreased the G0/G1 phase cells induced by ATRA. Error bars showed the S.E.M. from three different assays. (c) Knockdown of CDKN2D
impaired granulocytic differentiation of NB4 cells induced by ATRA. Cells were treated with 1 μM ATRA for 24 h. * indicates Po0.05
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manipulating CDKN2D expression is relatively moderate,
compared with the strong effect of ATRA. One possibility
was that the transfection efficiency of siRNA did not reach
100% in all cases, which might cause an underestimation of
the CDKN2D effects on cell pool assays because of the
impossibility to exclude untransfected cells. Also, as CDK
inhibitors usually function redundantly and cooperatively in
regulating biological processes,27,28 downregulation of
CDKN2D may be compensated by other CDK inhibitors. In
addition, this may also be partially explained by the fact that
CDKN2D is one of the ATRA-responsive genes, which is
required but not the only factor in ATRA-induced differentiation
and cell cycle arrest. Inhibition of CDKN2D alone is unable to
block the effects of other ATRA-responsive genes (data not
shown), as numerous genes associated with proliferation
(ID1/ID229 and UBE2D330) and differentiation (SPI131 and
CEPBE 32) are induced during ATRA treatment. Collectively,
our data show that CDKN2D plays a role in the cell
cycle regulation and differentiation of NB4 cells, and more
importantly in the coupling of these two processes.
We showed that PML/RARα reduced CDKN2D expression

by directly binding to its promoter and transrepressing its
transcription. CDKN2D, along with CDKN2A, CDKN2B and
CDKN2C, consists of the INK4 family CKIs. Inactivation of
genes of the INK4 family is an important event in
the pathogenesis of leukemia. For example, deletions of
CDKN2A and CDKN2B frequently occur in hematopoietic
malignancies.14 Loss of CDKN2A increases the growth rate of
myeloid colonies in vitro and confers hematopoietic progenitor
cells an increased clonal expansion potential.33 In addition to
gene deletion, hypermethylation of CpG islands in the
promoter regions of CDKN2A and CDKN2B has also been
found to exist in a large percentage of leukemia patients,
resulting in the loss of activity of the INK4 family.14 However,
several clinical studies have shown that gene deletion and
hypermethylation are hardly observed in CDKN2D, unlike in
other INK4 family CKIs.34 In addition, CDKN2D has been
reported to be deregulated by PLZF-RARα that is generated
from t(11;17) APL, and is associated with ATRA resistance.35

PLZF-RARα promotes leukemogenesis partially by the down-
regulation of CDKN2D in primary murine hematopoietic
progenitors,36 which supports the function of CDKN2D in the
pathogenesis of APL. These findings add another layer of
evidence on the inactivation of the INK4 family genes by
repressing their expression directly by the oncogenic fusion
protein.
PML/RARα is known to act as a dominant-negative

oncoprotein. As it retains the DNA-binding domain of RARα,
PML/RARα is usually believed to compete for DNA-binding
sites of RARα, resulting in the dominant silencing of RARα
target genes.37 RARα forms heterodimers with RXR and
RARα/RXR usually binds to the canonical RAREs, which
consist of direct repeats (DR) of the half consensus ([A/G]G
[G/T]TCA) with spacing of 2 or 5 (DR2 or DR5).13 However,
emerging evidence has shown that the DNA-binding spectrum
of PML/RARα is more complex and versatile than that of
RARα. Owing to the formation of the multimers of PML/RARα
complexes, several studies have shown that the binding sites
of PML/RARα may have a variety of spatial arrangements,
including other orientations of the two half sites and wide

varieties of spacing between the two half sites.38 Dmitrii
Kamashev et al.38 have reported that, in addition to canonical
RAREs (DR2 or DR5), PML/RARα can also bind non-
canonical RAREs, among which DR4 (DR of two-half sites
separated by 4 nucleotides), IR0 (inverted repeat of two-half
sites without spacing) and ER8 (everted repeat of two-half
sites separated by 8 nucleotides) show stronger binding
activity to PML/RARα. These findings suggest that genes
whose promoters contain non-canonical RAREs may also be
targeted and inhibited by PML/RARα. In accordance with
these previous reports, our results demonstrated that PML/
RARα inhibited the promoter activity of CDKN2D through a
non-canonical ER8 site. The feature of PML/RARαwith amore
flexible DNA-binding specificity results in a broader spectrum
of gene regulated by PML/RARα, thus giving rise to a major
gain of function of this fusion protein in the pathogenesis of
APL. In the future, it will be very interesting to determine more
PML/RARα targets that participate in the cross-talk between
the proliferation and differentiation programs, and finally define
the network link the two programs together in APL.

Materials and methods
Cell culture. NB4, PR9 and U937 cells were cultured in RPMI 1640 medium
(Gibco, Carlsbad, CA, USA) supplemented with 10% (v/v) fetal bovine serum
(Gibco), and HEK 293T cells were cultured in Dulbecco’s Modified Eagle’s Medium
(Gibco) supplemented with 10% (v/v) fetal bovine serum, in a humidified
atmosphere with 5% CO2 at 37 ºC. ATRA and ZnSO4 (Sigma, St. Louis, MO,
USA) were used at final concentrations of 1 μM and 100 μM, respectively.

Plasmid construction and site-directed mutagenesis. A series of
sense oligonucleotides-CAGGAGTGAGACCCTGACTCA (−900), TCGTAGTAA
GGGCCAATGAATG (−488), GTTGCCACACTCTGACCAATC (−273) and an
antisense oligonucleotide-TAACTCACCCTCCCTCCTCC were used to generate a
series of 5′ truncated DNA fragments by PCR using genomic DNA from NB4 cells.
The PCR products were cloned into the pGL3 basic vector (Promega, Madison, WI,
USA). Mutations of the ER8 site in the CDKN2D (−488) construct were made using
the QuikChange site-directed mutagenesis kit (Stratagene, La Jolla, CA, USA)
following the manufacturer’s protocol. The primers were as follows: sense
oligonucleotide 5′-GACCCTGCCCCCAGCCTTTCTCCCTGCCTCAGTTAAACC
AGCC-3′, antisense oligonucleotide 5′- GGCTGGTTTAACTGAGGCAGGGAGAAA
GGCTGGGGGCAGGGTC-3′.

Cell transfection and luciferase reporter assays. HEK 293T cells
were seeded at a density of 0.5 × 105 cells/well in 48-well plates for 24 h before
transfection. A total of 125 ng of the tested promoter (the 900 bp full-length and the
different truncations/mutations of the CDKN2D promoter), 2.5 ng of pRL-SV40 and
pSG5-PML/RARα or pSG5 empty vectors (500 ng or increasing amounts in the
dose-dependent assay) were transiently transfected into 293T cells using
Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA). After 48 h of transfection,
cells were harvested and luciferase activity was measured with a luminometer
(Promega) using Dual-Luciferase Reporter Assay System reagents (Promega). The
renilla luciferase plasmid pRL-SV40 was used as control for transfection efficiency.

For NB4 cells, 2 μg promoter-luciferase reporters or pGL3 basic empty vector and
100 ng pRL-SV40 were transiently transfected into NB4 cells using the Amaxa
Nucleofector II device (Lonza, program X-001) with Nucleofector Kit V (Lonza,
Cologne, Germany). Twenty-four hours after transfection, cells were harvested.
Luciferase activity was measured with a luminometer using Dual-Luciferase Reporter
Assay System reagents. The renilla luciferase plasmid pRL-SV40 was used as
control for transfection efficiency.

Quantitative reverse transcription-PCR (qRT-PCR). Total RNA was
extracted from cells using Trizol Reagent (Invitrogen) according to the
manufacturer’s protocol. The amount of 2 μg total RNA was reverse transcribed
into cDNA using random hexamer primers and SuperScript II reverse transcriptase
kit (Invitrogen) according to the manufacturer’s instruction. Quantitative real-time
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PCR was performed by using ABI Prism 7900HT detection system (Applied
Biosystems, Foster City, CA, USA) with Power SYBR Green PCR master mix
(Applied Biosystems). Relative expression was calculated as a ratio of CDKN2D to
GAPDH. Primer sequences of GAPDH and CDKN2D were as follows: GAPDH
(forward: 5′-GAAGGTGAAGGTCGGAGTC-3′; reverse: 5′-GAAGATGGTG
ATGGGATTTC-3′); CDKN2D (forward: 5′- TCACACTGCTGTGGTCAGCTTT-3′;
reverse: 5′- AGGATGTCCACGAGGTCCTGA-3′).

ChIP assay. ChIP was performed according to the Affymetrix protocol as
previously described.39 Briefly, PR9 cells were incubated with 100 μM ZnSO4 for
4 h; 5 × 107 cells were then harvested for ChIP assays. A total of 5 × 107 U937 and
NB4 cells were harvested for ChIP assays. Cells were crosslinked with 1%
formaldehyde and lysed. Cross-linked chromatin was sonicated to fragments with an
average size of 200–1000 bp and immunoprecipitated with specific antibodies
against RARα (C-20x, Santa Cruz Biotechnology, Santa Cruz, CA, USA), PML
(H-238x, Santa Cruz Biotechnology) and rabbit IgG (ab46540, Abcam, Cambridge,
UK). The total input as well as immunoprecipitated DNA was analyzed by PCR
using following primers: positive primer (region 1) (forward: 5′- TAGT
GGAACCTCGGATTGGGT-3′; reverse: 5′- TGATTGGTCAGAGTGTGGCAA-3′),
negative primer (region 2) (forward: 5′- TGGTCACAAGTCTCTTTTGCATG-3′;
reverse: 5′- CACCTACTTAGGCCTCGAGACAG-3′). Each experiment was per-
formed in triplicate and equivalent results were obtained.

RNA interference (siRNA) experiments. The specific sequence
used for CDKN2D silencing was selected from the WI siRNA Selection
Program (http://sirna.wi.mit.edu/). A negative control sequence was used
(AGC GUG UAG CUA GCA GAG G). A total of 2 × 106 NB4 cells were suspended
in 100 μl Amaxa Nucleofector Solution V and mixed with 3 μg siRNA. Cells were
then transfected by electroporation using Amaxa Nucleofector II device and program
X-001. Six hours after transfection, cells were cultured for another 48 h in the
absence or presence of 1 μM ATRA. The siRNA sequence targeting CDKN2D
was as follows: forward: 5′- GUACCAGUCCAGUCCAUGAUU-3′; reverse:
5′- UCAUGGACUGGACUGGUACUU-3′.

Retroviral constructs. The cDNA encoding full-length human CDKN2D was
amplified by RT-PCR from cDNA of NB4 cells and then directionally cloned into
an MSCV2.2-derived vector, MigR1, by Xho I and EcoR I sites to form plasmid
MigR1-CDKN2D.

Preparation of retroviruses and transfection. The recombinant
vectors were transfected into HEK 293T packaging cells using HilyMax (Dojindo,
Gaithersburg, MD, USA). The virus-containing cell culture supernatants were
collected at 48 and 72 h after transfection, centrifuged at 1500 r.p.m. for 5 min,
aliquoted and stored at − 80 °C. The virus was titred against 3T3-NIH cells.
NB4 cells were seeded at a density of 1 × 105 per well in a six-well culture dish, and

infected using viral supernatant and 8 μg/ml Polybrene (Sigma), and centrifuged at
1500 × g for 90 min at 28 ºC. The medium was changed after 6 h, and the cells were
cultured normally.

Western blot. Total protein extracts were prepared and western blot analysis
was performed as previously described.40

Granulocytic differentiation. Granulocytic differentiation of cells was
determined by detecting the CD11b expression level. Harvested cells were
incubated with anti-CD11b antibody (BD Biosciences, San Jose, CA, USA), and
analyzed by a Cytomics FC-500 flow cytometer (Beckman Coulter, Miami, FL,
USA). For retroviral transfected cells, GFP-positive cells were analyzed for CD11b
expression level.

Cell cycle assay. siRNA-transfected cells were collected, washed twice with
PBS and fixed in ice-cold 70% ethanol overnight at − 20 ºC. Then, cells were
treated with 100 μg/ml RNase A in PBS, and incubated at 37 °C for 30 min before
staining with 50 μg/ml of PI (BD Biosciences) for 30 min at room temperature. Cells
were analyzed for DNA content using a Cytomics FC-500 flow cytometer (Beckman
Coulter).
For retroviral transfected cells, cells were first fixed with 1% formaldehyde for 1 h at

4 ºC, washed once with PBS and permeabilized with ice-cold 70% ethanol overnight
at − 20 ºC. Then, cells were treated with 100 μg/ml RNase A in PBS, and incubated
at 37 °C for 30 min before staining with 50 μg/ml of PI for 30 min at room temperature.

GFP-positive cells were analyzed for DNA content using a Cytomics FC-500 flow
cytometer (Beckman Coulter).

Apoptosis analysis. Annexin V-FITC and PI (BD Biosciences) were used to
detect apoptotic cells.

Cell morphology. Morphology was determined with Wright's stain of cells
centrifuged onto slides by cytospin at 800 r.p.m. for 5 min (Shandon, Runcorn, UK).

Statistical analysis. Statistical significance was determined by a Student's t
test. Values were the mean± S.E.M. obtained from at least three independent
experiments.
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