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Summary

JWA (AF070523) was originally identified as a novel all-trans retinoic acid (ATRA) responsible gene in
primary human tracheal bronchial epithelial cells. For the notable performance achieved by ATRA in the
differentiation induction therapy, we investigated the role of JWA in ATRA-mediated differentiation of the
human myeloid leukemia HL-60 cells. We found that concomitant with the progressive cell differentiation,
JWA expression was up-regulated by ATRA in a dose- and time-dependent manner. Inhibition of JWA
expression by RNA interference partially blocked ATRA-induced differentiation and growth inhibition of
HL-60 cells. Pre-treatment of phorbol-12-myristate-13-acetate (TPA), a PKC activator, decreased ATRA-
mediated differentiation, companied with the down-regulation of JWA expression. Arsenic trioxide (As2O3,
0.5 lM) enhanced the cellular differentiation induced by 0.01 lM ATRA, but had no noticeable effect on
the differentiation induced by 0.1 lM ATRA. Concurrent with the enhancement, JWA expression was up-
regulated. All the data suggest that up-regulation of JWA expression is essential for ATRA-induced
differentiation of HL-60 cells. And JWA, associated with PKC, is involved in its signal pathways. Ideal
therapeutic efficacy with low toxicity may be obtained if low doses of ATRA (0.01 lM) and As2O3 (0.5 lM)
are combined. These findings may present a novel mechanism that cellular differentiation and growth inhibition
induced by ATRA are mediated at least in part through regulation of JWA expression. JWA may be a novel
molecular marker for ATRA-induced HL-60 cell differentiation. ATRA up-regulates JWA expression by
stimulating the transcriptional activity of JWA gene promoter.

Introduction

All-trans retinoic acid (ATRA) is a member of
retinoid family including substances structurally or
funtionally related to retinol (vitamin A), which
exerts profound effects on the survival, growth and

differentiation of many cell types during prenatal
and adult life [1]. Since 1987, first introduced as
the targeted therapy against acute promyelocytic
leukemia (APL), ATRA has dramatically changed
the clinical outcome of APL from one that was
highly lethal to one that now appears highly
curable [2]. ATRA has the function because of its
capability of inducing the differentiation of leuke-
mia cells into mature granulocytes [2]. From then
on, differentiation induction therapy initiated a
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new field of the treatments of malignancies, which
traditionally relied on both chemotherapy and
radiotherapy [2]. Some of molecular mechanisms
of ATRA have been identified in induction of
leukemia cells undergoing differentiation by acti-
vating target genes via RAR and RXR [3–5].
However, the rest of pharmaceutical roles of
ATRA are still unclear. Using ATRA induced cell
differentiation model, we originally identified a
novel gene, JWA (AF070523) from the primary
human tracheal bronchial epithelial cells [6].

During the recent years, several studies have
been performed on JWA homologue genes. Lin
et al. reported that glutamate transporter-associated
protein 3–18 (GTRAP3-18) regulates glutamate
uptake by interacting with the 10-transmembrane-
spanning excitatory amino acid carrier 1 (EAAC1)
[7–9]. JM4, a novel CC chemokine receptor 5
(CCR5) interacting protein, is suggested to func-
tion in trafficking and membrane localization of
the receptor [10]. ARL-6 (AF133912) is a member
of the Ras superfamily [11]. Another JWA
homologue gene (AB097051) encodes a putative
mitogen-activated protein kinase (MAPK)
activating protein [12]. It has been proven that
Ras superfamily played important roles in cellular
proliferation and differentiation [13, 14]. And
MAPK signal transduction pathways are among
the most widespread mechanisms of eukaryotic
cell regulation and coordinate activation of gene
transcription, protein synthesis, cell cycle machin-
ery, cell differentiation and death [15]. Together
with the notable performance achieved by ATRA
in the differentiation induction therapy, we planed
series studies and examined JWA potentially
associated with leukemia cell directional
differentiation [16–19].

Neoplastic myeloid cells are derived from cells,
which diverse from the nature differentiating
pathway at distinct developmental stages, most
often as myeloblasts or promyelocytes. The com-
mon feature of these neoplastic cells is their
capacity to return to the differentiation pathway
by exposure to certain chemical agents, like ATRA
[20]. The human myeloid leukemia HL-60 cells are
an attractive model for studies of human cell
differentiation and have been used repeatedly [20].
In the present study, among the well-examined
parameters correlated to differentiation of HL-60
cells, we investigated the correlation between JWA
and the cellular differentiation induced by ATRA.

In addition, although ATRA has become the
front-line choice of APL therapeutics because of
the great achievements of ATRA-induced cell
differentiation, ATRA is associated with unique
toxicities that can cause retinoic acid syndrome.
Even after complete remission, the disease may
relapse with resistance to further ATRA treatment
[2]. Differentiation-inducing drugs are often used
in combination with other compounds that either
induce cellular differentiation or exert cytostatic or
cytotoxic effects [21, 22]. They may then act in an
additive or even synergistic manner [23]. In such
combination therapy, drugs are used simulta-
neously or sequentially, even at lower concentra-
tions that are not effective or only slightly effective
when administered alone, to obtain a significant
therapeutic gain, e.g., inhibition of tumor cell
proliferation and induction of differentiation.
Practically, this means that side effects may be
reduced considerably without losing the desired
maximal therapeutic effect of the drugs [24]. For
this purpose, we extended this study by testing the
hypothesis that ATRA may cooperate with other
well-known inducers of differentiation in HL-60
cells.

Retinoids exert some of their effects on cellular
differentiation and reversion of the malignant
phenotype through protein kinase C (PKC) asso-
ciated signal pathways [25, 26]. PKC regulates
fundamental cellular functions including prolifer-
ation, differentiation, tumorigenesis, and apopto-
sis [27]. It has been demonstrated that the process
of differentiation induced by ATRA is accompa-
nied by remarkable changes in terms of subcellular
localization and activation state of several PKC
isoforms [1, 28]. Bertolaso et al. have proved that
PKC plays a major role in granulocytic differen-
tiation of HL-60 cell induced by ATRA [29].
Phorbol-12-myristate-13-acetate (TPA) provokes
differentiation of myeloid leukemia cells, like
HL-60, NB4 and K562, to monocyte/macro-
phage-like cells. It is well known that many of
the pharmacological and physiological effects of
TPA are mediated via PKC [30]. Then may TPA
exert a positive cooperativity with ATRA on the
induced cellular differentiation? And is JWA,
correlated with PKC, involved in the signal
pathways? Moreover, recent studies have shown
that treatment with arsenic trioxide (As2O3) can
induce a durable remission in APL patients even in
some relapsed cases [31, 32] and ATRA and As2O3
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can induce non-cross-resistant complete clinical
remission in patients with APL [2]. So is there a
synergistic effect of As2O3 on ATRA therapy? In
this study, we made a further investigation on the
combined effect of ATRA with TPA or As2O3 and
the role of JWA in it.

Materials and methods

Reagents

ATRA and TPA were purchased from Sigma
(St. Louis, MO). These chemicals were dissolved
in ethanol at a concentration of 10 mM (stock
solution) and stored at )20 �C. As2O3 (arseniuos
acid inj.) water solution was purchased from
Harbin Yida Pharmaceutical Co., Ltd. (China)
and was stored at 4 �C. All chemicals were diluted
with RPMI 1640 to required concentrations
shortly before the experiments.

Cell cultures

Human myeloid leukemia HL-60 cells were pur-
chased from the Institute of Cell Research, Shang-
hai Life Science Academy (Shanghai, China) and
were cultured in RPMI 1640 supplemented with 10%
fetal bovine serum (containing 100 unit/ml of peni-
cillin and streptomycin respectively) at 37 �C in a
humidified atmosphere of 5% of CO2 in air. The cells
in the exponential growing stage were used for the
experiments.

RNA interference

RNA interference (RNAi) was employed in this
study to inhibit JWA expression and further
analyze JWA gene function. The PCR-based
siRNA expression cassettes (SECs) were built
using a SilencerTM Expression Kit (Ambion Inc,
Austin, TX) to express siRNA of JWA in cells and
in turn to suppress JWA expression according to
the manufacturer’s manual. Target site of JWA
siRNA was determined by the on-line tool from
Ambion Company and the sequence located
downstream of the start codon was selected: AA
ATGGAACAACCGCGTAGTG. The SilencerTM

Expression Kit also supplied the negative control,
which expresses a hairpin siRNA with limited
homology to the human, mouse, and rat genome

sequences. Transfecting the negative control siR-
NA into cells has no known specific effects on gene
expression. In this study, we used the negative
control SECs as an effective transfection control
for experiments with SECs of JWA. SECs were
delivered into the cells using siPORT XP-1 (Am-
bion), a polyamine-based DNA transfection agent,
following the detailed instructions provided with
the product.

Cell differentiation analysis

Cell differentiation was determined by the expres-
sion of myelomonocytic antigen CD11b by flow
cytometry. Cells were collected, washed with PBS
twice and then incubated with CD11b-PE (Immu-
notech, Prague) or the negative control IgG-PE
(Immunotech, Prague) solution respectively in the
dark for 30 min. The cells were washed twice in
PBS and detected by FACSCalibur flow cytometer
(Becton Dickinson Inc.). Myelomonocytic differ-
entiation was also measured by nitroblue tetrazo-
lium (NBT) reduction assay and morphology
using light microscopy of cytospin preparations
stained by Wight–Giemsa methods [3]. Data were
expressed as means±SD of three separate exper-
iments performed in duplicate.

Cell viability, cell growth and cell cycle analysis

Cell viability was assayed by exclusion of 0.2%
trypan blue and then the cell numbers were
counted under the light microscopy. The cell-cycle
profiles were measured by flow cytometry. Briefly,
cells were collected and washed, then stained with
propidium iodide solution (PI, Becton dicinson
Inc.) at 4 �C for 30 min. The samples were
detected by FACSCalibur flow cytometer (Becton
Dickinson Inc.). Data were expressed as means±SD
of three separate experiments performed in duplicate.

Western blot analysis

Western blotting was carried out according to the
standard protocol. Harvested cells were washed
with PBS twice and added in 100–200 ll of keratin
extraction buffer (1% triton-X 100, 0.02 mM Tris,
pH 7.0, 0.6 M KCl and 1 mM PMSF). The
samples were centrifuged at 12,000� g for 5 min
and discarded to remove pellets. The protein
concentrations of the samples were measured. The
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samples containing equal amount of protein were
separated by 12.5% SDS-PAGE gel and then
transferred onto a nitrocellulose membrane by
electroblotting. The membranes were incubated
with anti-JWA polypeptide serum (rabbit poly-
clonal serum, dilution at 1:200) and anti-b-actin
antibody (rabbit polyclonal antibody, dilution at
1:300, Bost Bio-engineering Inc., Wuhan, China).
JWA c-terminal 20 amino acid peptide and the anti-
JWA polypeptide sera were prepared by Research
Genetics Inc (USA). The membranes were washed
by PBST (5�5 min) before being incubated with
horseradish peroxidase (HRP)-labeled second anti-
body (1:300 dilution). Immunoreactive bands were
detected using DAB substrate (Bost Bio-engineer-
ing Inc., Wuhan, China) and analyzed by Bandscan
software. JWA protein expression was normalized
by the quantity of b-actin. The bands were the
representative of three independent experiments.
The gray values were expressed in relation to that of
control and presented as means±SD of the three
independent experiments.

RNA Isolation and RT-PCR analysis

Total cellular RNA was extracted from the cells
and reverse-transcription (RT) reactions were
performed as described previously [16, 17]. PCR
amplification was carried out in PE 480 Thermal
Cycler (Perkin Elmer Inc.) as follows: 95 �C for
5 min, then 30 cycles consisting of 30 s at 95 �C,
45 s at the annealing temperature 58 �C and 30 s
at 72 �C for extending. After the last cycle,
incubation at 72 �C was prolonged for 10 min.
b-actin was used for normalizing JWA expression
and amplified simultaneously. The primers of
JWA (281 bp) and b-actin (270 bp) were as
follows: JWA-forward, 5¢-CACCCAGCAAGTA
TTTGTTGCAAAC-3¢ JWA-reverse, 5¢-CCTTA
GGGGCACAAGGAGGAC-3¢; b-actin-forward,
5¢-CTACAATGAGCTGCGTGTGGC-3¢, b-ac-
tin-reverse, 5¢-CAGGTCCAGACGCAGGATGG
C-3¢. PCR products (10 ll) were analyzed on 2%
agarose gel in TBE buffer. Band intensity was
quantified by Bandscan software. The gray values
of JWA bands were normalized by those of b-
actin. The bands were the representative of three
independent experiments. The gray values were
expressed in relation to that of control and
presented as means±SD of the three independent
experiments.

Reporter plasmids

Wild type )1680/+107 ()1680PCATwt), )595/+107
()595PCATwt), )494/+107 ()494PCATwt), )257/
+107 ()257PCATwt), )194/+107 ()194PCATwt)
and )107/+107 ()107PCATwt) bp fragments of
the human JWA promoter were cloned at ScaI (3¢)
and XhoI (5¢) restriction sites into the pCAT3-basic
vector (Promega,Madison,WI). All constructs were
confirmed prior to use by restriction enzyme diges-
tions and DNA sequencing.

CAT reporter gene assay

For transfection experiments, HL-60 cells were
seeded onto six-well plates (2�105 cells/well). Each
well was transfected with 3.2 lg of reporter vector
DNA, using PolyFect transfection reagent (Qia-
gen, Valencia, CA). For co-transfections, 0.8 lg
empty b-galactosidase vector was added to each
reaction. After transfection, HL-60 cells were
treated with ATRA (1 lM) in RPMI 1640 plus
10% FCS for 48 h. Cell extracts were then
prepared, and each sample was assayed in triplicate
using a CAT-ELISA system (Roche Diagnostics
GmbH, Mannheim, Germany) according to the
manufacturer’s instructions. The absorbance was
measured using a spectrophotometric microtiter
plate reader at 405 nm wavelength. CAT activity
was normalized with b-gal activity for transfection
efficiency. Differences in reporter activities between
the experimental groups were analyzed by Student’s
t test. All statements of significance are p<0.05.

Preparation of nuclear extracts

Nuclear extracts from HL-60 cells were prepared
as following: cells (1 � 108/ml) were collected in
ice-cold phosphate-buffered saline (PBS), centri-
fuged for 5 min at 1500 � g, and washed with PBS
before being recentrifuged. The pellets were resus-
pended in buffer (10 mM HEPES, pH 7.8,
10 mM KCl, 0.1 mM EDTA, 0.1% Nonidet
P-40), incubated on ice for 10 min, and homoge-
nized. Nuclei were pelleted by centrifugation at
3000� g for 10 min at 4 �C, followed by resus-
pension in buffer (50 mM HEPES, pH 7.8,
420 mM KCl, 5 mM MgCl2, 0.1 mM EDTA,
20% glycerol) and mixed by rotation at 4 �C for
1 h. After centrifugation at 20,000�g for 30 min at
4 �C, the supernatants were collected and stored at
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)80�C until used. The protein concentration of the
nuclear extracts was determined by Bradford assay
(Bio-Rad) using bovine serum albumin as a
standard.

Southwestern assay

Nuclear extracts (75 lg) from HL-60 cells were
electrophoresed in a 12.5% SDS-polyacrylamide
gel. Fractionated proteins in the gel were then
electro-transferred to a PVDF-Plus filter (Micron
Separations). After transferring, the filter was
prehybridized with a 100 ml hybridization buffer
containing 10 mM Tris–HCl, pH 7.5, 1 mM MgCl2,
0.5 mM EDTA, 0.5 mM DTT, 50 mM NaCl, and
5% nonfat dry milk at room temperature for 1 h,
and then rinsed twice with the hybridization buffer
containing 0.25% nonfat dry milk. Subsequently,
The filters were hybridized for 2 h at room temper-
ature with binding buffer (20 mM Hepes, pH 7.9,
100 mM KCl, 5% glycerol, 1 mM EDTA, 1 mM
dithiothreitol, and 15 lg/ml salmon sperm DNA)
containing 40 ng of DIG labeled probe ()194 to
+107 in JWA promoter region), following which the
filters were washed in the binding buffer at room
temperature for 20 min. The positions of the DIG
end-labeled oligonucleotides were detected by a
chemiluminescent reaction according to the manu-
facturer’s instruction and visualized by autoradiog-
raphy.

Statistical analysis

Data were expressed as Means±SD. One-way
analysis of variance (ANOVA) followed by the
least significant difference (LSD) was used to
assess significant differences between treatment

groups. Differences were considered as significant
when p<0.05.

Results

Differentiation and growth inhibition of HL-60
cells induced by ATRA

Studies were designed to clarify the observation
that ATRA induces cell maturation-differentia-
tion in HL-60 cells. Maturation-differentiation is
accompanied by changes in cellular morphology,
increased expression of the cell surface markers
and decreased proliferation. The morphological
changes to HL-60 cells were observed by Wight–
Giemsa staining. The nucleus of differentiated
HL-60 cells became constricted, indented, or
segmented (Figure 1). Expression of CD11b anti-
gen, the specific marker for myelomonocytic
differentiation, was detected by flow cytometry.
After 48 h exposure of HL-60 cells to ATRA at
concentrations of 0.01, 0.1, 1 and 10 lM, the
expression of CD11b was 25.9, 36.5, 45.4 and
60.5% respectively (Figure 2a). And it was 57.2,
and 70.5% with the treatment of 1 lM ATRA for
4 and 6 days respectively (Figure 3a). The extent
of differentiation of HL-60 cells was also deter-
mined by the method based on NBT reducing
activity (Figures 2b and 3b) and similar results
were obtained that differentiation of HL-60 cells
was induced by ATRA in a dose- and time-
dependent manner. Generally, the inhibition of
cell proliferation paralleled this effect (Figures 2c
and 3c). In addition, there was minimal loss of
viability after treatment for 48 h with ATRA at
0.01, 0.1 and 1 lM. 10 lM of ATRA caused

Figure 1. Representative morphological changes of HL-60 cells differentiated by ATRA treatment. Typical microscopic image of
undifferentiated HL-60 cells (a) and differentiated HL-60 cells with segmented nuclei (b) stained by the Wright–Giemsa method
(Magnification � 400). HL-60 cells (b) were induced by 1 lM ATRA for 72 h.
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Figure 2. Dose-dependent induction by ATRA of the cell differentiation and growth inhibition and JWA expression in HL-60
cells. HL-60 cells (5�105 cells/ml) were incubated with 0.01, 0.1 and 1 lM ATRA for 48 h respectively. (a) CD11b expression was
analyzed by flow cytometry. (b) NBT reduction activity. Results were expressed as the mean of percentage of control dishes that
contained no retinoid. (c) Viable cell counts by trypan blue dye exclusion. (d) Cell viability estimated by trypan blue dye exclusion.
(e) JWA protein was measured by Western blot analysis and the gray value was analyzed according to ‘‘Materials and methods’’.
*p<0.05, compared with untreated control.
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65% loss of viability of HL-60 cells (Figure 2d).
Since the treatment with 1 lM ATRA for 48 h
was much effective and slightly toxic, in agreement
with previous reports, these incubation period and
concentration were used for subsequent studies.

Up-regulation of JWA expression by ATRA

In the process of differentiation and growth
inhibition of HL-60 cells, JWA protein expression
was up-regulated by ATRA. It was 1.47-, 1.91-,
2.23- and 2.55-fold of the control after 48 h
exposure of HL-60 cells to ATRA at concentra-
tions of 0.01, 0.1, 1 and 10 lM (Figure 2e), and it
was 2.82- and 3.19-fold with 1 lM ATRA treat-
ment for 96 and 144 h respectively (Figure 3d).
These results suggested that up-regulation of JWA

protein expression by ATRA was in a time- and
dose-dependent manner.

Inhibition of JWA expression by RNAi partially
blocked ATRA-induced differentiation and
growth inhibition of HL-60 cells

We performed RNA interference to further inves-
tigate the role of JWA in ATRA-induced differen-
tiation of HL-60 cells. PCR-based SECs were built
to express siRNA in HL-60 cells. As shown in
Figure 4a and b, no significant inhibition on both
mRNA and protein expression of JWA was
observed in cells transfected with SECs of the
negative control for 72 h. However, in cells trans-
fected with SECs against JWA for 72 h, JWA
mRNA was hardly detected and protein expression
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Figure 3. Time-dependent induction by ATRA of the cell differentiation and growth inhibition and JWA expression in HL-60
cells. HL-60 cells (5�105 cells/ml) were treated with 1 lM ATRA for 2, 4 and 6 days respectively. (a) CD11b expression was ana-
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counts by trypan blue dye exclusion. (d) JWA protein was measured by Western blot and the gray value was analyzed. *p<0.05,
compared with untreated control.
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was down-regulated significantly (82% decrease)
(Figure 4c and d). These data demonstrated
that SECs-mediated RNAi could effectively
inhibit JWA expression. As compared with the
control, mere transfection with SECs of the
negative control had no effect on HL-60 cell
differentiation and proliferation, and similar
results could also be obtained in cells only trans-
fected with SECs against JWA (Figure 4e, f and g).
Transfection with SECs of the negative control for
24 h prior to ATRA (1 lM, 48 h) treatment did
not affect ATRA-induced differentiation and
growth inhibition of HL-60 cells (Figure 4e, f

and g). However, pre-transfection with SECs
against JWA for 24 h, as compared with the
treatment of ATRA (1 lM, 48 h) alone, caused
the marked decline of CD11b expression (from
45.3 to 31.1%), indicating that the reduction of
ATRA-induced HL-60 cell differentiation was
associated with JWA inhibition (Figure 4e), which
was also supported by the results from NBT
reduction assays (Figure 4f). At the same time,
the increased numbers of HL-60 cells (Figure 4g)
showed that the antiproliferation effect of
ATRA was weakened by the inhibition of JWA
expression.
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Figure 4. RNAi of JWA reduced ATRA-induced cell differentiation and growth inhibition in HL-60 Cells. HL-60 cells
(5�105 cells/ml) (a and b) were left untreated or transfected by SECs()) (SECs of the negative control) for 72 h. Little effect of
SECs()) was observed on JWA mRNA expression detected by RT-PCR (a) and protein expression measured by Western blot (b).
The bands were the representative of three independent experiments. HL-60 cells (5�105 cells/ml) (c–g) were left untreated, trans-
fected by SECs()) or SECs of JWA (72 h) alone, treated with ATRA (1 lM, 48 h) alone or treated with ATRA (1 lM, 48 h)
following SECs()) or SECs of JWA pre-transfection (24 h). JWA mRNA (c) and protein (d) expression were both inhibited obvi-
ously by RNAi of JWA specific SECs. (e) CD11b expression was analyzed by flow cytometry. (f) NBT reduction activity. (g) Via-
ble cell counts by trypan blue dye exclusion. *p<0.05, compared with untreated control; Dp<0.05, compared with the group
treated by ATRA alone.

364



Effect of TPA pre-treatment on ATRA-induced
HL-60 cell differentiation

Treatment of HL-60 cells with 0.01 or 0.1 nM
TPA had no significant effect on cell differentia-
tion (CD11b expression was 4–5% after the
treatment for 48 h). A higher concentration more
than 10 nM of TPA was effective but toxic
(CD11b expression was 52%, but cell viability
was at 40% after the treatment with 10 nM TPA
for 48 h). In the present study, to investigate the
effect of TPA on ATRA-induced cell differentia-
tion, considering the efficacy and toxicity, 10 nM
of TPA was used sequentially with ATRA. We
preincubated HL-60 cells that were induced for
differentiation by 48 h treatment with 1 lM
ATRA, for 1 h with 10 nM TPA (Figure 5).
One-hour treatment with TPA resulted in the
increase of CD11b expression and NBT reduction
ability, indicating that cell differentiation was
induced (Figure 5a and b). Simultaneously, JWA
expression was down-regulated (Figure 5c). Pre-
treatment of ATRA-treated cells with TPA,
compared with the continuous treatment with
ATRA alone, resulted in the decrease of CD11b
expression (from 42.2 to 20.8%) (Figure 5a),
suggesting that pre-treatment with TPA could
inhibit ATRA-induced differentiation of HL-60
cells, which was supported by the results from
NBT reduction assays (Figure 5b). Meanwhile,
JWA expression was also down-regulated signif-
icantly (Figure 5c). There was no significant effect
of TPA on cell-growth arrest induced by ATRA
(data not shown).

Effect of As2O3 on ATRA-induced differentiation
and growth inhibition of HL-60 cells

We further explored the effect of combination
between As2O3 and ATRA. If synergism exists,
considering the fact that the toxicities of ATRA
and As2O3 are both dose-dependent [2], we
postulate that the ideal therapeutic efficacy with
low and tolerable toxicity may be obtained if a
low dose of ATRA and a low dose of As2O3 are
combined. In this study, HL-60 cells were
co-treated with ATRA at 0.01 or 0.1 lM (lower
than normal pharmacological concentration) and
As2O3 at 0.5 lM (a concentration for partial
differentiation with minimal apoptosis). Treat-
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ment with ATRA (0.01 or 0.1 lM) induced
significant differentiation of HL-60 cells and
As2O3 (0.5 lM) induced HL-60 cells undergoing
partial differentiation, which were conformed by
cytomorphology (data not shown), expression of
CD11b as well as NBT reduction (Table 1). The
combination between 0.01 lM ATRA and As2O3

(0.5 lM) increased the expression of CD11b to
39%. NBT reduction ability and differentiation-
associated cell-growth arrest at G0–G1 phase
were also enhanced by the combination. How-
ever, when 0.1 lM ATRA was combined with
As2O3, no significant effect was observed
(Table 1). These data indicated that As2O3

(0.5 lM) could enhance the differentiation in-
duced by lower concentration of ATRA
(0.01 lM) in HL-60 cells, but had no marked
effect on the differentiation induced by higher
concentration of ATRA (0.1 lM). Associated
with the enhancement, JWA expression was up-
regulated; with the unobvious effect, JWA
expression was unaffected (Figure 6).

ATRA potently transactivates JWA gene promoter

As shown in Figure 4c and d, ATRA up-regulated
JWA on the levels of both mRNA and protein. To
determine transactivating effects of ATRA on JWA
gene, functional transfection studies using JWA
CAT reporter gene constructs ()1680PCATwt)
were performed. ATRA (1 lM, 48 h) treatment
of HL-60 cells potently stimulated the JWA pro-
moter (Figure 7). In order to identify promoter
regions mediating the responsiveness of the human
JWA gene to ATRA treatment, series of 5¢ deletion
of the promoter were constructed and conducted
the analysis. The data revealed that ATRA had a
substantial influence on JWA promoter activity.
The region spanning from )194 to +107 showed
the best response to ATRA (p<0.01). Treatment of
HL-60 cells with ATRA leads to a markedly
increase in cellular levels of JWA expression by
stimulating the transcriptional activity of JWA
gene promoter. To further characterize the nuclear
factors binding to JWA ()194 to +107) promoter
region, southwestern blot assay was carried out.
The results revealed that a band with a molecular
weight of approximately 30 kDa in the control HL-
60 cells disappeared after the stimulation of ATRA
(Figure 8).
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Figure 5. Pre-treatment of TPA reduced ATRA-induced cel-
lular differentiation and JWA expression in HL-60 cells. HL-
60 cells (5�105 cells/ml) were left untreated (Lane 1), treated
with 10 nM TPA for 1 h, washed and incubated for 48 h in
TPA-free medium (Lane 2), 10 nM TPA for 1 h, washed
and incubated with 1 lM ATRA for 48 h (Lane 3), 1 lM
ATRA for 48 h (Lane 4). (a) CD11b expression was analyzed
by flow cytometry. (b) NBT reduction activity. Results were
expressed as the mean of percentage of control. (c) JWA pro-
tein was measured by Western blot and the gray value was
analyzed. *p<0.05, compared with untreated control;
Dp<0.05, compared with the group treated by ATRA alone.
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Discussion

In the present study, we carried out the experi-
ments using human myeloid leukemia HL-60 cells
to explore the role of JWA in ATRA-induced cell

differentiation. Concurrent with the progressive
cellular differentiation and growth inhibition, we
found that JWA was up-regulated by ATRA in a
dose- and time-dependent manner, suggesting that
JWA, initially isolated as a novel ATRA respon-
sible gene, might be involved in ATRA-induced
cell differentiation and growth inhibition.

This was supported by the evidence that
inhibition of JWA expression could partially block
ATRA-induced cellular differentiation and growth
inhibition. Nowadays, RNAi has been promptly
developed as a powerful tool to study gene
function [33, 34]. In this study, we applied the
PCR-based siRNA strategy [35–37] to obtain
JWA-specific SECs and to deplete JWA expression
by transferring the SECs into target cells. The
PCR products, referred to as SECs, comprise an
RNA polymerase promoter upstream of a hairpin
siRNA template, with a downstream RNA poly-
merase terminator, and flanking restriction en-
zyme sites. When transfected into mammalian
cells, SECs are transcribed by endogenous RNA
polymerase to generate hairpin siRNAs and knock
down the expression of target gene. The results
here showed that JWA mRNA expression was
hardly detected and protein expression was also
inhibited significantly in HL-60 cells transfected
with JWA SECs, demonstrating that SECs-medi-
ated RNAi against JWA knocked down JWA
expression effectively. As a consequence, knock-
down of JWA expression inhibited the cellular
differentiation induced by ATRA, thus implying
an important role of JWA as a mediator in this
process. The actions of ATRA are mediated
by binding to nuclear receptors (RARs), which

Table 1. Effects of As2O3 on ATRA-induced differentiation and growth inhibition of HL-60 cells.

Treatment (48 h) CD11ba NBTb Cell cycles distribution (%)

G1 S G2+M

Control 2.8±0.9 1 21.9±2.3 68.0±9.1 10.1±2.0

As2O3 (0.5 lM) 10.1±1.8* 1.4±0.1* 25.8±5.6 62.7±4.9 12.5±2.4

ATRA (0.01 lM) 23.8±5.3* 1.9±0.2* 35.9±4.9* 58.0±6.2 6.2±2.1*

As2O3+ATRA (0.01 lM) 39.2±8.2*n 3.4±0.5*n 46.6±5.9*n 40.2±5.4*n 13.2±2.6

ATRA (0.1 lM) 33.0±5.6* 3.2±0.2* 41.5±5.6* 53.1±5.9* 5.4±1.4*

As2O3+ATRA (0.1 lM) 32.5±7.9* 3.0±0.3* 47.5±5.8* 38.1±4.1*n 13.4±2.9

aCD11b positive cells; bNBT positive cells (of control).
HL-60 cells were treated by 0.01 or 0.1 lM ATRA with or without the combination of As2O3 (0.5 lM) for 48 h. Each value was the
means±SD of triplicate determinations. *p<0.05, compared with untreated control; np<0.05, compared with the related group
treated by ATRA alone.
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Figure 6. Effect of As2O3 on ATRA-induced cell differentia-
tion and growth inhibition in HL-60 cells. HL-60 cells
(5�105 cells/ml) were treated by 0.01 or 0.1 lM ATRA with
or without the combination of As2O3 (0.5 lM) for 48 h.
Lane 1, untreated control; Lane 2, 0.5 lM As2O3; Lane 3,
0.01 lM ATRA alone; Lane 4, 0.5 lM As2O3+0.01 lM
ATRA; Lane 5, 0.1 lM ATRA alone; Lane 6, 0.5 lM
As2O3+0.1 lM ATRA. JWA protein was measured by Wes-
tern blot and the gray value was analyzed. *p<0.05, com-
pared with untreated control; Dp<0.05, compared with the
related group treated by ATRA alone.

367



normally act as ligand-inducible transcription
factors by binding as heterodimers with the
retinoid X receptors (RXRs) to RA response
elements (RAREs) located in regulatory regions
of target genes [5]. However, there is increasing

evidence that nuclear receptors can mediate rapid
extragenomic effects that stimulate signaling path-
ways by still not well-defined mechanisms, which
are independent of receptor binding to DNA
response elements [38]. Our results provide some
interesting new insights into the underlying regu-
latory mechanisms for cell differentiation and
growth inhibition induced by ATRA in HL-60
cells. In consideration of the fact that the block of
cellular differentiation by knockdown of JWA
expression was incomplete, it is entirely possible
that ATRA-induced differentiation is mediated by
multiple mechanisms, of which JWA is the only
one signal molecular.

TPA provokes differentiation of HL-60 cells to
monocyte/macrophage-like cells. Differentiation
induced by both TPA and ATRA was shown to
associate with alteration in PKC activity [25–30].
We have, therefore, tested the effect of their
combinations in HL-60 cells. Our data here dem-
onstrated that treatment with TPA and ATRA
alone induced the differentiation of HL-60 cells.
However, pre-treatment with TPA decreased
ATRA-induced differentiation, indicating that
TPA could not exert a positive cooperativity with
ATRA. Simultaneously, the expression of JWA
induced by ATRA was also weakened. These
results further suggested that up-regulation of
JWA expression was essential for ATRA-induced

5’-deletion

-194--------------------+107-CAT

-107---------------+107-CAT

ATRA

 Control

109876543210

-1680-----------------------------------------------------+107-CAT

-595-----------------------------------+107-CAT

-494------------------------------+107-CAT

-257-------------------------+107-CAT

Relative  CAT Activity

Figure 7. ATRA increases the transcriptional activity of JWA in HL-60 cells. Transient transfection assays were performed with
CAT reporter plasmids containing series of JWA promoter fragments. CAT activity was determined in cells incubated with ATRA
(1 lM) for 48 h as described in the Materials and methods. The lines and numbers indicate the sequence (in bp) contained in each
promoter-reporter constructs. The chat on the right side indicates the relative CAT activity level for each promoter-reporter con-
structs. The distal sequence from )194 to +107 containing two CCAAT box elements was able to confer responsiveness to ATRA
(p<0.01). All transient transfection studies were conducted in triplicate on three separate occasions. The chart reports the means
of three experiments.

Probe    -194/+107

Control ATRA

26kD

34kD

Figure 8. Southwestern analysis was performed as described
in Materials and methods. Seventy five micrograms of HL-60
cell nuclear extracts were subjected to SDS-PAGE. After
incubating in blocking buffer (5% non-fat dry milk in 10 mM
HEPES, pH 7.8), the blot was hybridized with 40 ng of
DIG-labeled probe ()194 to +107 in JWA promoter region).
A 30 kDa band is shown to interact with the probe in the
control HL-60 cells.
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cellular differentiation. But what is the mechanism
involved in the antagonism between ATRA and
TPA? As shown in Figure 5c, JWA expression was
decreased with the treatment of TPA. Thus, TPA
might inhibit ATRA-induced cellular differentia-
tion via down-regulating the expression of JWA.
On the other hand, it was reported that the
differentiation of HL-60 cells induced by ATRA
was accompanied by a decrease in PKC activity
[39]. Radominska–Pandya et al. [40] provided the
first evidence for the direct binding of ATRA to
PKC isozymes that could decrease the activation of
PKC a. TPA can substitute for diacylglycerol
which is transiently produced in vivo from phos-
pholipids such as phosphatidylinositol, and stimu-
lates PKC when intracellular levels of calcium are
low [30]. PKC itself is believed to be a receptor for
TPA [30]. Thus TPA, as a PKC activator, might
also decrease ATRA-induced differentiation via
activating PKC directly. Taken together, directly
activated PKC by TPA was associated with the
down-regulation of JWA expression, up-regulated
JWA expression by ATRA was accompanied by a
decrease in PKC activity. Then, what is the exact
relationship between JWA and PKC in the signal
pathways? We presume that there might be a
negative feedback between JWA and PKC. More
details of these two molecular interactions need
further investigation.

We also investigated the effect of As2O3 on
ATRA-induced cell differentiation. It has been
reported that ATRA induces differentiation of
APL blasts, APL cell line NB4 and human
myeloid leukemia cell line HL-60 (initially iso-
lated from an APL patient). However, HL-60
cells and primary cultured APL cells are less
sensitive than NB4 cells toward As2O3 (3 1 lM)-
induced apoptosis [41]. And they can undergo
partial differentiation by the induction of 0.1 to
1 lM As2O3, while NB4 cells cannot [42, 43]. To
explore the combined effect between ATRA and
As2O3, we used HL-60 cells as an induction
model in vitro because of the similarity of them
with APL cells. We found that As2O3 had
different effects on the efficacy of ATRA at
different concentrations. As2O3 (0.5 lM) only
potentiated cell differentiation and growth inhi-
bition induced by 0.01 lM ATRA but had no
significant effect on cell differentiation and
growth inhibition by 0.1 lM ATRA. Moreover,
results obtained by 0.01 lM ATRA plus As2O3

(0.5 lM) were as pronounced as those obtained
by 0.1 lM ATRA alone. Because ATRA and
As2O3 are already used successfully in the treat-
ment of APL, these results herein that reducing
the concentrations of ATRA and As2O3 allowed
therapeutic efficacy with tolerable toxicity may
have important clinical applications. Then what
might be the basis for this enhancement effect of
As2O3? Andre et al. [44] reported that such
potentiating effect in APL may be explained by
As2O3-induced PML/RAR a degradation. But in
HL-60 cells without t(15;17) rearrangement, there
is not the expression of PML/RAR a fusion
protein, indicating that the explanation lies else-
where. In this study, the expression of JWA
agreed well with the levels of HL-60 cell differ-
entiation. As2O3 may enhance the differentiation
induced by 0.01 lM ATRA via increasing
the expression of JWA. Up-regulation of JWA
expression may contribute to the induction of
differentiation of HL-60 cells by ATRA, and
JWA may be a novel molecular marker for it.

Then, how does ATRA regulate JWA gene?
Retinoic acid (RA) promotes granulocytic differ-
entiation of normal hematopoietic cells and malig-
nant myeloid progenitors by transcriptional
modulation of myeloid regulatory genes [45, 46].
Our data herein revealed that ATRA had a
substantial influence on JWA promoter activity.
The region in JWA promoter spanning from )194
to +107 showed the best response to ATRA. To
further characterize the nuclear factors binding to
this region, southwestern blot assay was performed
and revealed that a band with a molecular weight
of approximately 30 kDa in the control HL-60 cells
disappeared after the stimulation of ATRA, which
gave us an insight that it might be a negative
inhibitor involved in the transcriptional modula-
tion of JWA gene. Analyzing the promoter region
from )194 to +107, we found that it does not
contain RAREs, but two CCAAT boxes.
To identify the nuclear binding proteins in
this core promoter of JWA, we performed a
computer analysis (transfac.gbf.de/TRANSFAC/).
The CCAAT motif is recognized by transcription
factors such as CBF/NF-Y, NF-1, C/EBP, and
GATA-1. All of them are involved in ATRA-
modulated gene transcription, among which C/
EBP in particular, plays an important role in
ATRA-induced myeloid differentiation [47]. To
date, at least six distinct members of the C/EBP

369



family of DNA-binding proteins have been iden-
tified. These include C/EBP a, C/EBP b, C/EBP c,
C/EBP d, C/EBP e, and C/EBP f (also known as C/
EBP homologous protein (CHOP) or growth arrest
and DNA-damage inducible gene 153 [GADD153])
[48]. Generally, they positively transactivate target
gene promoters. But, CHOP has been shown to
inhibit DNA-binding activity of C/EBP a and C/
EBP e to their myeloid target genes and therefore
inhibit the transcriptional activation mediated by
C/EBP a and C/EBP e [47]. Although CHOP was
initially determined as a negative inhibitor of C/
EBPs, later studies showed that under certain
circumstances, CHOP-C/EBP heterodimers are
capable of recognizing a novel DNA target
sequence and, hence, of activating gene transcrip-
tion [49]. With respect to ATRA-induced tran-
scriptional modulation of JWA gene, which
nuclear factor with a molecular weight of approx-
imately 30 kDa acts as an a negative transcrip-
tional inhibitor and whether it is associated with
the C/EBP family are required to be further
determined.
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