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Effects of all-trans retinoic acid (ATRA) on sphingo-
myelinase expression were examined using MCF-7
(ATRA-sensitive) and MDA-MB-231 (ATRA-resistant)
breast cancer cells. Increased NSMase activity,
NSMase2 mRNA and protein were observed in
ATRA-treated MCF-7 but not in ATRA-treated
MDA-MB-231. Increased NSMase2 mRNA of
ATRA-treated MCF-7 was mostly due to enhanced
transcription. Promoter analysis revealed the important
5'-promoter region of NSMase2 between —148 and
—42bp containing three Spl sites but no retinoic acid
responsive elements. Experiments using mutated Spl
sites of the NSMase2 promoter, Mithramycin A
(a Sp inhibitor) and Sp family over-expression demon-
strated the importance of Sp family protein and the
three Spl1 sites for ATRA-induced NSMase2 transcrip-
tion of MCF-7 cells. Although no quantitative change
of bound Spl on NSMase2 promoter region after
ATRA treatment was detected, Spl phosphorylation
(activation) by ATRA was observed. Interestingly,
PKCé was involved in ATRA-induced increased
NSMase2 transcription. ATRA-induced PKCo phos-
phorylation and then activated PKCo phosphorylated
Spl. Chromatin immunoprecipitation (ChIP) assay
showed Spl, RARa and RXRa complex formation
in MCF-7 cells regardless of ATRA treatment
and ATRA-induced acetylated histone H3 of the
5'-promoter. Thus, NSMase2 mRNA expression
enhanced by ATRA was due to increased transcription

via phosphorylated Spl caused by PKC¢ activation,
followed by chromatin remodelling with histone H3
acetylation.

Keywords: all-trans retinoic acid/chromatin remodel-
ling/MCF-7 cell/neutral sphingomyelinase 2/promoter
analysis.

Abbreviations: ASMase, acid sphingomyelinase;
ATRA, all-trans retinoic acid; ER, oestrogen
receptor; EMSA, electrophoresis mobility shift assay;
ChIP, chromatin immunoprecipitation, NSMase2,
-neutral sphingomyelinase 2; RAR, retinoic acid
receptor; RARE, retinoic acid-responsive element;
RXR, retinoid X receptor.

Hormone-dependent growth has been observed in
some human cancers including prostate cancer and
breast cancer (/). The former is androgen sensitive,
whereas the latter oestrogen-dependent. Therefore,
therapy with hormone antagonists is selected for the
cases with these hormone-sensitive cancers. Oestrogen
receptors (ERs) and progesterone receptors (PRs) are
frequently present in breast cancers and function as
prognostic indications for response to treatment (2).
It has been reported that 50—60% of the women with
ER-positive breast cancers benefit from endocrine
therapy (3). However, hormone insensitivity was
frequently experienced during the disease progression
and continuous treatment. Therefore, it is of clinical
importance to overcome the therapeutic limitation of
these hormone-dependent cancer cells.

Retinoids, such as all-trans retinoic acid (ATRA),
are derivatives of vitamin A that induce differenti-
ation of acute promyelocytic leukaemia (APL) cells
and inhibit growth of other cancer cells including
breast cancer cells (4—7). The anti-cancer effects of ret-
inoids have been intensely investigated. Apart from
leukaemia and breast cancer, the effectiveness of retin-
oid therapy has been reported in prostate cancer,
skin cancer and lung cancer (8—1/0). Furthermore,
retinoids may also be beneficial for cancer prevention
(11, 12).

ERa, RARa and cellular retinoic acid-binding
protein are reportedly co-ordinately regulated (/3).
ERa-positive breast cancer cells have been found to
increase their sensitivity to ATRA-induced growth in-
hibition (/4). It is also of note that the RARa expres-
sion level was lower in breast cancer cells resistant to
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ATRA as compared with their sensitive counterpart
(15—17). However, the signalling between RARa and
ERa and also the mechanism of ATRA-induced cell
growth inhibition remain to be elucidated. Effects of
retinoids are mostly mediated by their binding to the
nuclear receptors RAR (retinoic acid receptor) and
RXR (retinoid X receptor), which form the hetero-
dimer that activates transcription of genes containing
retinoic acid response elements (RAREs) in their
promoter regions (/8), although some other mechan-
isms not connected with RAREs have been reported
(19-21).

Ceramide has been recognized as a potent proapop-
totic mediator in eukaryotic cells (22, 23). There are
three metabolic pathways to produce ceramide; the
sphingomyelin degradation pathway, de novo synthesis
and the salvage pathway. The relationship between
cellular ceramide and ATRA-induced signal transduc-
tion has been reported in several model systems
(24—26). In haematological diseases, decrease of neu-
tral sphingomyelinase 2 (NSMase2), which hydrolyses
sphingomyelin to produce ceramide, was reported in
myelodysplastic syndrome that involves a pre-
leukaemic state and de novo AML patient (27).
However, the expression levels of respective SMases
of other clinical samples have not been reported.
Considering that ATRA could suppress proliferation
of leukaemic cells and cancer cell lines, the elucidation
of the SMase expression mechanism is of interest and
also clinically important.

The role of ceramide in ATRA-induced cancer cell
growth arrest has recently been reported using a
human breast cancer cell line, MCF-7 and emphasized
the suppression of S6 kinase by enhanced NSMase2
expression (28). However, the difference of sphingo-
lipid metabolism between ATRA sensitive and
ATRA-resistant breast cancer cells remains to be
fully elucidated. This issue is also clinically important
to elucidate the mechanism of transition of breast
cancer cells from ATRA sensitive to ATRA resistant.
In the current study, we examined the effects of ATRA
on sphingomyelinase expression and ceramide level of
two breast cancer cell lines, MCF-7 (ATRA sensitive)
and MDA-MB-231 (ATRA-resistant). It was shown
that ATRA was effective only in MCF-7 cells and
that neutral sphingomyelinase 2 (NSMase2) mRNA
but not acid sphingomyelinase (ASMase) mRNA
increased in ATRA-treated MCF-7 cells. We focused
on elucidation of the transcriptional control mechan-
ism. Our current analysis revealed that ATRA induced
a unique mechanism for the NSMase2 transcription
and the critical involvement of Sp family transcription
factor. It was also shown that PKCS activated by
ATRA—phosphorylated Sp1, followed by the chroma-
tin structure remodelling, finally lead to the increased
NSMase2 transcription. Considering our previous
report showing that ATRA-induced ASMase tran-
scription of a leukaemia cell line, NB4 (26), the regu-
latory mechanism of SMase transcription by ATRA is
heterogeneous and cell type dependent. Here, we have
discussed this unique mechanism underlying the
NSMase?2 transcriptional regulation in ATRA-treated
MCF-7 cells.
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Materials and Methods

Reagents

ATRA and Mithramycin A were purchased from
Sigma-Aldrich (St Louis, MO, USA). TTNPB and
metoprane acid were from Enzo Life Sciences Inc.
(Farmingdale, NY, USA). U0126 was from Promega
(Madison, WI, USA). Calphostin C, SB203580,
SP600125, G66976 and Rottlerin were from Calbio-
chem (La Jolla, CA, USA). Anti-NSMase2, anti-Spl,
anti-Sp3, anti-RARa, anti-RXRa, anti-ERa, anti-
PKCoa, anti-PKCBI and anti-PKC§ antibodies were
purchased from Santa Cruz Biotechnology Inc.
(Santa Cruz, CA, USA). Anti-phospho-PKCa/ anti-
body was from New England Biolabs Inc. (Beverly,
MA, USA) Anti-phosphoserine polyclonal antibody
(HRP-conjugated) was from Assay Designs (Enzo
Life Sciences). Anti-phosphorylated-PKCé antibody,
anti-rabbit IgG HRP-linked antibody and anti-mouse
IgG HRP-linked antibody were from Cell Signaling
Technology (Danvers, MA, USA). Anti-B-actin anti-
body was from BioVision (Mountain View, CA, USA).

Cell lines

The culture condition of a human breast cancer cell
line, MCF-7, was described previously (29). ATRA-
resistant human breast cancer cell line, MDA-
MB-231, derived from ATCC was cultured in 5%
FCS in DMEM (Wako Pure Chemical Industries,
Ltd. Osaka, Japan).

Cellular viability

MCF-7 and MDA-MB-231 cells were plated in tripli-
cate in 24 well (2.0x 10°/ml) and cultured for 24h
before ATRA was added. The viable cell number was
counted using trypan blue dye exclusion test.

siRNA and transfection

siRNA of RARa was purchased from Sigma Genosys
(Hokkaido, Japan). The sequence was the following:
RARa sense 5-GAACATGGTGTACACGTGT-3,
anti-sense 5-ACACGTGTACACCATGTTC-3'. Fifty
picomoles siRNA was transfected using Lipofectami-
ne™ RNAIMAX (Invitrogen, Carlsbad, CA, USA) as
described by the manufacturer. Control siGENOME
Non-Targeting siRNA#1 and 3 were used as control
(Thermo Fisher Scientific Inc., Walham, MA, USA).

Western blotting

Western blotting was performed as described before
(29). Protein samples were dissolved in lysis buffer
and separated on 10% or 15% SDS—PAGE and trans-
ferred to PVDF membrane. Membranes were blocked
1-5% dry milk in phosphate-buffered saline (PBS)
with 0.05% Tween-20 at room temperature for a
few hours. Primary antibodies used were as follows:
anti-NSMase2 (1:2000), anti-Spl (1:1000), anti-Sp3
(1:1000), anti-RARa (1:1000), anti-RXRao (1:1000),
anti-ERa (1:1000), anti-PKCa (1:1000), anti-PKCBI
(1:1000), anti-PKC8 (1:1000), Anti-phospho-PKCa/p
(1:1000),  Anti-phospho-PKCé  (1:1000),  anti-
phosphoserine (1:1000) and anti-B-actin (1:2000) anti-
bodies. Secondary antibodies were anti-rabbit IgG
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HRP-linked antibody or anti-mouse IgG HRP-linked
antibody (1:1000—2000). Proteins were detected by
Immobilon Western Chemiluminescent HRP Substrate
(Millipore Corporation, Billerica, MA, USA).

Quantitative RT-PCR of SMase mRNA

Quantitative RT—-PCR and semi-quantitative RT—
PCR of human NSMase2 and ASMase were per-
formed as reported before (27, 29). The primer
sequences were as follows: NSMase2 forward 5'-ACT
TTGATAACTGCTCCTCTGAC-3/, reverse 5-TTCG
TGTCCAGCAGAGTACC-3'; ASMase forward 5'-A
CTTTGATAACTGCTCCTCTGAC-3, reverse 5'-TT
CGTGTCCAGCAGAGTACC-3; GAPDH forward
5Y-CAGGAGCGAGATCCCTCCAA-3" and reverse
5-CCCCCTGCAAATGAGCCC-3'.

Cellular ceramide measurement

The method of liquid chromatography followed by
tandem mass spectrometry (LC—MS/MS) for analysis
of cellular ceramides was reported before (29).

SMase enzyme activity
ASMase and NSMase enzyme activities were measured
according to the method described previously (26).

Nuclear run-on assay

Nuclear run-on assay was performed as described pre-
viously (30). MCF-7 cells were treated with 10 uM
ATRA for 6h. Harvested cells were re-suspended in
4ml of Nonidet P-40 (NP-40) lysis buffer [10 mM
Tris—HCI (pH 7.4], 10mM NaCl, 3mM MgCl, and
0.5% NP-40, 150mM Sucrose] for 10min at 4°C.
After washing with NP40(—) lysis buffer, the pellet
was re-suspended in 100 ul of freezing buffer [SO0 mM
Tris—HCI (pH 8.3), SmM MgCl,, 0.1mM EDTA,
40% glycerol]. Next, 20 pl of transcription buffer [20
mM Tris—HCI (pH 8.0), 5mM MgCl,, 4mM DTT,
200mM KCI, 200mM Sucrose, 20% glycerol] and
4ul of 10x biotin RNA labelling mix containing
biotin-16-UTP (Roche, Basel, Switzerland) were
added. They were incubated at 29°C for 30 min and
then Total RNA was isolated. The RNA dissolved in
50 pl of RNase-free water was reacted with Dynabeads
M-280 Streptavidin (Invitrogen, Life Technologies
Corp., Carlsbad, CA, USA) resuspended in 50 pl of
binding buffer [10 mM Tris—HCl (pH 7.5), | mM
EDTA, 2M NaCl] at room temperature for 2h.
Beads were washed twice using 2x SSC containing
15% formamide for 15min and once using 2x SSC
for Smin. After the beads were dissolved in RNase-
free water, quantitative RT—PCR was carried out.

NSMase2 mRNA half-life

NSMase2 mRNA half-life was measured according to
the method described previously (30). MCF-7 cells
were treated with or without 10uM ATRA for 24h
before 5 pg/ml actinomycin D treatment. After an indi-
cated incubation period (1 and 6h), total RNA was
isolated for quantitative RT—PCR.

NSMase2 transcriptional regulation by ATRA in MCF-7 cells

NSMase2 promoter cloning and promoter analysis
The 5-promoter region between —984 bp and +109 bp
of NSMase2 was analysed in the current study, and the
preparation of wild-type NSMase2 5-promoter as well
as truncated or mutated forms was described before
(29). DNA transfection was performed by the calcium
phosphate precipitation method. Five micrograms of
various lengths of luciferase vector and 2pg of
B-galactosidase expression vector were co-transfected
to MCF-7 cells. Cells were treated with 10% glycerol
in DMEM for 1 min 6 h after DNA transfection. Then,
cells were treated with or without 10 uM of ATRA for
24 h. The relative promoter activity was expressed as
luciferase/B-galactosidase activity.

GAL4 Sp1/3 vectors and analysis of their
transcriptional activity

Plasmids, pM-Spl and pM-Sp3 were the generous
gift of Prof. T. Sakai (Kyoto Prefectural University
of Medicine, Kyoto, Japan), and they express the
GAL4-binding domain fused to either Spl or Sp3
(31). Pico molar expresses only the GAL4-binding
domain used as a negative control. pG5-luc is a luci-
ferase reporter, which carries five GAL4 DNA-binding
sites upstream of E1B minimal promoter and the
TATA box. Six hours after DNA transfection (2.5 pug
of respective pico molar series vector, 0.5 pug of pG5-luc
and PB-gal expression vector) by Lipofectamine 2000
(Invitrogen), ATRA was added to the -culture
medium for another 24 h. Then, the luciferase activity
was measured and the relative promoter activity stimu-
lated with either Spl or Sp3 was calculated with the
internal control of B-gal activity. The relative activity
of control pM vector was defined as 1.0.

Electrophoresis mobility shift assay

Electrophoresis mobility shift assay (EMSA) was per-
formed according to the method previously described
(32). Biotinylated wild-type and mutated oligo probe
a were previously described (29) and shown in
Supplementary Fig. S3. Supershift assay was con-
ducted using 2ug of anti-Spl, anti-Sp3, anti-RARa
and anti-RXRa antibody/sample, respectively. In
some experiments, nuclear extract was treated by calf
intestinal phosphatase (CIP) (1 U/pg protein,
Promega) for 37°C for 30min to reduce protein
phosphorylation.

Phosphorylated Sp1 detection

Whole-cell lysate was prepared with RIPA buffer
[150mM NaCl, 1%NP-40, 0.05% deoxicholic acid,
0.1% SDS, 50mM Tris (pH 8.0)]. Dynabeads®
Protein A (Invitrogen) was added to anti-Sp1 antibody
(1 pg) diluted in 200 pl PBS(—) with 0.05% Tween-20
and rotated for 10min at room temperature. After
washing, the sample (500 pug/500 ul RIPA) was added
to the beads—antibody complex and was rotated for
10min at room temperature. After three washes
using PBS (—), the sample was eluted to 20pul of
sample buffer and heated for Smin at 95°C. Western
blotting was performed using anti-phosphoserine anti-
body (1:1000) as described above.
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Preparation of GST-Sp1 and pull down of PKC)
GST-Spl protein was obtained as described (29, 33).
Briefly, MCF-7 cells treated with or without ATRA
were lysed in NETN buffer [20mM Tris—HCI (pH
8.0), 100mM NaCl, 1mM EDTA and 0.5% NP-40].
Partially purified GST-Spl and glutathione particles
were mixed with cell lysate overnight at 4°C. Then,
the complex with glutathione particles were collected
and washed four times by NETN buffer, then lysed in
sample buffer as samples of western blotting using
anti-PKC9 antibody and anti-phosphorylated PKC3S
antibody.

Chromatin immunoprecipitation assay

For the immunoprecipitation, anti-Spl, anti-Sp3, anti-
acetylated histone H3, anti-acetylated histone H4,
anti-RARa or anti-RXRa antibody (Santa Cruz,
1 ug/sample) were added to Dynabeads® M-280
Sheep anti-Rabbit IgG (Invitrogen, Carlsbad, CA,
USA) and rotated for overnight at 4°C (29). Normal
rabbit IgG was used as a control IgG. Antibody and
beads complex were mixed with samples and rotated
for 6h at 4°C. After DNA extraction, the promoter
region containing Spl motif was amplified by PCR
using the following primers, forward 5-GGTCTCTG
GGGATGTGGTCTT-3'; and reverse 5-GGCTCTC
GCGGCTCTCGGGT-3.

Statistical analysis

Statistical significances were analysed using Student’s
t-test or one-way factorial analysis of variance and
multiple comparison test (Fisher’s method) using
Excel software (Microsoft).

Results

ATRA induced increase of NSMase2 expression in
MCF-7 cells but not in MDA-MB-231 cells

Figure 1 demonstrates the effect of ATRA on cell
proliferation, NSMase enzyme activity and ceramide
level of MCF-7 and MDA-MB-231 cells. In agreement
with the recent report (28), ATRA-treated MCF-7
but not MDA-MB-231 cells exhibited growth arrest
(Fig. 1A). A significant increase of C24:1 ceramide
was observed in ATRA-treated MCF-7 but not in
MDA-MB-231, although a mild increase of C18:0
ceramide was observed in ATRA-treated MDA-MB-
231 cells (Fig. 1C). These changes paralleled NSMase
enzyme activity but not ASMase enzyme activity
(Fig. 1B and Supplementary Fig. S1). NSMase2
protein and NSMase2 mRNA were increased by
ATRA in MCF-7 cells but not in MDA-MB-231
cells (Fig. 2A and B). ASMase mRNA showed no sig-
nificant change with ATRA treatment of both cells
under our experimental conditions (Supplementary
Fig. S1).

Nuclear run-on assay and mRNA half-life
measurement

The nuclear run-on assay shown in Fig. 2C demon-
strated that the increased NSMase2 mRNA by
ATRA is mostly due to the transcription. We also
examined NSMase2 mRNA half-life (Supplementary
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Fig. S2), suggesting that mRNA half-life elongation
is the minor contribution to the NSMase2 mRNA
levels between the cells treated with or without ATRA.

RARx, RXRa and ERx of MICF-7 and MIDA-MB-231 cells
We characterized expression of oestrogen and retinoid
receptors of MCF-7 and MDA-MB-231 cells (Fig. 3A).
ERa, RARa and RXRa were observed clearly in
MCEF-7 but very little in MDA-MB-231 cells. ATRA
slightly decreased RARa and RXRa expression of
MCF-7. TTNPB, a specific RAR agonist and metho-
prene acid, a specific RXR agonist, were tested instead
of ATRA. TTNPB significantly increased NSMase2
mRNA whereas methoprene acid did not, suggesting
the major contribution of RARa in ATRA-induced
NSMase2 transcription (Fig. 3B). Furthermore,
ATRA-induced increase of NSMase2 mRNA was
reduced with siRNA of RARa, but not with scrambled
siRNA (Fig. 3C). These results indicate that ATRA-
induced NSMase?2 transcription depends on RARa.

Promoter analysis of NSMase2 gene

induced by ATRA

The mechanism of increased NSMase2 expression in
MCF-7 treated with ATRA was examined. It was
shown that the endogenous and ATRA-induced pro-
moter activity was located mostly between —148 bp
and the first exon. Promoter activity of longer reporter
construct up to 1-kb upstream did not differ from that
of —148 bp construct (Fig. 4A and data not shown).
The on-line search did not detect any possible retinoic
acid responsive elements (RAREs) but revealed three
Spl sites in this region. The introduction of a mutation
to each Spl-binding site reduced ATRA sensitivity,
suggesting that all three Spl sites are important for
the endogenous as well as ATRA-induced promoter
activity. Since the enhancement of the promoter activ-
ity by ATRA was less distinct than that of NSMase2
mRNA (Fig. 2B), the contribution of other sites or
factors involving up-regulation of NSMase2 expres-
sion was suggested. However, another possibility is
that the increased transcription was due to some mech-
anism by which luciferase reporter vector could not
detect efficiently. This issue will be further discussed
in the ‘Discussion’ section.

In MCF-7 cells, Spl and Sp3 endogenously bind
with this 5-promoter region (29). The Sp family-
specific inhibitor, Mithramycin A, abolished ATRA-
induced NSMase2 mRNA elevation (Fig. 4B),
although ATRA did not affect the Spl and Sp3 protein
levels (Fig. 4C). In our previous study, Mithramycin A
was also shown to reduce the NSMase2 mRNA level
of control MCF-7 cells by ~40% (29). The transcrip-
tion promoting activity of Spl rather than Sp3 of
ATRA-treated MCF-7 cells became more distinct
by using GAL4/Sp fusion protein expressing vector
(Fig. 4D). Therefore, the Sp family, especially, Spl,
is considered to be responsible for ATRA-induced
NSMase?2 transcription.

EMSA analysis
We performed EMSA analysis of MCF-7 cells with or
without ATRA treatment as reported previously (29).
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Fig. 1 ATRA-induced growth arrest and NSMase activation of MCF-7 cells. (A) MCF-7 and MDA-MB-231 cells were plated in triplicate in
24-well culture plate 24 h before addition of 10 uM of ATRA. Viable cell number was counted in triplicate with the trypan blue dye exclusion
method after detaching cells with PBS (—) containing trypsin—EDTA. Experiments were performed at least three times with similar results. (B)
NSMase enzyme activity was measured according to the ‘Materials and Methods’ section. ATRA (+) (solid column): 10 uM ATRA treatment
for 24h. ATRA (—) (open column): untreated control cells. Activity of control cells was regarded as 1.0. (C) Cellular ceramide levels (shown as
ng/0.5 mg protein) were measured using LC/MS—MS according to the ‘Materials and Methods’ section. MCF-7 and MDA-MB-231 cells were
cultured with or without ATRA for 24 h as described above. Cells were collected and samples were prepared. C16, 18, 22, 24 and 24:1 denote
respective ceramide species with different carbon chain lengths. An asterisk means statistically significant difference (P <0.01).

The effects of ATRA were examined using Sp1-bind-
ing site a (Supplementary Fig. S3a) as the probe. No
apparent difference was observed between control- and
ATRA-treated MCF-7 cells, and the binding of Sp
family proteins, Spl and Sp3, was confirmed by super-
shift experiments using anti-Sp1 antibody and anti-Sp3
antibody (Supplementary Fig. S3b and S3c). Thus, it
was concluded that the total amount of Spl protein
bound with this Spl-binding site was not changed by
the ATRA treatment.

Effects of PKC on NSMase2 mRNA level

To find another mechanism to explain increased
NSMase2 mRNA transcription by ATRA, the sig-
nalling pathways leading to ATRA-induced
NSMase?2 transcription were examined using various
inhibitors. Pan-PKC inhibitor (Calphostin C) mark-
edly inhibited ATRA-induced NSMase2 mRNA ex-
pression, whereas p38 MAPK inhibitor, (SB203580)
and MEK inhibitor, (U0127), did not (Fig. 5A). JNK
inhibitor (SP600125) showed a rather small increase.
Furthermore, PKC¢ inhibitor, Rottlerin, but not the
PKCua inhibitor, G66976, prevented the induction of
NSMase2 mRNA by ATRA (Fig. 5B). We have exam-
ined phosphorylation of several PKCs by ATRA

treatment, and interestingly, phosphorylation of
PKCd in MCF-7 cells was found to be elevated
(Fig. 5C) before the up-regulation of NSMase2
(Fig. 5D). ATRA-induced PKCS phosphorylation
(activation) has also been reported previously in
NB4, HL60 and MCF-7 cells (16). Interestingly, silen-
cing RARa by its siRNA greatly inhibited PKC6 phos-
phorylation (Fig. 6A).

PKCé-induced Sp1 phosphorylation

Increased NSMase2 mRNA started after ~6h of
ATRA treatment (Fig. SD). It is of note that Sp1 phos-
phorylation by ATRA was started earlier than the in-
crease of NSMase2 mRNA (Fig. 6B). Temporal
change of phosphorylated Spl (Fig. 6B) paralleled
that of PKC& phosphorylation (Fig. 5C). Spl phos-
phorylation was examined by treating nuclear extract
for EMSA analysis with or without CIP
(Supplementary Fig. S3d), showing that a significant
amount of Spl bound to this promoter region was
phosphorylated. It also suggests that ATRA-induced
phsphorylated Spl did not displace the major portion
of non-phophorylated Spl endogenously bound to this
promoter region. PKC$ activation by ATRA-induced
higher binding activity with purified Spl prepared as
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Fig. 2 ATRA-induced NSMase2 gene and protein expression. (A) MCF-7 and MDA-MB-231 cells were treated with or without 10 uM of ATRA
for 24 h. Western blotting was performed using anti-NSMase2 antibody. B-Actin was the internal control. (B) Quantitative RT—PCR was
performed to measure NSMase2 mRNA levels. The relative SMase mRNAs was calculated as the ratio of SMase mRNA/GAPDH mRNA. Each
control sample was regarded as 1.0. Mean &+ SD was calculated from three different samples. Experiments were performed three times and
statistical significance was analysed. (C) Nuclear run-on assay was performed according to the ‘Materials and Methods’ section. The results
denote quantitative RT—PCR (the mean & SD) from three different samples. The level of control cells was regarded as 1.0. Statistical significance
was analysed.
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Fig. 3 Expression of RARs and ER. (A) MCF-7 and MDA-MB-231 cells were treated with or without 10 uM ATRA for 24 h. Samples for
western blotting were prepared and RARa, RXRa and ERa protein levels were measured using respective antibodies as shown in the ‘“Materials
and Methods’ section. (B) RARa and RXRa specific agonists, TTNPB and methoprene acid, were used to examine the change in NSMase2
mRNA levels. TTNPB (10 uM) and methoprene acid (10 pM) were added for 24 h. The mRNA level of untreated MCF-7 cells was shown as the
control (regarded as 1.0). Statistical significance was evaluated. (C) siRNAs of RARa and scrambled siRNA were used to examine the effects of
RARua silencing on NSMase2 mRNA of ATRA-treated MCF-7 cells. After transfection of respective siRNA, MCF-7 cells were treated with or
without ATRA for 24 h. NSMase2 mRNA level was shown. Inlet shows decreased RARa protein level by siRNA of RARa.
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Fig. 4 Promoter analysis of the 5'-promoter region of NSMase2. (A) The promoter region of NSMase2, its deletion constructs and Spl
site-mutated luciferase vectors were described previously (29). Open symbols at left show wild-type Spl sites, while solid symbols indicate
mutated Spl sites. Luciferase assay was performed as described in the ‘Materials and Methods’ section. Relative luciferase activity was shown as
the luciferase activity/p-galactosidase activity. Open columns: ATRA untreated control culture for 24 h and solid columns: ATRA treatment for
24 h after respective reporter vector transfection. Statistical significances were calculated and shown as asterisks. (B) Effect of Mithramycin A
was examined in ATRA-treated MCF-7 cells. MCF-7 cells were pre-treated with or without Mithramycin A (500 nM) for 12h prior to ad-
ministration of 10 uM of ATRA for 7h. Cells were collected, and NSMase2 mRNA was measured with the quantitative RT—PCR method as
described in the ‘Materials and Methods’ section. (C) Effect of ATRA on Spl and Sp3 protein levels. MCF-7 and MDA-MB-231 cells were
treated with or without 10 uM of ATRA for 24 h. Cellular Spl and Sp3 levels were analysed by western blotting. (D) Promoter activity of
over-expressed Spl and Sp3 of ATRA-treated MCF7 cells. MCF7 cells were transfected with pM series expression vector (pM-Spl, pM-Sp3 or
pM), pG5-luc vector and B—gal expression vector according to the ‘Materials and Methods’ section. After transfection, cells were treated ATRA
for 24 h and luciferase activity was measured. The relative luciferase activity of control group (pM) was determined as 1.0.

GST-Spl fusion protein (Fig. 6C). Furthermore,
Rottlerin significantly inhibited Spl phosphorylation,
confirming the involvement of PKC3 in Sp1 phosphor-
ylation (Fig. 6D).

Chromatin immunoprecipitation analysis

Figure 7 shows the results of the Chromatin immuno-
precipitation (ChIP) assay. Significant changes of Spl
and Sp3 were not observed in MCF-7 cells treated with
ATRA, which was consistent with our EMSA data
(Supplementary Fig. S3). Interestingly, RARa and
RXRa were found to be present as a complex bound
to this promoter region regardless of ATRA treatment.
It was suggested that the RARa and RXRa complexes
endogenously bound with Spl. Acetylated histone H3

but not H4 was observed to increase with ATRA treat-
ment, suggesting ATRA-induced active chromatin
configuration. Treatment with the HDAC inhibitor,
Tricostatin A, increased NSMase2 mRNA (data not
shown). In contrast, in control MDA-MB-231 cells,
Spl and acetylated histone H3 were found to bind to
the 5'-promoter of NSMase2, which is compatible with
considerable endogenous NSMase2 mRNA of
MDA-MB-231.

Discussion

We previously reported that ATRA-induced ASMase
gene expression followed by cellular ceramide increase
and cell growth arrest in human NB4 leukaemia cells
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Fig. 5 Effects of signal transduction inhibitors on NSMase2 mRNA. (A) Three hours before ATRA addition, various signal transduction
inhibitors, Calphostin C (pan PKC inhibitor; 200 nM), SB203580 (p38 MAPK inhibitor; 5uM), SP600125 (JNK inhibitor; 20 uM) and U0126
(MEK inhibitor; 10 uM) were added. After ATRA treatment for 21 h, MCF-7 cells were collected and their NSMase2 mRNA was measured by
quantitative RT—PCR. (B) PKCu inhibitor, G66976 (10nM) and PKC3 inhibitor, Rottlerin (10 uM), were used to examine their effects on
NSMase2 mRNA level. Each inhibitor was added 2 h before administration of 10 uM of ATRA and cultures were continued for another 12 h.
NSMase2 mRNA level was measured by quantitative RT—PCR in triplicate with the data of control cells regarded as 1.0. (C) PKC isoforms of
MCEF-7 cells were examined after ATRA treatment for the indicated times using respective antibody described in the ‘Materials and Methods’
section. (D) Temporal changes of NSMase2 mRNA of ATRA-treated MCF-7 cells were measured by quantitative RT—PCR as described in the
‘Materials and Methods’ section.
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Fig. 6 Relationship between Sp1 phosphorylation and NSMase2 mRNA level. (A) Effect of siRNA of RARa on phosphorylated PKCS was
shown. Twenty-four hours after transfecting siRNA of RARa or scrambled siRNA, MCF-7 cells were treated with ATRA (10 uM) for 24 h.
Cells were collected and total and phosphorylated PKCd were detected by western blotting. (B) Serine phosphorylation of Spl induced with
ATRA was examined. Cell lysate was immunoprecipitated with anti-Spl antibody followed by anti-phosphoserine antibody according to the
‘Materials and Methods’ section. (C) Binding of partially purified GST-Spl and whole-cell lysate of MCF-7 cells with or without ATRA
treatment was analysed according to the “Materials and Methods’ section. After washing glutathione particles complexed with GST-Sp1/PKC$
(both phosphorylated and non-phosphorlated form), PKC6 and phosphorylated PKC8 were detected by western blotting. (D) MCF-7 cells were
treated with or without Rottlerin for 6 h, then ATRA was added for another 3 h. Phosphorylated Spl was detected in the similar way as shown
in Fig. 6B.
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Fig. 7 ChIP assay. MCF-7 cells treated with or without 10 uM of ATRA for 24 h. Control MDA-MB-231 cells were also examined. Antibodies
used (anti-Spl-, anti-Sp3-, anti-acetylated H3-, anti-acetylated H4-, anti-RARa- and anti-RXRa-antibody) were described in the ‘Materials and
Methods’ section. After DNA extraction and protein digestion, PCR was performed using primers described in the ‘Materials and Methods’

section. The product was 225-bp long.

(26). Recently, it has been reported that NSMase2 is at
least partially responsible for the growth arrest in
ATRA-treated MCF-7 cells through modulation of
S6 kinase (28). The present study revealed that
ATRA increased NSMase2 but not ASMase mRNA
as well as cellular ceramide content of a human breast
cancer cell line, MCF-7, but not in ATRA-resistant
MDA-MB-231 cells. This suggests the possibility that
the increased NSMase2 expression by ATRA was
related to increased cellular ceramide in MCF-7, al-
though involvement of ASMase cannot be completely
neglected (Figs 1 and 2; Supplementary Fig SI).
Therefore, ATRA-induced SMase subtype expression
is cell type specific.

Although biological effects of ATRA in human
breast cancer cells have been studied extensively, the
relationship between ATRA and sphingolipid metab-
olism of breast cancer cells has not been fully disclosed.
Experiments using siRNA of RARa and a RAR-
specific agonist, TTNPB, suggest that RAR, especially
RARGa, was prerequisite for ATRA-induced NSMase2
mRNA elevation of MCF-7 cells (Fig. 3B and C).
Nuclear run-on assay as well as mRNA half-life meas-
urement (Fig. 2C and Supplementary Fig. S2) demon-
strated that the increased transcription is mostly
responsible for the ATRA-induced elevation of
NSMase2 mRNA level, although the minor contribu-
tion of mRNA half-life elongation cannot be
neglected.

ERa, RARa and cellular retinoic acid-binding pro-
tein are co-ordinately regulated (/3). In preliminary
experiments, we have consistently over-expressed
ERa in MDA-MB-231 cells that originally lack ERa,
RARa and RXRa expression (Fig. 3A). However,
these ERa-over-expressed cells did not show the recov-
ery of RARa and RXRa expression as well as
ATRA-sensitivity (data not shown). Thus, ERa
re-expression is not sufficient to induce RARa and
RXRa expression or the expression of these genes is
independent.

Indirect involvement of the RARa/RXRa complex
is most likely in ATRA-induced NSMase2 mRNA
transcription of MCF-7 cells, because the 5'-promoter
region of NSMase2 lacks consensus RAREs. We re-
cently reported the importance of Spl sites between
—148 and —42 bp from the first exon in both endogen-
ous and daunorubicin-induced NSMase2 transcription
of MCF-7 cells and also showed that Spl protein was

endogenously bound to several Spl1 sites of the 5'-pro-
moter region of NSMase2 (29). Other studies have
reported Spl-induced activation in ATRA-enhanced
gene expression in different cell types (20, 34), and
our promoter analysis (Fig. 4A) indicates that the
same region is also important for NSMase2 transcrip-
tion of ATRA-treated MCF-7 cells. However, the
increased promoter activity by ATRA was much less
than expected. Although other promoter or enhancer
regions might increase NSMase2 transcription, in-
crease of acetylated Histone 3 around this promoter
region by ATRA (Fig. 7) suggested the significant
involvement of chromatin remodelling rather than
enhanced transcription factor binding, which can be
not efficiently detected by the luciferase reporter
assay. Among Sp family proteins, Spl rather than
Sp3 is the major transcription factor to regulate
NSMase?2 transcription (Fig. 4D).

Not all RA-inducible genes contain RARE/RXRE
sequences within promoter (35), and VEGF gene
expression is induced by retinoic acid through Spl-
binding sites (34). The physical interaction between
RARa and Spl has been reported (36), and RARa/
RXRa tethers with Spl protein without direct binding
to RAREs (37). Our EMSA assay (Supplementary
Fig. S3) did not demonstrate the direct binding of
RARa and RXRa to this promoter DNA; however,
ChIP assay (Fig. 7) suggested the complex formation
of RARa/RXRa with Spl protein. Thus, it was
assumed that RARa and RXRa were bound to this
promoter region indirectly through binding to Spl
protein. Similarly, it has been recently reported that
RARa/RXRa was endogenously bound to the 5-pro-
moter region of guanylyl cyclase/natriuretic peptide
receptor-A indirectly by the complex formation with
Spl in mouse mesangial cells (38).

The use of a Spl-specific inhibitor, Mithramycin A,
confirmed involvement of the Sp family protein in
ATRA-induced NSMase2 transcription (Fig. 4B).
ATRA did not modulate total Spl protein level nor
its DNA-binding capacity (Fig. 4C and Supplementary
Fig. S3). Thus, Spl protein modification such as phos-
phorylation was a highly plausible mechanism of
ATRA-induced NSMase2 transcription. Increased
Spl phosphorylation has been shown to be a possible
mechanism of HGF-induced VEGF transcription (39).
The treatment with HGF increased serine phosphoryl-
ation of Spl leading to increased transcription activity
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of Spl without affecting its DNA-binding profile of
EMSA. Actually, serine-phosphorylated Spl was
observed in ATRA-treated MCF-7 cells (Fig. 6B).
Our EMSA experiments using protein phosphatase,
CIP, revealed that CIP significantly inhibited Spl
phosphorylation, suggesting the positive involvement
of binding of phosphorylated Spl protein induced
by ATRA to this promoter region (Supplementary
Fig. S3d).

Involvement of PKCd in NSMase2 transcription
has also been reported in prostate cancer cells (40),
but its mechanism remains to be disclosed. As shown
in Fig. 5A and B, pharmacological pan PKC- and
PKCo-inhibitors, Calphostin C and Rottlerin, in-
hibited ATRA-induced NSMase? transcription. Treat-
ment with ATRA has been shown to activate PKCa or
o in various cell lines, and the complex formation
between RARa/RXRa and PKCS was presumed to
occur (16, 41—45). Moreover, our experiments using
siRNA of RARa revealed the involvement of RARa
for both ATRA-induced PKCS activation and
increased NSMase2 mRNA expression (Figs 3C
and 6A). It is thus of note that ATRA-induced
events of PKCS phosphorylation, Spl phosphoryl-
ation and NSMase2 transcription were sequentially
well correlated. Spl has been reported to be phos-
phorylated by a number of cellular kinases including
different members of the PKC family (46). Some stu-
dies have shown the physical interaction of PKCd and
Spl (47, 48), which was confirmed by our study using
GST-Spl protein (Fig. 6C). Furthermore, we have
demonstrated that PKCS9 is at least partially involved
in Sp1 phosphorylation, because Rottlerin reduced Spl
phosphorylation (Fig. 6D).

In the ChIP assay, ATRA was shown to increase
acetylated histone H3 around the promoter region of
NSMase2, and the increased histone acetylation indi-
cated the active configuration of this promoter region
for the transcription (Fig. 7). ATRA-induced histone
acetylation has also been reported in mouse mesangial
cells (38). Importance of histone remodelling was
supported by our preliminary experiments showing
increased NSMase2 mRNA by TSA, a HDAC
inhibitor.

Based on these results, we proposed a unique tran-
scription mechanism in MCF-7 cells: ATRA-induced
PKCo activation followed by Spl phosphorylation,
and then phosphorylated Spl was bound to the
NSMase2 promoter. These sequential events result in
the increased transcriptional activity of Spl and also
remodelled the chromatin configuration of this pro-
moter region to the appropriate structure for active
transcription. An important and interesting future pro-
ject remains to elucidate the signalling pathway from
activated PKCd leading to nuclear histone H3
acetylation.

Taken together, the present study revealed that
ATRA sensitivity of human breast cancer cells is asso-
ciated with the cellular ceramide level and NSMase2
activity. In ATRA-treated MCF-7 cells, NSMase ac-
tivity was mostly due to increased NSMase2 transcrip-
tion via phosphorylated Spl caused by PKCS
activation. However, the expression of ER per se in
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ATRA-resistant cell line could not recover ATRA sen-
sitivity, suggesting that RAR and RXR expression are
not always controlled by ER expression level. Since the
novel treatment of human breast cancer is in great
demand for ATRA-resistant cases and because the het-
erogeneity of ATRA sensitivity in breast cancer cells
remains to be fully evaluated, the findings obtained in
the present investigation provide useful information
for understanding the relationship between ATRA sen-
sitivity and the sphingolipid metabolism in breast
cancer cells.
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Supplementary data are available online at JB online.

Funding

Basic Research C from Ministry of Education,
Culture, Sports, Science and Technology, Grant No.
23590667.

Conflicts of interest

None declared.

References

1. Risbridger, G.P., Davis, 1.D., Birrell, S.N., and Tilley,
W.D. (2010) Breast and prostate cancer: more similar
than different. Nat. Rev. Cancer 10, 205—212

2. Dowsett, M. and Dunbier, A.K. (2008) Emerging bio-
markers and new understanding of traditional markers
in personalized therapy for breast cancer. Clin. Cancer
Res. 14, 8019—8026

3. Systemic treatment of early breast cancer by hormonal,
cytotoxic, or immune therapy. 133 randomised trials
involving 31,000 recurrences and 24,000 deaths among
75,000 women. Early Breast Cancer Trialists’
Collaborative Group. Lancet 339, 71—85

4. Mangiarotti, R., Danova, M., Alberici, R., and
Pellicciari, C. (1998) All-trans retinoic acid (ATRA)-
induced apoptosis is preceded by G1 arrest in human
MCEF-7 breast cancer cells. Br. J. Cancer 77, 186—191

5. Rubin, M., Fenig, E., Rosenauer, A., Menendez-Botet,
C., Achkar, C., Bentel, J.M., Yahalom, J., Mendelsohn,
J., and Miller, W.H. Jr (1994) 9-Cis retinoic acid inhibits
growth of breast cancer cells and down-regulates
estrogen receptor RNA and protein. Cancer Res. 54,
6549—6556

6. Slack, J.L. (1999) Biology and treatment of acute pro-
granulocytic leukemia. Curr. Opin. Hematol. 6, 236—240

7. Zhu, W.Y ., Jones, C.S., Kiss, A., Matsukuma, K., Amin,
S., and De Luca, L.M. (1997) Retinoic acid inhibition of
cell cycle progression in MCF-7 human breast cancer
cells. Exp. Cell Res. 234, 293—299

8. Koshiuka, K., Elstner, E., Williamson, E., Said, J.W.,
Tada, Y., and Koeffler, H.P. (2000) Novel therapeutic
approach: organic arsenical melarsoprol) alone or with
all-trans-retinoic acid markedly inhibit growth of human
breast and prostate cancer cells in vitro and in vivo. Br.
J. Cancer 82, 452—458

9. Lippman, S.M., Parkinson, D.R., Itri, L.M., Weber,
R.S., Schantz, S.P., Ota, D.M., Schusterman, M.A.,

2T0Z ‘9z Jequieldes uo [elidsoH uensuyD enybuey) e /Hlo'seuinolploxo-qly:diny woly papeojumod


http://jb.oxfordjournals.org/

11.

12.

13.

14.

15.

16.

17.

20.

21

Krakoff, I.H., Gutterman, J.U., and Hong, W.K. (1992)
13-cis-retinoic acid and interferon alpha-2a: effective
combination therapy for advanced squamous cell carcin-
oma of the skin. J. Natl. Cancer Inst. 84, 235-241

. Manna, S.K. and Aggarwal, B.B. (2000) All-trans-

retinoic acid upregulates TNF receptors and potentiates
TNF-induced activation of nuclear factors-kappaB, acti-
vated protein-1 and apoptosis in human lung cancer
cells. Oncogene 19, 2110-2119

Hunter, D.J., Manson, J.E., Colditz, G.A., Stampfer,
M.J., Rosner, B., Hennekens, C.H., Speizer, F.E., and
Willett, W.C. (1993) A prospective study of the intake of
vitamins C, E, and A and the risk of breast cancer. N.
Eng.l J. Med. 329, 234240

Veronesi, U., De Palo, G., Marubini, E., Costa, A.,
Formelli, F., Mariani, L., Decensi, A., Camerini, T.,
Del Turco, M.R., Di Mauro, M.G., Muraca, M.G.,
Del Vecchio, M., Pinto, C., D’Aiuto, G., Boni, C.,
Campa, T., Magni, A., Miceli, R., Perloff, M., Malone,
W.F., and Sporn, M.B. (1999) Randomized trial of fen-
retinide to prevent second breast malignancy in women
with early breast cancer. J. Natl. Cancer Inst. 91,
1847—1856

Lu, M., Mira-y-Lopez, R., Nakajo, S., Nakaya, K., and
Jing, Y. (2005) Expression of estrogen receptor alpha,
retinoic acid receptor alpha and cellular retinoic acid
binding protein II genes is coordinately regulated in
human breast cancer cells. Oncogene 24, 4362—4369
Fontana, J.A., Miksis, G., Miranda, D.M., and Durham,
J.P. (1987) Inhibition of human mammary carcinoma
cell proliferation by retinoids and intracellular
cAMP-elevating compounds. J. Natl Cancer Inst. 78,
1107—1112

Fitzgerald, P., Teng, M., Chandraratna, R.A., Heyman,
R.A., and Allegretto, E.A. (1997) Retinoic acid recep-
tor alpha expression correlates with retinoid-induced
growth inhibition of human breast cancer cells regard-
less of estrogen receptor status. Cancer Res. 57,
2642—2650

Kambhampati, S., Li, Y., Verma, A., Sassano, A.,
Majchrzak, B., Deb, D.K., Parmar, S., Giafis, N.,
Kalvakolanu, D.V., Rahman, A., Uddin, S., Minucci,
S., Tallman, M.S., Fish, E.N., and Platanias, L.C.
(2003) Activation of protein kinase C delta by
all-trans-retinoic acid. J. Biol. Chem. 278, 32544—32551
Roman, S.D., Clarke, C.L., Hall, R.E., Alexander, I.E.,
and Sutherland, R.L. (1992) Expression and regulation
of retinoic acid receptors in human breast cancer cells.
Cancer Res. 52, 22362242

. Evans, R.M. (1988) The steroid and thyroid hormone

receptor superfamily. Science 240, 889—895

. Fu, H., Yang, G., Lu, F., Wang, R., Yao, L., and Lu, Z.

(2006) Transcriptional up-regulation of restin by
all-trans retinoic acid through STATI in cancer cell dif-
ferentiation process. Biochem. Biophys. Res. Commun.
343, 1009—1016

Nomura, J., Horie, 1., Seto, M., Nagai, K., Hisatsune,
A., Miyata, T., and Isohama, Y. (2006) All-trans retinoic
acid increases expression of aquaporin-5 and plasma
membrane water permeability via transactivation of
Spl in mouse lung epithelial cells. Biochem. Biophys.
Res. Commun. 351, 1048—1053

. Shimada, J., Suzuki, Y., Kim, S.J., Wang, P.C.,

Matsumura, M., and Kojima, S. (2001) Transactivation
via RAR/RXR-Spl interaction: characterization of bind-
ing between Spl and GC box motif. Mol. Endocrinol. 15,
1677—1692

NSMase2 transcriptional regulation by ATRA in MCF-7 cells

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

Dbaibo, G.S. and Hannun, Y.A. (1998) Signal transduc-
tion and the regulation of apoptosis: roles of ceramide.
Apoptosis 3, 317-334

Schenck, M., Carpinteiro, A., Grassme, H., Lang, F.,
and Gulbins, E. (2007) Ceramide: physiological and
pathophysiological aspects. Arch. Biochem. Biophys.
462, 171-175

Bertolaso, L., Gibellini, D., Secchiero, P., Previati, M.,
Falgione, D., Visani, G., Rizzoli, R., Capitani, S., and
Zauli, G. (1998) Accumulation of catalytically active
PKC-zeta into the nucleus of HL-60 cell line plays a
key role in the induction of granulocytic differentiation
mediated by all-trans retinoic acid. Br. J. Haematol. 100,
541-549

Kraveka, J.M., Li, L., Bielawski, J., Obeid, L. M., and
Ogretmen, B. (2003) Involvement of endogenous cera-
mide in the inhibition of telomerase activity and induc-
tion of morphologic differentiation in response to
all-trans-retinoic acid in human neuroblastoma cells.
Arch. Biochem. Biophys. 419, 110—119

Murate, T., Suzuki, M., Hattori, M., Takagi, A.,
Kojima, T., Tanizawa, T., Asano, H., Hotta, T., Saito,
H., Yoshida, S., and Tamiya-Koizumi, K. (2002)
Up-regulation of acid sphingomyelinase during retinoic
acid-induced myeloid differentiation of NB4, a human
acute promyelocytic leukemia cell line. J. Biol. Chem.
277, 9936—9943

Sobue, S., Iwasaki, T., Sugisaki, C., Nagata, K.,
Kikuchi, R., Murakami, M., Takagi, A., Kojima, T.,
Banno, Y., Akao, Y., Nozawa, Y., Kannagi, R.,
Suzuki, M., Abe, A., Naoe, T., and Murate, T. (2006)
Quantitative RT-PCR analysis of sphingolipid metabolic
enzymes in acute leukemia and myelodysplastic syn-
dromes. Leukemia 20, 2042—2046

Clarke, C.J., Mediwala, K., Jenkins, R.W., Sutton, C.A.,
Tholanikunnel, B.G., and Hannun, Y.A. (2011) Neutral
sphingomyelinase-2 mediates growth arrest by retinoic
acid through modulation of ribosomal S6 kinase. J.
Biol. Chem. 286, 2156521576

Ito, H., Murakami, M., Furuhata, A., Gao, S., Yoshida,
K., Sobue, S., Hagiwara, K., Takagi, A., Kojima, T.,
Suzuki, M., Banno, Y., Tanaka, K., Tamiya-Koizumi,
K., Kyogashima, M., Nozawa, Y., and Murate, T.
(2009) Transcriptional regulation of neutral sphingomye-
linase 2 gene expression of a human breast cancer cell
line, MCF-7, induced by the anti-cancer drug, dauno-
rubicin. Biochim. Biophys. Acta 1789, 681—690

Sobue, S., Murakami, M., Banno, Y., Ito, H., Kimura,
A., Gao, S., Furuhata, A., Takagi, A., Kojima, T.,
Suzuki, M., Nozawa, Y., and Murate, T. (2008) v-Src
oncogene product increases sphingosine kinase 1 expres-
sion through mRNA stabilization: alteration of AU-rich
element-binding proteins. Oncogene 27, 6023—6033
Sowa, Y., Orita, T., Minamikawa-Hiranabe, S., Mizuno,
T., Nomura, H., and Sakai, T. (1999) Sp3, but not Spl,
mediates the transcriptional activation of the p2l1/
WAF1/Cipl gene promoter by histone deacetylase in-
hibitor. Cancer Res. 59, 4266—4270

Sobue, S., Hagiwara, K., Banno, Y., Tamiya-Koizumi,
K., Suzuki, M., Takagi, A., Kojima, T., Asano, H.,
Nozawa, Y., and Murate, T. (2005) Transcription
factor specificity protein 1 (Spl) is the main regulator
of nerve growth factor-induced sphingosine kinase 1
gene expression of the rat pheochromocytoma cell line,
PCI12. J. Neurochem. 95, 940—949

Ito, H., Yoshida, K., Murakami, M., Hagiwara, K.,
Sasaki, N., Kobayashi, M., Takagi, A., Kojima, T.,

609

2T0Z ‘9z Jequieldes uo [elidsoH uensuyD enybuey) e /Hlo'seuinolploxo-qly:diny woly papeojumod


http://jb.oxfordjournals.org/

H. Ito et al.

34.

35.

36.

37.

38.

39.

40.

610

Sobue, S., Suzuki, M., Tamiya-Koizumi, K., Nakamura,
M., Banno, Y., Nozawa, Y., and Murate, T. (2011)
Heterogeneous sphingosine-1-phosphate lyase gene
expression and its regulatory mechanism in human
lung cancer cell lines. Biochim. Biophys. Acta 1811,
119—128

Akiyama, H., Tanaka, T., Maeno, T., Kanai, H.,
Kimura, Y., Kishi, S., and Kurabayashi, M. (2002)
Induction of VEGF gene expression by retinoic acid
through Spl-binding sites in retinoblastoma Y79 cells.
Invest. Ophthalmol. Vis. Sci. 43, 1367—1374

Verde, P., Boast, S., Franze, A., Robbiati, F., and Blasi,
F. (1988) An upstream enhancer and a negative element
in the 5 flanking region of the human urokinase plas-
minogen activator gene. Nucleic Acids Res. 16,
10699—10716

Suzuki, Y., Shimada, J., Shudo, K., Matsumura, M.,
Crippa, M.P., and Kojima, S. (1999) Physical interaction
between retinoic acid receptor and Spl: mechanism for
induction of urokinase by retinoic acid. Blood 93,
4264—4276

Cheng, Y.H., Yin, P., Xue, Q., Yilmaz, B., Dawson,
M.I., and Bulun, S.E. (2008) Retinoic acid (RA) regu-
lates 17beta-hydroxysteroid dehydrogenase type 2 ex-
pression in endometrium: interaction of RA receptors
with specificity protein (SP) 1/SP3 for estradiol metabol-
ism. J. Clin. Endocrinol. Metab. 93, 1915—1923

Kumar, P., Garg, R., Bolden, G., and Pandey, K.N.
(2010) Interactive roles of Ets-1, Sp1, and acetylated his-
tones in the retinoic acid-dependent activation of guany-
lyl cyclase/atrial natriuretic peptide receptor-A gene
transcription. J. Biol. Chem. 285, 3752137530
Reisinger, K., Kaufmann, R., and Gille, J. (2003)
Increased Spl phosphorylation as a mechanism of hep-
atocyte growth factor (HGF/SF)-induced vascular endo-
thelial growth factor (VEGF/VPF) transcription. J. Cell
Sci. 116, 225-238

Sumitomo, M., Ohba, M., Asakuma, J., Asano, T.,
Kuroki, T., and Hayakawa, M. (2002) Protein kinase
Cdelta amplifies ceramide formation via mitochondrial

41.

42.

43.

44,

45.

46.

47.

48.

signaling in prostate cancer cells. J. Clin. Invest. 109,
827-836

Cho, Y., Tighe, A.P., and Talmage, D.A. (1997) Retinoic
acid induced growth arrest of human breast carcinoma
cells requires protein kinase C alpha expression and ac-
tivity. J. Cell Physiol. 172, 306—313

del Rincon, S.V., Guo, Q., Morelli, C., Shiu, H.Y.,
Surmacz, E., and Miller, W.H. (2004) Retinoic acid me-
diates degradation of IRS-1 by the ubiquitin-proteasome
pathway, via a PKC-dependant mechanism. Oncogene
23, 9269-9279

Nakagawa, S., Fujii, T., Yokoyama, G., Kazanietz,
M.G., Yamana, H., and Shirouzu, K. (2003) Cell
growth inhibition by all-trans retinoic acid in SKBR-3
breast cancer cells: involvement of protein kinase Calpha
and extracellular signal-regulated kinase mitogen-
activated protein kinase. Mol. Carcinog. 38, 106—116
Nitti, M., Furfaro, A.L., Cevasco, C., Traverso, N.,
Marinari, U.M., Pronzato, M.A., and Domenicotti, C.
(2010) PKC delta and NADPH oxidase in retinoic
acid-induced neuroblastoma cell differentiation. Cell
Signal. 22, 828—835

Oh, Y.I,, Kim, J.H., and Kang, C.W. (2010) Oxidative
stress in MCF-7 cells is involved in the effects of retinoic
acid-induced activation of protein kinase C-delta on
insulin-like growth factor-I secretion and synthesis.
Growth Horm. IGF. Res. 20, 101-109

Black, A.R., Black, J.D., and Azizkhan-Clifford, J.
(2001) Spl and kruppel-like factor family of transcrip-
tion factors in cell growth regulation and cancer. J. Cell
Physiol. 188, 143—160

Kim, Y.H., Lim, J.H., Lee, T.J., Park, J.W., and Kwon,
T.K. (2007) Expression of cyclin D3 through Spl sites by
histone deacetylase inhibitors is mediated with protein
kinase C-delta (PKC-delta) signal pathway. J. Cell
Biochem. 101, 987-995

Xu, K., Chang, C.M., Gao, H., and Shu, H.K. (2009)
Epidermal growth factor-dependent cyclooxygenase-2 in-
duction in gliomas requires protein kinase C-delta.
Oncogene 28, 1410—1420

2T0Z ‘9z Jequieldes uo [elidsoH uensuyD enybuey) e /Hlo'seuinolploxo-qly:diny woly papeojumod


http://jb.oxfordjournals.org/

