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ABSTRACT
ATRA and a synthetic RAR agonist tamibarotene
(Am80) induce granulocytic differentiation of human
acute leukemia HL-60 cells and have been used in anti-
neoplastic therapy. ATRA induces CD38 antigen during
HL-60 cell differentiation, which interacts with CD31
antigen on the vascular EC surface and may induce dis-
advantages in the therapy. We here examined the
mechanisms of the ATRA-mediated CD38 induction and
compared the difference between ATRA- and tamibaro-
tene-mediated induction. Tamibarotene-induced HL-60
cell adhesion to ECs was 38% lower than ATRA, and NB4
cell adhesion to ECs by tamibarotene was equivalent to
ATRA, which induced CD38 gene transcription biphasi-
cally in HL-60 cells, the early-phase induction via DR-
RARE containing intron 1, and the delayed-phase induc-
tion via RARE lacking the 5�-flanking region. In contrast to
ATRA, tamibarotene induced only the early-phase induc-
tion, resulting in its lower CD38 induction than ATRA. A
PKC� inhibitor, rottlerin, and siRNA-mediated PKC�

knockdown suppressed the ATRA-induced CD38 pro-
moter activity of the 5�-flanking region, whereas a RAR
antagonist, LE540, or RAR knockdown did not affect it.
Cycloheximide and rottlerin suppressed the delayed-
phase induction of CD38 expression by ATRA but did not
affect the early-phase induction. Moreover, ATRA, but not
tamibarotene, induced PKC� expression without affecting
its mRNA stability. The diminished effect of tamibarotene

on CD38-mediated HL-60 cell adhesion to ECs com-
pared with ATRA is likely a result of the lack of its de-
layed-phase induction of CD38 expression, which may be
advantageous in antineoplastic therapy. J. Leukoc. Biol.
90: 235–247; 2011.

Introduction
CD38, a type II single-chain transmembrane glycoprotein, is
widely represented on lymphoid and myeloid lineages but ab-
sent from most mature resting lymphocytes [1, 2]. CD38 is
widely used as a marker to study T and B lymphocyte activa-
tion and differentiation [3] and acts as a ligand of the CD31
molecule on vascular ECs [4]. ATRA potently increases CD38
in myeloid HL-60 cells during granulocytic differentiation [5],
and the induced CD38 expression increases adhesion of differ-
entiated myeloid cells to vascular ECs because of the protein–
protein interaction between CD31 and CD38 molecules [6].
We previously reported the human CD38 promoter sequence
and genome structure [7]. The first intron of the human
CD38 gene contains a DR-RARE, and its ATRA-mediated tran-
scription has been analyzed [8]. On the other hand, the role
of the human CD38 gene 5�-flanking region lacking any DR5-
RARE [7] in the ATRA-mediated transcription remains un-
known.

Tamibarotene (Am80) is a synthetic RAR�/� agonist con-
taining chemical and pharmacological advantages over ATRA,
including higher chemical stability, a lower affinity for cellular
RA-binding protein, and an absence of affinity to RAR�, which
is expressed abundantly in dermal epithelium [9]. Although
ATRA induces granulocytic differentiation of HL-60 cells in
medium, with or without serum, tamibarotene induces their
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granulocytic differentiation only in medium supplemented
with serum [10], indicating their different characteristics in
granulocytic differentiation. In the present study, we focused
on the differential effects between ATRA and tamibarotene on
the adhesion of differentiated HL-60 cells to ECs and the
CD38 induction and examined the mechanisms of CD38 up-
regulation in the cells. We here demonstrated the decreased
adhesion of tamibarotene-differentiated HL-60 cells to ECs
compared with that of ATRA-differentiated HL-60 cells, most
likely as a result of their difference in CD38 gene transcription
regulation.

MATERIALS AND METHODS

Reagents
ATRA and 9cRA, cycloheximide, and PMA were purchased from Sigma-
Aldrich (St. Louis, MO, USA). Tamibarotene, HX630, LE540, and HX531
were described previously [11, 12]. CD2019 was kindly gifted by Dr. Soichi
Kojima (Molecular Cellular Pathology Research Unit, Riken, Wako, Japan).
CD437 was purchased from Tocris (Ellisville, MS, USA). Ro-31-8220, rot-
tlerin, Go6976, and DCFH-DA were purchased from Calbiochem
(Gibbstown, NJ, USA). Actinomycin D was purchased from Wako Pure
Chemical (Osaka, Japan). Calcein-AM was purchased from Dojindo (Ku-
mamoto, Japan).

Cell culture
Cells were cultured in a humidified incubator at 37°C with 5% CO2. HL-60
and NB4 cells were provided by Cell Resource Center for Biomedical Re-
search Institute of Development, Aging and Cancer, Tohoku University
(Sendai, Japan) and were grown with RPMI 1640 supplemented with 10%
FBS and penicillin-streptomycin-glutamine (Invitrogen, Carlsbad, CA,
USA). HMVECs-L were purchased from Takara Bio (Ohtsu, Japan) and
were grown with EBM-2 (Takara Bio), supplemented with 2% FBS, 10
ng/mL human epithelial growth factor, 5 ng/mL FGF-2, 1 �g/mL hydro-
cortisone, 10 �g/mL heparin, 50 �g/mL gentamicin, and 50 ng/mL am-
photericin-B. HMVECs-L were used between the third and fourth passages.

Adhesion assay
HMVECs-L were seeded in 24-well plates at 0.5 � 105 cells/well 48 h be-
fore assay and were incubated with EBM-2 supplemented with 2% FBS.
HL-60 and NB4 cells were treated with or without ATRA or tamibarotene
in RPMI 1640 supplemented with 2% resin and charcoal-treated (stripped)
FBS for the indicated times. At the end of the incubation period, 5 �g/mL
calcein-AM and 1 �g/mL mouse IgG1 [mouse monoclonal anti-CD38
(clone: 0.N.109, Santa Cruz Biotechnology, Santa Cruz, CA, USA), mouse
monoclonal anti-integrin �2 (clone: 3H1050, Santa Cruz Biotechnology),
or negative control mouse IgG1 (Dako, Glostrup, Denmark)] were added
to the media. After incubation for 1 h, cells were washed twice with 10 mL
PBS. The calcein-AM-labeled cells were suspended with RPMI 1640 supple-
mented with 2% FBS, and 5 � 105 cells were seeded onto the HMVEC-L
monolayers. The cells were cocultured for 4 h. After washing the cells twice
with 1 mL PBS, the bound cells were incubated with 0.2 mL PBS contain-
ing 5 mmol/L EDTA for 15 min at room temperature, and the detached
cells were transferred to 96-multiwell dishes. Their fluorescent intensities
were determined using a Fluoroskan Ascent fluorescent multiplate reader
(ThermoLab Systems, Mainz, Germany) and were normalized by the fluo-
rescent intensity of 1 � 105 calcein-AM-labeled cells.

Flow cytometry
HL-60 and NB4 cells were treated with or without retinoids in RPMI 1640
supplemented with 2% stripped FBS, and 1 � 106 cells were stained by
FITC-conjugated anti-CD38 or CD11b mAb (BD PharMingen, San Diego,

CA, USA) in PBS for 30 min on ice (1:20 dilution for CD38 and 1:10 dilu-
tion for CD11b). The stained cells were analyzed with a FACSCalibur flow
cytometer (BD Biosciences, San Jose, CA, USA), acquiring at least 10,000
events/sample. Data were analyzed using CellQuest software (BD Biosci-
ences) and were expressed as histograms of the fluorescence intensity ver-
sus the cell number or as the MFI.

RNA preparation and real-time PCR
HL-60 and NB4 cells were treated with or without retinoids in RPMI 1640
supplemented with 2% stripped FBS for the indicated times. For determi-
nation of the mRNA stability, cells treated with retinoids were thereafter,
incubated with actinomycin D (5 �g/mL) for an additional 3 h before har-
vesting. Total RNAs were extracted with the FastPure RNA kit (Takara
Bio), according to the manufacturer’s instructions. The extracted RNAs
were then subjected to RT reaction using the RNA PCR kit (avian myelo-
blastosis virus), Version 3.0 (Takara Bio), with random 9-mer primer, ac-
cording to the manufacturer’s instructions. Thereafter, the obtained tem-
plates (200 ng) were used for real-time PCR (95°C, 3 min for one cycle;
95°C, 15 s; 60°C, 10 s; 72°C, 30 s for 40 cycles) with iQ SYBR Green Super-
mix (Bio-Rad, Hercules, CA, USA) by a DNA engine thermal cycler at-
tached to a Chromo4 detector (Bio-Rad). The following primer sequences
were used: CD38 (forward AGAGCCCAACTCTGTCTTGG, reverse CT-
GAGTTCCCAACTTCATTA; PCR product: 285 bp); GAPDH (forward
CCATGGAGAAGGCTGGGG, reverse CAAAGTTGTCATGGATGACC; PCR
product: 195 bp); CD11b (forward ACCCCTGGTTCACCTCCTTC, reverse
CATGACATAAGGTCAAGGCTG; PCR product: 88 bp); RAR� (forward
GGACATTGACCTCTGGGACA, reverse AAGGTCATGGTGTCCTGCTC;
PCR product: 198 bp); RAR� (forward GGTTTCACTGGCTTGACCAT, re-
verse TTGGCAAAGGTGAACACAAG; PCR product: 200 bp); RAR� (for-
ward GGCTGTGGGACAAGTTCAGT, reverse GTCGGAGAAGGTCATG-
GTGT; PCR product: 197 bp); PKC� (forward ATTATCCCCGCTGGAT-
CAC, reverse CTCTTGGTTGGTTCCCTTTC; PCR product: 73 bp).

Respiratory burst activity
HL-60 and NB4 cells were treated with or without ATRA or tamibarotene
in RPMI 1640 supplemented with 2% stripped FBS for the indicated times.
DCFH-DA at 10 �mol/L, with or without PMA at 100 ng/mL, was added to
the cells, which were then incubated for 3 h at 37°C. The fluorescent in-
tensity of the cells was analyzed with a FACSCalibur flow cytometer acquir-
ing at least 10,000 events/sample. Data were analyzed using CellQuest soft-
ware (BD Biosciences) and were expressed as histograms of the fluores-
cence intensity versus the cell number or as the MFI.

Plasmids
Newly subcloned chimeric constructs containing the human CD38 genomic
DNA and the luciferase cDNA (pGL3-Basic, Promega, Madison, WI, USA)
were used for the transient transfection studies: –1731/�75-luc (harboring
the CD38 gene 5�-flanking region from –1731 to �75, relative to the tran-
scription start site upstream of the luciferase cDNA in pGL3-Basic); –97/
�75-luc; –47/�75-luc; –14/�75-luc; –47/�43-luc; –47/�6-luc; –1731/
�75-luc-�309/�1078 (harboring the CD38 gene intron 1 downstream of
the luciferase cDNA in –1731/�75-luc). Moreover, seven bases of the CD38
promoter (from –8 to –2 relative to the transcription start site) in –1735/
�75-luc and –47/�43-luc were mutated from TTTCAGA to GAGTCCC
(–1735/�75-mut-luc and –47/�43-mut-luc) using a QuikChange site-di-
rected mutagenesis kit (Stratagene, La Jolla, CA, USA). pCMV-�-gal was
purchased from Clontech (Palo Alto, CA, USA).

siRNA
HiPerformance-validated siRNAs for RAR� (SI00019376), RAR�

(SI00019390), RAR� (SI00019425), and negative-control siRNA (sense 5�-
UUCUCCGAACGUGUCACGUdTdT-3� and antisense 5�-ACGUGA-
CACGUUCGGAGAAdTdT-3�) were obtained from Qiagen (Valencia, CA,
USA). siRNA for PKC� (sense 5�-GGCUGAGUUCUGGCUGGACdTdT-3�
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and antisense 5�-GUCCAGCCAGAACUCAGCCdTdT-3�) was synthesized
and purified by Nihon Gene Research Laboratory (Japan).

Transfection and luciferase assay
HL-60 cells were washed with RPMI 1640, suspended in RPMI 1640 con-
taining 1.25% DMSO at 5 � 107 cells/mL, and incubated for 30 min at
room temperature. Cells (2�107) were electroporated with 18 �g reporter
plasmids and 3 �g pCMV-�-gal using the Gene Pulser (Bio-Rad) at 300 V
and a capacitance of 950 �F in a 4-mm electroporation cuvette. In some
experiments, siRNAs were cotransfected at 250 nmol/L. The transfected
cells were cultured further in RPMI 1640 containing 1.25% DMSO and
10% FBS at 37°C for 24 h or 48 h for siRNA. The media were changed to
RPMI 1640 containing 2% stripped FBS, and cells were cultured further
with or without retinoids at 37°C for the indicated times. After washing the
cells with PBS, cell extracts were prepared using Glo Lysis buffer (Pro-
mega) and were analyzed for luciferase and �-gal activities. The transfec-
tion efficiency was normalized by the �-gal expression.

Western immunoblot analysis
HL-60 cells were treated with or without ATRA or tamibarotene in RPMI
1640 supplemented with 2% stripped FBS for 48 h. Total cellular extracts
were prepared as described previously [13–15]. Samples were separated on
a 10% SDS-polyacrylamide gel and transferred onto a PVDF membrane
(Bio-Rad). The membranes were then blocked with 5% nonfat dry milk
and probed with the primary antibody against PKC� (Cell Signaling Tech-
nology, Danvers, MA, USA; 1:1000 dilution) or �-actin (Sigma-Aldrich;
1:3000 dilution) and thereafter, with HRP-conjugated antibody (GE Health-
care, Waukesha, WI, USA). The membranes were visualized with ECL-plus
reagent (GE Healthcare) and a lumino-image analyzer LAS-1000 (Fujifilm,
Tokyo, Japan).

Statistical analyses
All data are presented as mean � sem. Statistical analyses were performed
with ANOVA, followed by Fisher’s LSD post hoc test.

RESULTS

Differential effects between ATRA and tamibarotene
on the CD38-mediated HL-60 cell adhesion to ECs
We performed an adhesion assay of HL-60 and NB4 cells
stained with calcein-AM and HMVECs-L. As shown in Fig. 1A,
incubation with ATRA for 72 h strongly augmented HL-60 cell
adhesion to HMVECs-L (2.5-fold increase) in the presence of
control IgG, and tamibarotene-induced cell adhesion was sig-
nificantly (38%) lower than that of ATRA. There was no differ-
ence between HL-60 cells grown in RPMI 1640 supplemented
with 2% FBS or RPMI 1640 supplemented with 10% FBS for
cell growth determined by WST-8 or cell apoptosis determined
by Annexin V (data not shown). Separate experiments demon-
strated that �3% of input cells adhered to ECs, in case con-
trol (undifferentiated) HL-60 cells were used (data not
shown). In contrast, ATRA and tamibatotene only slightly in-
duced HL-60 cell adhesion to ECs to a similar extent at 24 h
(data not shown). Although treatment with anti-CD38 mAb
almost completely abrogated ATRA- and tamibarotene-induced
cell adhesions, treatment with anti-integrin �2 mAb did not
affect them. As shown in Fig. 1B, ATRA and tamibarotene aug-
mented NB4 cell adhesion to HMVECs-L (1.9-fold increase) to
a similar extent in the presence of control IgG. Anti-CD38
mAb treatment completely suppressed ATRA- and tamibaro-

tene-induced cell adhesions, and anti-integrin �2 mAb partially
suppressed their adhesions. These results indicate the dimin-
ished effect of tamibarotene on CD38-mediated HL-60 cell ad-
hesion to ECs compared with ATRA at 72 h, but not at 24 h,
and ATRA and tamibarotene similarly affected NB4 cell adhe-
sion to ECs.

Differential effects between ATRA and tamibarotene
on CD38 induction in HL-60 cells
We next determined the CD38 expression by flow cytometry
and quantitative real-time PCR. As shown in Fig. 2A and B,
ATRA and tamibarotene induced CD38 antigen expression on
HL-60 and NB4 cells to a similar extent at 24 h. However,
CD38 antigen expression induced by tamibarotene on HL-60
cells at 72 h (open histogram) was less than that by ATRA
(gray histogram; Fig. 2C), in contrast to NB4 cells, on which
ATRA and tamibarotene induced CD38 expression to a similar
extent (Fig. 2D). The MFI of HL-60 and NB4 cells using an
isotypic IgG1 control (BD PharMingen) was not changed by
treatment with ATRA or tamibarotene for 24 h or 72 h (data
not shown). Fig. 2E shows the time-course analysis of the
CD38 mRNA induction in HL-60 cells. High-dose (1 �mol/L)
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Figure 1. Effects of ATRA and tamibarotene on cell adhesion to ECs.
HL-60 (A) or NB4 (B) cells were treated with 0.1% ethanol (Basal), 1
�mol/L ATRA, or 1 �mol/L tamibarotene (Am80) for 72 h. Thereaf-
ter, the cells were treated with negative-control mouse IgG1 (Control
IgG), mouse anti-CD38, or mouse anti-�2-integrin (ITGB2) mAb for 1
h. Data represent mean � sem (n�6); the fluorescent intensity of cal-
cein-AM-labeled HL-60 or NB4 cells bound to the HMVEC-L mono-
layer (0.1% ethanol with control mouse IgG1 group as 1.0). ***P �
0.001 versus control; ‡P � 0.001 versus ATRA.
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ATRA and tamibarotene induced the early-phase increase of
CD38 mRNA expression at 1.5–6 h. However, although ATRA
induced the delayed-phase increase of CD38 mRNA expression
after 24 h, tamibarotene induced little increase after 6 h. As a
result, the level of CD38 mRNA expression induced by ta-
mibarotene at 72 h was �40% of that by ATRA. When low-
dose (10 nmol/L) ATRA was used, only monophasic induction
of CD38 mRNA was observed (data not shown). Fig. 2F shows
the dose-response analyses of the CD38 mRNA induction in
HL-60 cells. ATRA significantly increased CD38 mRNA at 10�9

mol/L and more strongly so in a dose-dependent manner at
10�8–10�6 mol/L. Tamibarotene augmented CD38 mRNA
from 10�8 to 10�6 mol/L at the same level, and the tamibaro-
tene-mediated CD38 mRNA expression was lower than that by
ATRA at 10�7 and 10�6 mol/L. These results indicate that
although ATRA, at its high dose, biphasically induces CD38
mRNA expression, tamibarotene monophasically induces it in
HL-60 cells. In contrast, no difference between ATRA and ta-
mibarotene on the CD38 induction was observed in NB4 cells.

Effects of ATRA and tamibarotene on myeloid cell
differentiation
We next investigated the effects of ATRA and tamibarotene on
myeloid cell differentiation to granulocytes. First, the respira-
tory burst activity was determined using DCFH-DA. ATRA

slightly increased the fluorescent intensity of DCFH in the ab-
sence of PMA (Fig. 3B, closed histogram; MFI: 5.16) com-
pared with the control group (Fig. 3A, closed histogram; MFI:
3.91) in HL-60 cells, and there was no increase by tamibaro-
tene (Fig. 3C, closed histogram; MFI: 3.72). On the other
hand, in the presence of PMA, the fluorescent intensity of
DCFH was increased by ATRA (Fig. 3B, gray histogram; MFI:
33.38) and tamibarotene (Fig. 3C, gray histogram; MFI: 35.17)
to a similar extent compared with the control group (Fig. 3A,
gray histogram; MFI: 9.15) in HL-60 cells. In NB4 cells, the
fluorescence intensity of DCFH was not altered by ATRA or
tamibarotene in the absence of PMA (Fig. 3D–F, closed histo-
grams). However, in the presence of PMA, tamibarotene in-
duced stronger fluorescence intensity (Fig. 3F, gray histogram;
MFI: 61.23) than ATRA (Fig. 3E, gray histogram; MFI: 54.63)
in NB4 cells. We next examined CD11b expression in HL-60
and NB4 cells. CD11b antigen on HL-60 cells was increased
slightly by ATRA (Fig. 3G, red histogram) or tamibarotene
(Fig. 3G, blue histogram), and it was increased stronger by
tamibarotene (Fig. 3H, blue histogram; MFI: 36.11) than
ATRA (Fig. 3H, red histogram; MFI: 21.97) on NB4 cells.
However, the MFI of HL-60 and NB4 cells using an isotypic
IgG1 control was not changed by treatment with ATRA or ta-
mibarotene (data not shown). ATRA significantly increased
the CD11b mRNA expression levels in HL-60 cells, and only a
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Figure 2. Effects of ATRA and tamibarotene on the CD38 expression. (A–D) Flow cytometry analyses using anti-CD38 mAb. HL-60 (A and C) or
NB4 (B and D) cells were treated with 0.1% ethanol (Control, closed histograms), 1 �mol/L ATRA (gray histograms), or 1 �mol/L tamibarotene
(Am80, open histograms) for 24 (A and B) or 72 h (C and D). The numbers in each histogram indicate the MFI. FL1-H�Fluorescence 1-height.
(E) Time-course analyses of the CD38 mRNA induction. HL-60 cells were treated with ATRA (●) or tamibarotene (Am80; �) at 1 �mol/L for the
indicated times. Data represent mean � sem (n�6–9); percentage of the CD38 mRNA expression level normalized by the GAPDH mRNA expres-
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weak induction was obtained by tamibarotene (Fig. 3I). On
the other hand, the CD11b mRNA expression levels were
more strongly induced by tamibarotene than by ATRA in NB4
cells (Fig. 3J). These data suggest that ATRA induces myeloid
cell differentiation of HL-60 cells more potently than ta-
mibarotene, and tamibarotene induces myeloid cell differenti-
ation of NB4 cells more potently than ATRA.

ATRA increased CD38 promoter activity in HL-60
cells
To elucidate the mechanism by which ATRA biphasically in-
duces CD38 in HL-60 cells, we next examined its promoter
activity. As CD38 gene intron 1 contains a DR5-RARE [8], we

constructed reporter vectors including the 5�-flanking region
(–1731/�75) and/or intron 1 (�309/�1078) of the CD38
gene. As shown in Fig. 4A, ATRA increased the luciferase activ-
ity of –1731/�75-luc only at 24 h but not at 6 h. In contrast,
the luciferase activity of –1731/�75-luc-�309/�1078 was in-
creased at 6 h and 24 h. As shown in Fig. 4B, tamibarotene
did not affect the luciferase activity of –1731/�75-luc at 6 h or
24 h, whereas that of –1731/�75-luc-�309/�1078 was in-
creased by tamibarotene only at 6 h. The time-course analyses
(Fig. 4C) revealed that ATRA increased the luciferase activity
of –1731/�75-luc after 24 h. The dose-response analyses (Fig.
4D) revealed that ATRA increased the luciferase activity of
–1731/�75-luc from 10�7 to 10�6 mol/L in a dose-dependent
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1 �mol/L ATRA (gray line histograms), or 1 �mol/L tamibarotene (Am80; black line histograms) for 72 h. The numbers in each histogram indi-
cate the MFI. (I and J) CD11b mRNA expression in HL-60 or NB4 cells. HL-60 (I) or NB4 (J) cells were treated with 0.1% ethanol (Control), 1
�mol/L ATRA, or 1 �mol/L tamibarotene (Am80) for 72 h. Data represent mean � sem (n�6); percent of the CD38 mRNA levels normalized by
GAPDH mRNA levels (control as 100%). *P � 0.05, ***P � 0.001 versus control.
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manner. These results suggest that intron 1 of the CD38 gene
is involved in the early response to ATRA (before 6 h), and
the 5�-flanking region is involved in the delayed response (af-
ter 24 h).

ATRA increased CD38 promoter activity of the
5�-flanking region independently of RARs in HL-60 cells
As shown in Fig. 5A, ATRA and 9cRA increased the CD38 pro-
moter activity of the 5�-flanking region in HL-60 cells, and ta-
mibarotene [Am80 (RAR�/�) agonist], CD2019 [(RAR�) ago-
nist], CD437 [(RAR�) agonist], and HX630 [(RXR) agonist],
as well as their combinations, did not affect it. Fig. 5B shows
the expression of RAR isoforms in HL-60 cells. In the absence
of ATRA, RAR� and -� were expressed, and RAR� was not. In
the presence of ATRA, expression of all RAR isoforms was in-
duced. The ATRA-induced increase of –1731/�75-luc activity
was not affected by RAR antagonist LE540, RXR antagonist
HX531, or their combination (Fig. 5C). siRNA-mediated
knockdown of each RAR isoform (�/�/�) as well as all iso-
forms did not affect the ATRA-induced increase of –1731/
�75-luc activity (Fig. 5D). The element responsible for the
ATRA-mediated activation of the CD38 gene 5�-flanking region
was next localized. As shown in Fig. 6A, ATRA increased the
luciferase activity of all indicated constructs, suggesting that
the ATRA-response element in the 5�-flanking region was be-

tween –14 and �6 relative to the transcription start site, which
did not contain any DR5-RARE. We next created mutated con-
structs of the 5�-flanking region and performed transient trans-
fection studies. As shown in Fig. 6B, ATRA increased the lu-
ciferase activity in –1731/�75-luc and –47/�43-luc but not in
–1731/�75-mut-luc and –47/�43-mut-luc. These results indi-
cate that the ATRA-induced CD38 promoter activation of the
5�-flanking region is independent of RAR.

CD38 promoter activity of the 5�-flanking region increased
by ATRA was dependent on PKC� in HL-60 cells
Nonclassical RA signaling, independent of the conventional
RAR/RXR pathway, has been demonstrated in PKC�-mediated
CREB protein activation [16]. Therefore, we next examined
the effects of PKC� on CD38 induction by ATRA. As shown in
Fig. 7A, the ATRA-induced CD38 protein expression on HL-60
cells (MFI: 57.54) was strongly suppressed by a selective PKC�

inhibitor, rottlerin (MFI: 7.26), but not by a selective PKC�

inhibitor, Go6976 (MFI: 52.20). However, the MFI of HL-60
cells using an isotypic IgG1 control was not affected by treat-
ment with ATRA, ATRA/rottlerin, or ATRA/Go6976 (data not
shown). As shown in Fig. 7B, the ATRA-induced CD38 mRNA
expression was suppressed by rottlerin and a nonselective PKC
inhibitor, Ro-31-8220, in a dose-dependent manner, but not by
Go6976. The ATRA-induced –1731/�75-luc activity was sup-
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pressed by Ro-31-8220 and rottlerin in a dose-dependent man-
ner but not by Go6976 (Fig. 7C). Moreover, siRNA-mediated
knockdown of PKC� suppressed the ATRA-induced –1731/
�75-luc activity (Fig. 7D). The PKC� expression in HL-60 cells
was demonstrated to be diminished by siRNA (data not shown).
These results indicate that the ATRA-induced CD38 promoter
activation of the 5�-flanking region is mediated via PKC�.

De novo protein synthesis and PKC� were required
for the delayed-phase increase of the ATRA-induced
CD38 mRNA expression
We next examined whether de novo protein synthesis and
PKC� were necessary for the ATRA-induced CD38 mRNA ex-
pression. The ATRA-mediated CD38 mRNA increase at 6 h
was not affected by cycloheximide (Fig. 8A). As shown in Fig.
8B, ATRA gradually increased CD38 mRNA from 48 h to 72 h

in the absence of cycloheximide (open bars); however, 12 h
treatment with cycloheximide (from 6 h to 18 h during ATRA
treatment) completely abrogated the ATRA-mediated CD38
mRNA increase from 24 h to 72 h. As shown in Fig. 8C, al-
though the ATRA-mediated CD38 mRNA induction was only
weakly decreased by rottlerin at 6 h, it was suppressed signifi-
cantly by rottlerin at 72 h. These results therefore indicate that
de novo protein synthesis and PKC� are involved in the de-
layed-phase increase of the ATRA-induced CD38 mRNA ex-
pression but not in its early-phase increase.

ATRA, but not tamibarotene, induced PKC�
expression in HL-60 cells
We next examined the effects of ATRA and tamibarotene on
PKC� expression in HL-60 cells. As shown in Fig. 9A and B,
ATRA induced PKC� protein and mRNA expression in HL-60
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cells, whereas tamibarotene did not. Time-course analyses re-
vealed that ATRA increased PKC� mRNA expression after 24 h
(Fig. 9C). Dose-response analyses revealed that ATRA in-
creased PKC� mRNA expression significantly at 10�6 mol/L
(Fig. 9D). The RNA stability of PKC� evaluated by actinomycin
D treatment was not altered by ATRA or tamibarotene (Fig.
9E). These results indicate that ATRA induces PKC� expres-
sion without affecting its stability in HL-60 cells.

DISCUSSION

Retinoids, including ATRA and tamibarotene, both of which
are known to induce granulocytic differentiation of HL-60
cells, have been used recently in the treatment of neoplasms.
During HL-60 cell differentiation, ATRA induces CD38 anti-
gen, which mediates HL-60 cell adhesion to ECs. The occur-
rence of granulocyte-EC adhesion during antineoplastic ther-
apy is most likely deleterious for patients. Therefore, it is im-
portant to clarify the differential effects between ATRA and
tamibarotene on the cell adhesion/CD38 expression for the
future innovation of antineoplastic retinoid therapy. We dem-
onstrated that tamibarotene-induced HL-60 cell adhesion to
ECs was significantly lower than that by ATRA (Fig. 1). Al-
though ATRA and tamibarotene acutely induced CD38 mRNA
expression in HL-60 cells at 1.5–6 h (the early-phase induc-
tion), the delayed-phase induction after 24 h was only ob-
served with ATRA (Fig. 2E). ATRA and tamibarotene induced
the early response via stimulation of the CD38 gene intron 1
in HL-60 cells, and only ATRA, especially at its high concen-
tration (1 �mol/L), induced the delayed response via the
stimulation of the CD38 gene 5�-flanking region (Fig. 4A and
D). Although a natural retinoid 9cRA also induced the CD38
promoter activity of the 5�-flanking region, synthetic RAR/
RXR agonists, including tamibarotene, did not (Fig. 5A). In-
terestingly, the ATRA-induced CD38 promoter activity of the
5�-flanking region was entirely dependent on the activation of
PKC� in HL-60 cells (Fig. 7), whose expression was up-regu-
lated by ATRA but not by tamibarotene (Fig. 9). ATRA could
therefore cause a strong induction of the CD38 transcription
by activating intron 1 containing a DR5-RARE in the early re-
sponse and the 5�-flanking region through PKC� induction in
the delayed response, resulting in a strong induction of the
CD38-mediated HL-60 cell adhesion to ECs. On the other
hand, tamibarotene failed to induce PKC� expression as well
as the CD38 promoter activity of the 5�-flanking region and
thus, caused only a weak induction of CD38 transcription by
the activation of intron 1, resulting in a weak induction of the
CD38-mediated HL-60 cell adhesion to ECs.

The early response of CD38 to ATRA and tamibarotene was
mediated via intron 1 (Fig. 4A and B). These results were par-
tially consistent with those of a previous report describing the
involvement of a DR5-RARE in intron 1 of the CD38 gene in
the ATRA-mediated CD38 induction and in vitro binding
of the RAR/RXR heterodimer to the element [8]. That study
therefore suggested that the ATRA-induced CD38 transcrip-
tion via intron 1 was mediated thorough RAR. On the other
hand, the delayed response of CD38 to ATRA was completely
suppressed by cycloheximide or rottlerin (Fig. 8B and C).
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Moreover, ATRA was observed to increase the PKC� protein
expression (Fig. 9A). Although direct interaction between
ATRA and PKC has been reported previously [17], our data
suggest that the ATRA-induced CD38 promoter activation may
be mediated via the de novo protein synthesis of PKC�. RA-
response genes can be classified into two groups, early RA-re-
sponse genes, most of which contain one or more RAREs in
their regulatory region, and delayed RA-response genes, most
of which lack RAREs and require de novo protein synthesis for
the activation of gene expression [18]. The CD38 gene there-
fore contains the characteristics of the early and delayed RA-
response genes.

Tamibarotene partially induced the differentiation of HL-60
cells (AML M2 cell line; Fig. 3A–C, G, and I) [19] but less po-
tently than by ATRA and with weaker cell adhesion to ECs

than that by ATRA (Fig. 1A). On the other hand, tamibaro-
tene induced the differentiation of NB4 cells (APL, AML M3
cell line) more potently than ATRA (Fig. 3D–F, H, and J)
without increasing the cell adhesion to ECs compared with
ATRA (Fig. 1B). In patients with APL, an increase in CD38
expression was observed in vivo following a single oral dose
administration of ATRA [20]. CD38 probably plays an impor-
tant role in the development of RAS [6], observed during dif-
ferentiation-inducing therapy for APL by ATRA, with extensive
infiltration of myeloid cells into organs, including lungs, skin,
kidneys, liver, and LNs [21–23]. RAS was also observed during
differentiation therapy by tamibarotene [24]. Based on data of
AML M3 NB4 cells in this study, it is predicted that the inci-
dence rate of RAS between ATRA and tamibarotene may not
be different. However, if cell types other than M3 cells are in-
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volved in cell infiltration during RAS, tamibarotene is ex-
pected to improve its symptoms compared with ATRA. In addi-
tion to APL, retinoids have therapeutic potentials against solid
tumors, including glioblastoma [25–27], neck cancer [28],
prostate cancer [29], and adrenocorticotropic hormone-secret-
ing pituitary adenoma [30, 31]. The incidence of RAS by reti-
noids in these solid tumors is uncertain. However, it is possible
that retinoids induce CD38-positive granulocytes, which may
adhere to ECs and infiltrate into organs, resulting in a RAS-
like phenomenon. Our observation regarding HL-60 cells
therefore indicates the advantage of tamibarotene for their
treatment.

The ATRA-induced CD38 promoter activation of the 5�-
flanking region was independent of RAR in HL-60 cells (Fig.
5), whose mechanism closely resembled that of ATRA-medi-

ated CREB activation, independent of RAR [16]. In this study,
ATRA increased PKC� mRNA expression in HL-60 cells with-
out affecting its stability, and tamibarotene failed to increase it
(Fig. 9). Additionally, the PKC� mRNA induction (Fig. 9D)
and the stimulation of the CD38 promoter activity of the 5�-
flanking region (Fig. 4D) were significant only at high concen-
tration(s) of ATRA, further confirming the possible involve-
ment of the induced PKC� in the ATRA-mediated CD38 pro-
moter activation. The induction of PKC� expression has been
demonstrated previously in several nuclear receptor ligands,
including androgen, which activates the PKC� gene promoter
via the androgen receptor [32]. Our data, in contrast, suggest
that ATRA may increase PKC� mRNA expression via transcrip-
tional regulation independently of RAR, as observed in the
1,25-dihydroxyvitamin D3-mediated PKC� expression increase
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that was independent of the vitamin D receptor in NB4 cells
[33]. The PKC� promoter activity is regulated by various tran-
scription factors, including NF-�B [34]. ATRA has been re-
ported to increase NF-�B p65 in HL-60 cells [35], which may
possibly be involved in the ATRA-mediated PKC� induction.

PKC� is a serine/threonine kinase, which mediates impor-
tant intracellular signaling pathways and is involved in the
ATRA-mediated differentiation of myeloid cells [36, 37]. PKC
is involved in diabetes mellitus complications [38]. PKC� is
activated by high glucose in glomeruli [39] and mesangial
cells [40], suggesting its involvement in diabetic nephropathy.
As tamibarotene did not up-regulate PKC� expression (Fig. 9A
and B), it may be more advantageous for diabetic patients
than ATRA.

The response element for the PKC�-mediated CD38 pro-
moter activation by ATRA in its 5�-flanking region was from –8
to –2, relative to the transcription start site, which contains the

putative C/EBP� response sequence but not DR5-RAREs (Fig.
6A and B). As ATRA has been shown to increase C/EBP� ex-
pression in HL-60 cells [35, 41], the ATRA-induced CD38 pro-
moter activation of the 5�-flanking region may be mediated via
C/EBP�. PKC� has been reported to interact with various
transcription factors, including STAT1 [42], NF-E2-related fac-
tor 2 [43], ATF1 [44], ATF2, and NF-�B [45]. PKC� has also
been shown to be involved in the ATRA-mediated activation of
RAREs via the formation of a PKC�-containing, RARE-binding
complex in ATRA-treated myeloid cells [36]. As the mecha-
nism(s) by which PKC� mediates the putative C/EBP�-re-
sponse element in the CD38 gene 5�-flanking region remain
unclear, further studies are needed.

CD38 is also known to be involved in social behavior [46],
and its decreased expression level has been reported in autism
patients [47]. Interestingly, SNPs have been observed in the
CD38 gene, including intron 1 in patients with autism [48].
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Figure 9. Induction of PKC� by ATRA
but not by tamibarotene. (A) PKC� pro-
tein expression. HL-60 cells were
treated without (Control) or with ATRA
(1 �mol/L) or tamibarotene (1 �mol/
L; Am80) for 48 h. Cell extracts (30 �g)
were electrophoresed, and Western blot-
ting analyses, using antibody against
PKC� or �-actin, were performed there-
after. The lower panel indicates densito-
metric analyses representing mean �
sem (n�4); percentage of PKC� protein
expression level normalized by the �-ac-
tin protein expression level (control as
100%). *** P � 0.001 versus control.
(B) PKC� mRNA expression. HL-60
cells were treated without (Control) or
with ATRA (1 �mol/L) or tamibarotene
(1 �mol/L; Am80) for 48 h. Data repre-
sent mean � sem (n�6); percentage of

the CD38 mRNA expression level normalized by the GAPDH mRNA expression level (control as 100%). *** P � 0.001 versus control.
(C) Time-course analyses of the PKC� mRNA expression. HL-60 cells were treated with ATRA (1 �mol/L) for the indicated times. Data repre-
sent mean � sem (n�6); percentage of the CD38 mRNA expression level normalized by the GAPDH mRNA expression level (time 0 as
100%). **P � 0.01, ***P � 0.001 versus time 0. (D) Dose-response analyses of the PKC� mRNA expression. HL-60 cells were treated with
ATRA for 72 h at the indicated concentrations. Data represent mean � sem (n�6); percentage of the CD38 mRNA expression level normal-
ized by the GAPDH mRNA expression level (0 mol/L as 100%). **P � 0.01, ***P � 0.001 versus 0 mol/L. (E) CD38 mRNA stability exam-
ined by real-time PCR. HL-60 cells were incubated without (Control) or with ATRA (1 �mol/L) or tamibarotene (1 �mol/L; Am80) for 48 h
and were incubated further with actinomycin D (5 �g/mL) for an additional 1, 2, or 3 h. Data represent mean � sem (n�3); percentage of
the CD38 mRNA expression level normalized by the GAPDH mRNA expression level (time 0 as 100%).
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The expression level of the CD38 gene may therefore be re-
lated to its SNPs. Another SNP in the CD38 gene locates
within a restriction endonuclease PvuII site in intron 1 and is
related to CLL [49], SLE [50], and osteoporosis [51]. Interest-
ingly, the CD38 gene DR5-RARE in intron 1 locates from 670
to 686 bp downstream of the translation start site, which is
close to the SNP related to CLL/SLE/osteoporosis, located at
416 bp downstream of the translation start site. Further studies
are needed to clarify the relation between the SNP and CD38
expression level.

In summary, the diminished effect of tamibarotene on the
CD38-mediated HL-60 cell adhesion to ECs compared with
that of ATRA may possibly be a result of the lack of PKC� in-
duction and the delayed response of CD38 expression, which
may be advantageous in antineoplastic therapy. These charac-
teristic differences between tamibarotene and ATRA may af-
fect their differential pharmacotherapeutic effects.
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