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Retinoid-Mediated Stimulation of Steroid Sulfatase
Activity in Myeloid Leukemic Cell Lines Requires RARa
and RXR and Involves the Phosphoinositide 3-Kinase
and ERK-MAP Kinase Pathways
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Abstract All-trans retinoic acid and 9-cis-retinoic acid stimulate the activity of steroid sulfatase in HL60 acute
myeloid leukemia cells in a concentration- and time-dependent manner. Neither of these ‘natural retinoids’ augmented
steroid sulfatase activity in a HL60 sub-line that expresses a dominant-negative retinoic acid receptor a (RARa).
Experiments with synthetic RAR and RXR agonists and antagonists suggest that RARa/RXR heterodimers play a role in the
retinoid-stimulated increase in steroid sulfatase activity. The retinoid-driven increase in steroid sulfatase activity was
attenuated by inhibition of phospholipase D (PLD), but not by inhibitors of phospholipase C. Experiments with inhibitors of
protein kinase C (PKC) show that PKCa and PKCd play an important role in modulating the retinoid-stimulation of steroid
sulfatase activity in HL60 cells. Furthermore, we show that pharmacological inhibition of the RAF-1 and ERK MAP kinases
blocked the retinoid-stimulated increase in steroid sulfatase activity in HL60 cells and, by contrast, inhibition of the p38-
MAP kinase or JNK-MAP kinase had no effect. Pharmacological inhibitors of the phosphatidylinositol 3-kinase, Akt, and
PDK-1 also abrogated the retinoid-stimulated increase in steroid sulfatase activity in HL60 cells. These results show that
crosstalk between the retinoid-stimulated genomic and non-genomic pathways is necessary to increase steroid sulfatase
activity in HL60 cells. J. Cell. Biochem. 97: 327–350, 2006. � 2005 Wiley-Liss, Inc.
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Retinoids are derivatives of vitamin A that
cause growth arrest, differentiation, and/or
apoptosis in a many types of cell, including
leukemic cells and breast, colon, and prostate
carcinoma cell lines [reviewed in Ross et al.,
2000; Soprano et al., 2004]. Treatment of all of
these cell types with retinoids increases the

level of expression and activity of steroid
metabolizing enzymes. The products of these
enzymes play important roles in regulating cell
growth and function.

Retinoids increase the expression and activ-
ities of aromatase in breast adenocarcinoma,
osteoblasts, and placental cell lines [Mu et al.,
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2000; Yanase et al., 2001; Zhu et al., 2002], and
of oxidative 17b-hydroxysteroid dehydrogenase
inmyeloid cells, breast carcinoma cell lines, and
osteoblasts [Reed et al., 1994; Piao et al., 1997;
Mountford et al., 1999; Li et al., 2002; Zhu et al.,
2002]. All-trans retinoic acid (ATRA) increased
the expression of MRNA encoding steroid
sulfatase in HL60 cells and this was associated
with an increase in enzymatic activity [Hughes
et al., 2001]. Retinoid-mediated increases in
steroid sulfatase activity have also been
observed in MCF-7 breast cancer cells [Ng
et al., 2000], several colon cancer cell lines
[Hughes et al., 2001], and some prostate cancer
cell lines [Hughes and Brown, unpublished
observations]. In HL60 cells, the increase in
steroid sulfatase activity is a bonefidemarker of
retinoid-stimulated granulocytic differentia-
tion. The mechanisms that underlie the effects
of retinoids on the expression and/or activity of
these steroid-metabolizing enzymes have not
been fully characterized.

The biological actions of retinoids are
mediated by two classes of receptor: the retinoic
acid receptors (RARa, b, and g) and the retinoid
X receptors (RXRa, b, and g). 9-cis-retinoic acid
(9-cis-RA) is a natural agonist for all the three
classes of RAR and RXR, whilst ATRA is a
natural pan-RAR agonist. RARs form hetero-
dimers with RXR that binds to retinoic acid
response elements (RAREs) in the regulatory
regions of many genes. Unligated RARa/RXR
heterodimers bind toRAREs in associationwith
transcription repressors, such as SMRT- and
Nco-R [reviewed in Bastien and Rochette-Egly,
2004]. Ligation of RARa/RXR heterodimers
leads to a conformational change that allows
binding to DNA with a much higher affinity
and the release of co-repressors. This, in turn,
permits the recruitment of transcriptional
co-activators, histone acetyltransferase, and
ATP-dependent chromatin remodeling mole-
cules of the SRC/p160, p300/CBP, and CARM-
1 families. Extensive chromatin remodeling
then allows access of RNA polymerase II and
the general transcriptional machinery to the
promoter region of target genes [reviewed in
Bastien and Rochette-Egly, 2004].

A significant proportion of ‘retinoid-sensitive’
genes do not have a recognizable RARE in their
promoter region. These genes are unlikely to be
directly regulated by retinoids via RAREs
[Balmer and Blomhoff, 2002]. Instead, their
expression requires an intermediary regulator

of transcription that is expressed and/or acti-
vated in response to retinoids. For example,
retinoids increase signaling from the phospho-
inositide 3-kinase (PI3K)/PDK-1/Akt/p70 S6
kinase pathway. The latter pathway is indis-
pensable for efficient ATRA-stimulated dif-
ferentiation of human myeloid leukemic
[Bertagnolo et al., 1999; Lewandowski et al.,
2002; Bortul et al., 2003; Ishida et al., 2004; Lal
et al., 2005; Lopez-Pedrera et al., 2004], endo-
metrial adenocarcinoma [Carter, 2003], and
neuroblastoma cells [Lopez-Carballo et al., 2002;
Miloso et al., 2004]. The mitogen-activated
protein kinase (MAPK) and CREB signaling
cascades are activated during ATRA-induced
differentiation of human neuroblastoma and
other neuronal cell lines [Chu et al., 2003;
Canon et al., 2004]. Activation of the MAPK
pathway has been shown to be essential for
granulocytic differentiation of myeloid cell pre-
cursors [Hong et al., 2001; Miranda et al., 2002;
Yen et al., 2004], and for the retinoid-mediated
differentiation of embryonic stem cells into
adipocytes [Bost et al., 2002].

Hereweuseavariety ofRARandRXRspecific
ligands to examine how the activity of steroid
sulfatase is regulated by retinoids inHL60 cells.
We show that both RARa and RXR are required
for the retinoid-stimulated increase in steroid
sulfatase activity. Furthermore, we show that
the PI3K and MAPK signaling pathways play
important roles in modulating the retinoid sti-
mulated increase in steroid sulfatase activity.

EXPERIMENTAL PROCEDURES

Compounds

Retinoid analogs were synthesized by the
Retinoid Research Division of Allergan, Inc.
(Irvine, CA). The RARa specific compound
AM580 [Szondy et al., 2001] and the RARg
agonist 4-hydroxyphenyl retinamide (4-HPR)
[Fanjul et al., 1996] were purchased from
Sigma-Aldrich (Poole, Dorset, UK). 1a,25-dihy-
droxyvitamin D3 was a gift from Dr. Lise
Binderup (Leo Pharmaceutical Products, Bal-
lerup, Denmark). Radiolabeled steroids were
from Perkin-Elmer Life Science Products-UK.
Ltd. (Cambridge, UK). All cell culture medium
and supplements were purchased from Invitro-
gen Ltd. (Paisley, Scotland). Expression vectors
forRAR(a,b, andg) andRXR(a,b, org) aswell as
recombinant baculoviruses containing RARa, b,
and g cDNAs have been described elsewhere
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[Heyman et al., 1992]. The ERE-tk-luc and
estrogen-receptor-RAR fusion protein expres-
sion vectors have also been published elsewhere
[Beard et al., 1994].
The following cell permeant inhibitors of

intracellular signaling pathways have been
used in this study. The RAF kinase inhibitor
GW5074, theMEKkinase inhibitorsPD098059,
U1026 and its inactive analog U1024, the
phospholipase D (PLD) inhibitors 1-butanol
(and the inactive 2-butanol), 2,3-diphosphogly-
cerate, the diacylglycerol analog didecanoylgly-
cerol (DiC10), the protein kinase C d (PKCd)
activator bistratene A, the phosphatidate phos-
phohydrolase (PAP) inhibitors propranolol and
chlorpromazine, the phosphoinositide-specific
phospholipase C (PI-PLC) inhibitor U73122
as well as its inactive analog U73344, the
PI-PLC activator 2,4,6-trimethyl-N-(meta-3-
trifluoromethyl-phenyl)-benzenesulfonamide
(m-3M3FBS), the Src family kinase inhibitor
PP2, the Syk tyrosine kinase inhibitor picea-
tannol, the JAK inhibitor AG490, the PI3K
inhibitors wortmannin and LY294002, the
mTOR inhibitor rapamycin, as well as the p38
MAPK inhibitor SB230580 were all purchased
from the Sigma Chemical Co (Poole Dorset,
UK). The PLD inhibitor C2-ceramide and its
inactive analog dihydro-C2-ceramide, D-609,
the phosphatidylcholine-specific phospholipase
C (PC-PLC) inhibitor, the PKCb inhibitor
LY379196, the PI3K inhibitor deguelin, the
Akt inhibitors 1-L-6-hydroxymethyl-chiro-ino-
sitol-2I-2-O-methyl-3-O-octadecyl-carbonate
(HIMO)andSH-5, the JNK inhibitor SP600125,
and the p38 MAP kinase inhibitor PD169316
were purchased fromCalbiochem (Nottingham,
England UK). The PKC inhibitors GF 109293X,
Gö 6976, HBBDE, and rottlerrin, the NF-kB
pathway inhibitors SN-50, parthenolide, and
MG-132 were purchased from Affiniti Research
products (Exeter, UK). We were guided in our
choice of inhibitor combinations and incubation
conditions by previous studies performed in
HL60 and other myeloid cell lines, in which the
pharmacological specificities of the inhibitors
had been previously characterized [Bertagnolo
et al., 1999, 2004; Cambien et al., 1999; El
Marjou et al., 2000; Slosberg et al., 2000; Lopez-
Pedrera et al., 2001, 2004; Wang and Stud-
zinski, 2001a,b; Lewandowski et al., 2002; Neri
et al., 2002; Martelli et al., 2003, Wang et al.,
2003; Glasow et al., 2005; Lal et al., 2005; Yen
et al., 2004; Zhao et al., 2004; Fong et al., 2005].

In these experiments, we have, where possible,
followed the ‘rules’ proposed by Davies et al.
[2000] for the evaluation of the effects of phar-
macological inhibitors on cellular processes. To
this end, we determined, in parallel experi-
ments, that the effect of the inhibitors on the
retinoid-stimulated increase in steroid sulfa-
tase activity occurred at the same concentra-
tions that blocked the activation of an authentic
physiological substrate of the protein kinase
and measurements were made using the same
cell extract (data not shown). Second, we also
ensured that the same effects were observed
with at least two structurally unrelated inhibi-
tors of the intracellular target under investiga-
tion. Finally, we only used inhibitors whose
specificities have been tested towards a wide
range of intracellular signaling molecules both
in vitro and in vivo.

To ensure that any inhibitory effects pro-
duced by the pharmacological inhibitors were
not simply produced by ageneral increase in cell
toxicity, lactate dehydrogenase (LDH) release
was measured at the start and end of the
incubation period with the inhibitor. LDH was
assayed using a colorimetric LDH assay kit
(Sigma) essentially as described in the manu-
facturers’ protocol. The inhibitors were deemed
to have had a toxic effect, and hence any
observations made with them discarded, if the
percentage LDH release significantly increased
during the time course of the experiment or at
the end of the incubation period greater than
20% of the total cellular LDH had been released
by the agent alone.

Cell Culture

The HL60 acute myeloid leukemia cell line
was originally provided by Dr. R.C. Gallo (NIH,
Bethesda,MD). TheHL60-Pager D cell line was
obtained from Prof. Farzin Farzaneh (Division
of Cancer Studies, Kings College, London, UK).
HL60-Pager D cells express a truncated RARa
that exerts a dominant negative effect that
blocks retinoid-driven RARa-mediated granu-
locytic differentiation. The dominant negative
effect is achieved by quenching accessory trans-
cription factors.

HL60 cellswere grown inRPMI 1640medium
containing glutamine, 10% heat-inactivated
foetal bovine serum (FBS) and supplemented
with antibiotics in 95% air/5% CO2 at 378C.
Cells were seeded at 2.5� 105 cells per ml as
10ml cultures in 25 cm2 flasks and treated with

RARa-Mediated Upregulation of Steroid Sulfatase Activity in HL60 Cells 329



0.1–1,000 nMATRA or other synthetic retinoid
analogs for 72 h, unless otherwise stated. In
experiments in which the effects of retinoid
receptor antagonists were assessed, the cells
were treated for 2 h with the antagonist before
addition of the retinoid agonist.

A sub-line of the promyelocyte cell line U937
that contains a dominant negative truncated
PI3K p85 subunit (Dp85) under the control of a
CMV driven promoter (U937:Dp85-p18 cells)
was originally developed by Dr. Frank Cooke
and was a kind gift from Dr. Phill Hawkins
(Inositide Signalling Laboratory, Babraham
Institute, Cambridge, UK). Stock cultures of
U937:Dp85-p18 cells were cultured in antibio-
tic- andFBS-supplementedRPMI1640medium
containing 0.6 mg/ml G418 and 0.1 mg/ml
hygromycin B. To induce expression of Dp85,
the stock cell cultures were treated with 20 mM
IPTG, 1 nM PMA, and 100 mM ZnCl2 for 16 h
prior to experimentation.

Measurement of Steroid Sulfatase
Activity in Cell Fractions

Cells were collected by centrifugation at 400g
for 5 min at 48C. The cells were re-suspended in
1ml of hypotonic homogenization buffer (50mM
HEPES, 0.1 mM EDTA, pH 7.4 supplemented
with Sigma Protease inhibitor cocktail 1 and
Sigma Phosphatase inhibitor cocktail). After
30 min on ice, the cells were disrupted by re-
peated sonication and centrifuged at 100,000g
at 48C for 60 min. The resultant pellet was re-
suspended in 0.5 ml of the above buffer.

Steroid sulfatase activitywas assayed at 378C
in 0.02 M Tris-HCl and 0.1 mM EDTA (pH 7.5)
containing20mME1S (spikedwith�100,000dpm
of [3H]-E1S) in a final volume of 100 ml.
Reactions were started with 30–80 mg protein
andquenchedafter 60minwith900ml of ice-cold
0.1M sodiumbicarbonate containing 5,000 dpm
of [14C]-E1 (to determine the recovery of the
extraction process). Nine hundred fifty micro-
liters of the resulting mixture were extracted
with 3 ml of toluene, and the organic and
aqueous layerswere separated.Eightmilliliters
of Emulsifier Safe scintillant (Canberra Pack-
ard, Pangborne, Berks, UK) were added to each
fraction, and radioactivity was determined in a
Packard 2000CA TriCarb liquid scintillation
counter. Blank incubations in the absence of
protein were used to correct for carry-over of
substrate into the organic layer. The protein
concentration of each sample was measured in

triplicate using Bio-Rad protein assay kit using
bovine g-globulin as the standard (Bio-Rad,
Hemel Hempstead, Herts, UK).

In Vitro Retinoid Receptor Binding Assays and
Retinoid Receptor Transactivation Assays

Extractswereprepared fromSf21 insect cells,
48 h after infection with baculoviruses contain-
ing constructs encoding human RARa, b, andg
as described by Allegretto et al. [1993] and
Nagpal et al. [1995]. Binding affinities of the
retinoid analogs were assessed from their
ability to compete for [3H]-ATRA binding essen-
tially as described in Heyman et al. [1992].
Results are expressed as the concentration
required to inhibit 3H-ATRA binding by 50%
(ED50).

Briefly, CV-1 cells were transiently trans-
fected with a plasmid containing ERE-tk-Luc
promoter-reporter construct using Lipofecta-
mine. ERE-tk-Luc transcript comprises a luci-
ferase reporter under control of an estrogen
receptor response element. The cells were also
transiently transfected with expression vector
encoding a fusion protein containing the ligand-
binding domain of the RAR, either a, b, or g,
fused to an estrogen receptor DNA binding
domain. Twenty four hours after transfection,
the cellswere treated cellswith retinoid analogs
under test for 16 h in culture medium contain-
ing 2.5% charcoal-treated FBS and lysed for
determination of luciferase and b-galactosidase
activities. Luciferase activity was measured
using the Dual-Luciferase Reporter 100 Assay
System (Promega), and b-galactosidase acti-
vity was determined by colorimetric assay.
The reporter activity was normalized against
b-galactosidase activity. The transactivation
data are presented as the percentage�SEM
of the maximal response produced by 1 mM
AGN191183.

Data Manipulation and Statistical Analysis

Multiple experiments were performed with
quadruplicate replicates. Results are expressed
as means�SEM. The statistical significance
between groups of data was analyzed by the
Student’s t-test or where appropriate by the
Mann–Whitney rank sum or Kruskal–Wallis
one-way analysis of variance tests using either
the MinitabTM or the SigmaStatTM statistical
software packages. Irrespective of the test used,
a P-value <0.05 was considered to be a signi-
ficant difference. Dose-response curves were
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fitted to a standard sigmoidal dose-response
model curve using either the EnzfitTM non-
linear curve fitting software package or the
‘pharmacology’ module of the SigmaplotTM

(version 8.0) graphical software package.

RESULTS

Characterization of the Receptor Specificity
of Retinoid Analogs Used in This Study

AGN191183 (TTNPB) is a pan RAR agonist
that binds to all three RAR isoforms with
similar low nanomolar affinities (Table I) and
can drive transactivation via RARa, b and g
(Fig. 1a). Other workers have shown that
AGN191183 drives transcription via the forma-
tion of RAR/RXR heterodimer formation and is
incapable of driving RXR/RXR-mediated trans-
activation [Rusten et al., 1996]. AGN195183
and AM580 are RARa-selective agonists, as
they only bind to RARa (Table I) and drive
transcription exclusively via RARa (Fig. 1a).
AGN190168 (‘tazarotene’) is a pro-drug that is
rapidly metabolized in cells into tazarotenic
acid (AGN190299), both of these retinoid ana-
logs have moderate binding affinities for RARb
and RARg, but only binding weakly to RARa
(Table I) and, are best described as a RARbg-
selective agonist. Since, HL60 cells do not ex-
press RARg at detectable levels [De The et al.,
1989; Hashimoto et al., 1989, 1990; Nervi et al.,
1989; Kizaki et al., 1993; Nagy et al., 1995], we
have used AGN190168 and AGN190299 as
RARb selective agonists. AGN205327 preferen-
tially binds to and activates RARg (Table I and
Fig. 1a), and was used as a RARg agonist.

AGN19404 does not bind to any of the RAR
isoforms (Table I) but does bind to each of the
RXR isoforms with equal affinity (Table I).
Vuligonda et al. [2001] have shown that on its
own AGN194204 drives transcription via RXR
homodimers but fails to drive RAR/RXR- or
RAR/RAR-mediated transactivation. Hence this
compound is used as a pure RXR agonist.

AGN194310 blocked TTNPB-driven transac-
tivation from RARa, b, and g (Fig. 1b); hence,
AGN194310 is a RARabg antagonist. AGN
196996 blocked RARa-mediated transactiva-
tion, had no effect on transcription mediated
by RARb and RARg (Fig. 1b), and was used as a
RARa-specific antagonist. Transactivation via
RARb andRARg, but not via RARa, was blocked
by AGN194431 (Fig. 1b); therefore this com-
pound can be considered to be a RARbg
antagonist. AGN205728 is a RARg-specific
antagonist, since transactivation mediated by
RARg, but not RARa or RARb, was inhibited by
this compound (Fig. 1b).

All-trans-Retinoic Acid and 9-cis-Retinoic
Acid Increase Steroid Sulfatase Activity in

HL60 Cells but not in the Retinoid
Resistant HL60-Pager D Cells

Figure 2a shows that HL60 cells require
exposure to 100 nM ATRA for at least 16–24 h
before any significant increase in membrane-
associated steroid sulfatase activity is observed.
After this lag period, steroid sulfatase activity
rose steadily until a maximum value was
reached �48 h after the addition of ATRA. A
similar pattern of increased steroid sulfatase
activity was observed when HL60 cells were

TABLE I. Binding Affinities (ED50 in nM) of Selected Retinoids Against Baculovirus
Expressed RAR or RXR Isoforms

Retinoids RARa RARb RARg RXRa RXRb RXRg

RAR agonists
AGN191183 (pan-RAR agonist) 15.7 7.2 6.7 9,113 4,093 2,556
AGN195183 (RARa agonist) 20.1 >5,000 >5,000 >10,000 >10,000 >10,000
AGN190168 (RARbg agonist) >1,000 14.2 135 >10,000 >10,000 >10,000
AGN190299 (RARbg agonist) 616 41 57 >10,000 >10,000 >10,000
AGN205327 (RARg agonist) 3,766 734 32 >10,000 >10,000 >10,000

RXR agonist
AGN194204 (pan-RXR agonist) >10,000 >10,000 >10,000 2 2 2

RAR antagonists
AGN194310 (pan-RAR antagonist) 4.3 5 2 >10,000 >10,000 >10,000
AGN196996 (RARa antagonist) 3.9 4,036 >10,000 >10,000 >10,000 >10,000
AGN194431 (RARbg antagonist) 300 6 20 >10,000 >10,000 >10,000
AGN205728 (RARg antagonist) 2,400 4,248 3 >10,000 >10,000 >10,000

RXR antagonist
AGN195393 (pan-RXR antagonist) 793 950 1,498 1 1 2

Nuclear extracts were prepared frombaculovirus infected Sf21 insect cells engineered to express either humanRARa, -b, or -g or RXRa,
-b, or -g as described by Allegretto et al. [1993]; Nagpal et al. [1995]. The equilibrium binding affinities of each retinoid analog (ED50 in
nM) were estimated by the [3H]-ATRA displacement method as described in Heyman et al. [1992].
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treated with 100 nM 9-cis-RA (data not shown).
In the second experiment shown in Figure 2b,
HL60 cells were treated with various concen-
trations of ATRA (*) or 9-cis-RA (&) for 72 h
prior to measuring steroid sulfatase activity.
Steroid sulfatase activity was increased by both
agents in a dose responsive fashion; at the
maximal concentration of each agent used,
steroid sulfatase activity had been increased
�fourfold. Both dose-response curves were

monophasic and fitted a standard sigmoidal
curve. The concentration of ATRA required
to induce a half-maximal increase in steroid
sulfatase activity in HL60 cells was 37.1�
9.3 nM (n¼ 4), and the Hill slope of the dose-
response curve was 0.93� 0.14 (n¼ 4). 9-cis-RA
induced a half-maximal increase in steroid
sulfatase activity in HL60 cells at a concentra-
tion of 101.4� 13.5nM(n¼ 4), and theHill slope
was 1.17� 0.18 (n¼ 4).

Fig. 1. Characterization of the receptor specificity of retinoid
analogs used in this study. The capacities of retinoid analogs to
bind and antagonize RARs were assessed essentially as described
by Nagpal et al. [1995]. Briefly, CV-1 cells were transiently
transfected with a plasmid containing ERE-tk-Luc promoter-
reporter construct and an expression vector encoding a fusion
protein containing the ligand binding domain of RARa, -b, or -g,

fused to an estrogen receptor DNA binding domain. a: It shows
cells treated with 100 nM of the RAR agonist under test for 18 h.
Data are expressed as a percentage of the maximal response
produced with 100 nM ATRA. b: It shows cells that were treated
with RAR antagonist (100 nM) and then stimulated with 100 nM
AGN191183. Data are expressed as the percentage inhibition of
the maximal transactivation produced by AGN191183.
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Figure 2b shows that both ATRA (*) and 9-
cis-RA (&) failed to increase steroid sulfatase
activity in HL60-Pager D cells. HL60-Pager D
cells are resistant to ATRA-stimulated differ-
entiation, but do differentiate when treated
with dimethylsulphoxide, 1a,25-dihydroxyvita-
min D3, sodium butyrate, or phorbol ester
[Farzaneh and Brown, unpublished observa-
tions]. Figure 2b shows that 1a,25-dihydroxyvi-
tamin D3-stimulated an increase in steroid
sulfatase activity in HL60-Pager D cells. The
inability of the natural retinoids to increase
steroid sulfatase activity in HL60-Pager D cells

suggests an absolute requirement RAR-derived
signals.

The all-trans-Retinoic Acid-Driven Increase in
Steroid Sulfatase Activity Is Mediated by a

RARa-Dependent Signaling Pathway

To identify the RAR receptor isoform(s) that
is (are) responsible for the retinoid-mediated
regulation of steroid sulfatase activity, we
examined the effects of various receptor selec-
tive retinoid analogs. The pan RAR agonist
AGN191183 (TTNPB, *) produced a dose-
responsive increase in steroid sulfatase activity

Fig. 2. All-trans-retinoic acid and 9-cis-retinoic acid increase
steroid sulfatase activity in HL60 cells but not in the retinoid
resistant HL60-Pager D cells. a: It shows the time course of the
increase in steroid sulfatase activity in HL60 cells stimulated with
100 nM ATRA (n¼9). b: It shows the dose-response curves for the
increase in steroid sulfataseactivity producedby 72 h exposure of
HL60 (open figures, n¼ 4) or HL60-Pager D cells (closed figures,
n¼ 4) to increasing concentrations of ATRA (*, *) or 9-cis-RA
(&, &). c: It shows dose-response curves for the increase in
steroid sulfatase activity produced by 72 h exposure of HL60 to

the pan-RAR agonist AGN191183 (*, EC50¼4.3�1.4 nM,
n¼4), the RARa-selective agonist AGN195183 (&, EC50¼
20.7� 5.7 nM, n¼ 4), the RARbg-selective agonists
AGN190168 (~, EC50�100 nM, n¼4) AGN190299
(}, EC50� 100 nM. n¼ 3), or the RARg-selective agonist
AGN205327 (!, n¼4). d: It shows an identical experiment to
the one shown in (c), but this experiment was performed in HL60-
Pager D cells. All data points are means� SEM of quadruplicate
determinations, and each experiment was performed a minimum
of three or four times.
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in HL60 cells (Fig. 2c), and had no effect
in HL60-Pager D cells (Fig. 2d). A maximal
stimulatory effect was achieved with 100 nM
AGN191183 when steroid sulfatase activity
had been increased �three- to fourfold. The
AGN191183 dose-response curve was mono-
phasic and fitted a standard sigmoidal curve.
The concentration of AGN191183 required to
induce a half-maximal increase in steroid sul-
fatase activity in HL60 cells was 4.3� 1.4 nM,
and the Hill slope of the dose-response curve
was not significantly different from unity being
1.23� 0.29 (n¼ 4). These observations confirm
the importance of RARs in the retinoid-medi-
ated increase in steroid sulfatase activity.

The RARa selective agonist AGN195183 (&)
augmented steroid sulfatase activity in HL60
cells in a dose-responsive fashion (Fig. 2c), and
had no effect in HL60-Pager D cells (Fig. 2d).
The AGN195183 dose-response curve was
monophasic and fitted a standard sigmoidal
curve. A half-maximal increase in steroid
sulfatase activity in HL60 cells was achieved
with 20.7� 5.7 nM AGN195183 (n¼ 4), and the
Hill slope of the dose-response curve was not
significantly different from unity being 0.94�
0.17 (n¼ 4). The RARa specific compound
AM580 [Szondy et al., 2001] has a potent
differentiating effect on promyelocytic leuke-
mia cells [Gianni et al., 1996]. Stimulation of
HL60 with increasing doses of AM580 for 72 h
produced a dose-responsive increase in steroid
sulfatase activity. The concentration of AM580
required to half-maximally increase steroid
sulfatase activity in HL60 cells was 11.4�
1.9 nM, and the slope of the dose-response curve
was not significantly different from unity being
1.16� 0.14 (data not shown).

RARg is expressed at very low levels in HL60
cells, so we anticipated that RARg-specific
agonists would fail to increase steroid sulfatase
activity in HL60 cells. This was the case as
concentrations as high as 500 nM AGN205327
(~, Fig. 2c), and 4-HPR (data not shown) did not
increase steroid sulfatase activity inHL60 cells.
The RARbg agonist AGN190168 (tazarotene,})
and its metabolite AGN190299 (tazarotenic
acid, !) increased steroid sulfatase activity in
HL60 cells in a dose-responsive fashion, and
had no effect in HL60-Pager D cells (Fig. 2d).
However, the AGN190168 and AGN190299
dose-response curves in HL60 cells were incom-
plete at 500 nM. At this concentration used, the
increase in steroid sulfatase activity was only

60–70% of that produced by 100 nMATRA. The
EC50’s could only be estimated to be �100 nM.
Hence, AGN190168 andAGN190299 only affect
steroid sulfatase activity in HL60 cells at con-
centrations that are substantially higher than
their reported binding affinities for either RARg
or RARb.

The Retinoid-Stimulated Increase in Steroid
Sulfatase Activity Is Blocked by Pan-RAR

and RARa Antagonists, but not by
RARbg or RARg Antagonists

Figure 3 shows the results of an experiment
in which HL60 cells were pre-treated with
increasing concentrations of either a pan RAR-
antagonist (AGN194310, *), a RARa-specific
antagonist (AGN196996, &), a RARbg antago-
nist (AGN194331, ~), or a RARg-specific
antagonist (AGN205728, !) for 2 h prior to
addition of 100 nM ATRA or the pan-RAR
agonist AGN191183 or the RARa-specific ago-
nist AGN195183 or the RARbg-specific agonist
AGN190168. The pan-antagonist AGN194310
blocked the increase in steroid sulfatase activity
produced by each RAR agonists with half maxi-
mal inhibitory concentrations of �10 nM (IC50

vs. 100 nM ATRA¼ 4.7� 0.9 nM (Fig. 3a), vs.
100 nMAGN191183¼ 8.6� 1.7 nM (Fig. 3b), vs.
100 nM AGN195183¼ 3.9� 0.7 nM (Fig. 3c),
and vs. AGN190168¼ 2.9� 0.9 nM (Fig. 3d)).
Similarly, the RARa-specific AGN196996
antagonist inhibited the RAR agonist-mediated
increase in steroid sulfatase activity with a half
maximal inhibitory concentration of �10 nM
(IC50 vs. 100 nMATRA¼ 4.9� 0.7 nM (Fig. 3a),
vs. 100 nMAGN191183¼ 10.3� 0.7 nM (Fig. 3b),
vs.100nMAGN195183¼ 12.3� 0.9nM(Fig.3c),
and vs. AGN190168¼ 5.6� 1.4 nM (Fig. 3d)). In
contrast, the RARbg-specific antagonist AGN
194331 and the RARg-specific antagonist
AGN205728 both failed to have any significant
effect on the increase in steroid sulfatase
activity produced by any of the RAR agonists
(Fig. 3a–d).

RXR Plays an Essential Role in the
RARa-Mediated Increase in Steroid

Sulfatase Activity in HL60 Cells

HL60 cells express RXRa and RXRb, but not
RXRg [De The et al., 1989; Nagy et al., 1995;
Wang and Yen, 2004]. Activation of RXR alone
does not appear to be sufficient stimulus for
the retinoid-induced increase in steroid sulfa-
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tase activity. Treatment of HL60 cells with the
synthetic pan-RXR agonists, AGN194204 and
AGN195203, and the ‘natural’ RXR ligands
phytanic acid or methoprene acid [Rado-
minska-Pandya and Chen, 2002] at concen-
trations as high as 500 nM did not have any
significant effect on steroid sulfatase activity
(Fig. 4a). RXR agonists can stimulate the
formation of RXR homodimers and these RXR
homodimers can be transcriptionally active in
some cell types [Ijpenberg et al., 2004]. How-
ever, RXR agonists failed to increase steroid
sulfatase activity in the RARa-insensitive
HL60-PagerD cell line (data not shown).Hence,

in the absence of a RAR signaling component,
synthetic and ‘natural’ RXRagonists are unable
to stimulate an increase in steroid sulfatase
activity.

Pre-treatment of HL60 cells with the pan-
RXR antagonist AGN195393 [Balasubrama-
nian et al., 2004] inhibited the increase in
steroid sulfatase activity induced by 100 nM
ATRA (IC50¼ 23.9� 6.7 nM, Fig. 4b), the pan
RAR agonist AGN191183 (IC50¼ 110.8�
9.4 nM, Fig. 4c), the RARa-selective agonist
AGN195183 (IC50¼ 41.9� 17.3 nM, Fig. 4d),
or the RARbg-selective agonist AGN190168
(IC50¼ 79.8� 13.7 nM, Fig. 4e) in a dose-

Fig. 3. The retinoid-stimulated increase in steroid sulfatase
activity is blocked by pan-RAR and RARa antagonists but not by
RARbg or RARg antagonists. a: It shows the effects of pre-
treatment of HL60 cells for 2 h with increasing concentrations of
the pan-RAR antagonist AGN194310 (*), the RARa-selective
antagonist AGN196996 (&), the RARbg antagonist AGN194331
(~), or the RARg antagonist AGN205728 (!) on the increase in

steroid sulfatase activity produced by stimulation with 100 nM
all-trans retinoic acid. b–d: They show similar experiments using
the pan-RAR agonist AGN191183, the RARa-selective agonist
AGN195183, and the RARbg-selective agonist AGN190168,
respectively. All data points are means� SEM of quadruplicate
determinations, and each experiment was performed a minimum
of four times.
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Fig. 4. RXR is required for the RARa-mediated increase in
steroid sulfatase activity in HL60 cells. a: It shows the effects of
increasing concentrations (1–500 nM) of the synthetic RXR
agonists AGN194204, AGN195204, and the ‘natural RXR
ligands methoprene acid and phytanic acid on steroid sulfatase
activity in HL60 cells. Cells were stimulated with the ‘rexinoids’
for 72 h prior to assay. As a control, one batch of HL60 cells was
treated with 100 nM all-trans retinoic acid. b: It shows steroid
sulfatase activity in HL60 cells treated for 2 h with increasing
concentrations of the pan-RXR antagonist AGN195393 (*) prior
to stimulation with 100 nM ATRA. Similar experiments using the
pan-RAR agonist AGN191183, the RARa-selective agonist

AGN195183, and the RARbg-selective agonist AGN190168
are shown in (c–e), respectively. All data points are means� SEM
of quadruplicate determinations, and each experiment was
performed a minimum of four times. f: It shows the effect on
steroid sulfatase activity of co-treatment of HL60 cells with a
fixed concentration of the pan-RAR agonist AGN191183 (10 nM)
and increasing concentrations (0.05–100 nM) of the pan-RXR
agonist AGN194204. g: It shows HL60 cells that were co-treated
with a fixed dose of AGN194204 (1 nM) and increasing
concentrations (0.05–500 nM) of AGN191183. All data points
are means� SEM of quadruplicate determinations, and each
experiment was performed a minimum of four times.



responsive fashion. Therefore, blockade of RXR
signaling abrogates the RARa-mediated
increase in steroid sulfatase activity.
To examine the role of RXR further, we tested

the effect of co-treatment of HL60 cells with
the pan-RAR agonist AGN191183 and the pan-
RXR agonist AGN194204. As already shown,
AGN194204 itself did not have any significant
effect on steroid sulfatase activity in HL60 cells
(Fig. 4f), but co-administration of 10 nM of
AGN191183 and AGN194204 (0.05–500 nM)
revealed a significant synergy between these
agents in increasing steroid sulfatase activity.
Similar effects were observed when ATRA,
AGN195183, and AGN190168 were used as
the RAR agonist, and RXR was agonized with
AGN195203 (data not shown). Figure 4g shows
experiments in which a fixed dose of the pan-
RXR agonist AGN194204 was co-administered
with increasing doses of the pan-RAR agonist
AGN191183. The EC50 of the AGN191183
dose-response curve was reduced �30-fold
(P< 0.003, n¼ 9) in the presence of 1 mM
AGN194204. Similar synergistic effects were
observed when RARs were agonized with
ATRA, AGN195183, or AGN190168, and RXR
was agonized with either AGN194204 or
AGN195203 (data not shown). This synergy
was blocked by pre-incubating cells with RXR
pan-antagonist (data not shown).

Inhibition of PLD Blocks the ATRA-Stimulated
Increase in Steroid Sulfatase

Activity in HL60 Cells

ATRA induces a slow-to-start but long-lasting
increase in the expression of phospholipase
D1 (PLD1) and phospholipase D2 (PLD2) in
myeloid leukemic cells undergoing granulocytic
differentiation [Nakashima et al., 1998; El
Marjou et al., 2000]. Pre-treatment of HL60
cells with the primary alcohol PLD1/PLD2
inhibitor 1-butanol (0.3%, v/v) significantly
decreased the ATRA-stimulated increase in
steroid sulfatase activity (Fig. 5a, n¼ 5,
P< 0.002). In contrast, pre-treatment with the
inactive secondary alcohol 2-butanol (0.3%, v/v)
did not have any significant effect on ATRA-
stimulated increase in steroid sulfatase activity
(Fig. 5a, n¼ 5, P> 0.7). Other non-specific
effects of 1-butanol were ruled out by showing
that the ATRA-stimulated increase in steroid
sulfatase activity was also blocked by pre-
treating HL60 cells with the competitive PLD
inhibitor 2,3-diphosphoglycerate (5mM, Fig. 5a,

n¼ 4, P< 0.002) [Kanaho et al., 1993]. Cell
permeant short-chain ceramides can specifi-
cally inhibit PLD in myeloid cells [Mansfield
et al., 2004], and treatment of HL60 cells with
50mMC2-ceramide for 2hprior to theadditionof
ATRA reduced the ATRA-mediated increase in
steroid sulfatase activity by approximately 70%
(Fig. 5a, n¼ 5, P< 0.002). Dihydro-C2-ceramide
(50 mM), which does not inhibit PLD, failed to
haveany significant effect (Fig. 5a, n¼ 5,P> 0.6).

The initial product of PLD activity is phos-
phatidic acid (PA). Co-incubation of HL60 cells
with 100 mM PA had no significant effect on
basal steroid sulfatase activity (Fig. 5b) and
produced a small 20–25% augmentation of
ATRA-stimulated steroids sulfatase activity
(Fig. 5b, n¼ 4, P> 0.05). Inhibition of PAP-
mediated degradation of PA by pre-treatment
HL60 cells with either 100 mM propranolol
(n¼ 3, P< 0.02) or 100 mM chlorpromazine
(n¼ 3, P< 0.01) [Rabano et al., 2004] inhibited
the ATRA-mediated increase in steroid sulfa-
tase activity by �70% [Fig. 5b].

Treatment ofHL60 cellswithup to 5mMof the
PI-PLC inhibitor U73122 and its inactive
analog U73433 had no effect on either basal
or ATRA-stimulated steroid sulfatase activity
(Fig. 5c). The PI-PLC-Ca2þ signaling can be
activated in myeloid cells [Bae et al., 2003] and
other cell types [Krjukova et al., 2004] by 2,4,6-
trimethyl-N-(meta-3-trifluoromethyl-phenyl)-
benzenesulfonamide (m-3M3FBS). However,
treatment of HL60 cells with 25 mMm-3M3FBS
had no significant effect on either basal steroid
sulfatase activity or the increase in steroid
sulfatase activity that is induced by ATRA
(Fig. 5c). Similarly, the phosphotidylcholine-
specific phospholipase C (PC-PLC) inhibitor
D-609 (100 mM) failed to have any significant
effect on the increase in steroid sulfatase
activity in HL60 cells induced by 100 nM ATRA
(Fig. 5c).

Takentogether, these observationsreveal that
the concerted actions of PLD and PAP and the
subsequent generation of diacylglycerol (DAG)
are required for the ATRA-mediated increase in
steroid sulfatase activity in HL60 cells.

PKCa and PKCd Blocks have Important Roles in
the Retinoid-Stimulated Increase in Steroid

Sulfatase Activity in HL60 Cells

Major cellular DAG targets include the
calcium-dependent, diacylglycerol-dependent
conventional PKC (cPKC) isoforms a, bI, bII,
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and g and the calcium-independent, and diacyl-
glycerol-dependent novel PKC (nPKC) isoforms
d, E, h, y [Yang and Kazanietz, 2003]. HL60
cells express most of the known PKC isoforms

[Miguel et al., 2000] and several cPKC or
nPKC isoforms are postulated to be drivers of
ATRA-mediated differentiation of HL60 cells
[Nakashima et al., 1996].
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Prolonged treatment of cells with PKC acti-
vators is a standard technique for downregulat-
ing the expression of classical and novel PKC
isoforms [Leontieva and Black, 2004]. Treat-
ment of HL60 cells with 10 nM phorbol ester for
24 h prior to exposure to ATRA completely
blocked the ATRA-stimulated increase in ster-
oid sulfatase activity (Fig. 5d, n¼ 3, P> 0.002).
Co-treatment of HL60 cells with the diacylgly-
cerol analog, didecanoylglycerol (DiC10, 200 mM),
and ATRA (100 nM) produced a small but signi-
ficant augmentation of the ATRA-mediated
stimulation of steroid sulfatase activity
(Fig. 5e, n¼ 3, P> 0.05). These observations
point to a role for cPKC and nPKC isoforms in
regulating the ATRA-driven rise in steroid
sulfatase activity.
Selective PKC inhibitors were used to probe

the role of individual PKC isoforms in the
ATRA-driven rise in steroid sulfatase in HL60
cells. Figure 5f shows that the ATRA-stimu-
lated increase in steroid sulfatase activity was
abrogated by the pan-specific PKC inhibitor GF
109293X (1–100 nM), the cPKCa and cPKCb
specific inhibitor Gö 6976 (1–100 nM), and the
cPKCa-specific inhibitor HBBDE. Conversely,
the cPKCbI and bII inhibitor LY379196 failed to
have any significant effect on the ATRA-stimu-
lated increase in steroid sulfatase activity. The
ATRA-stimulated increase in steroid sulfatase
activity was also inhibited by rottlerin at
concentrations (>10 mM) that are reported to
specifically inhibit nPKCd. The polyether bis-
tratene A preferentially activates nPKCd in

HL60 cells [Griffiths et al., 1996], and co-
treatment of HL60 cells with ATRA and bis-
tratene A (50 nM) produced a significant
increase in the ATRA-stimulated increase in
steroid sulfatase activity (Fig. 5e, n¼ 3,
P> 0.01).

Inhibition of Tyrosine Kinase Activity Blocks
Retinoid-Mediated Increase in Steroid

Sulfatase Activity in HL60 Cells

The retinoid-mediated increase in steroid
sulfatase activity was abrogated by the rela-
tively non-specific non-receptor tyrosine kinase
inhibitors genistein andHerbimycinA (data not
shown). Retinoids activate members of the Src
tyrosine kinase family, and the non-receptor
tyrosine kinase Syk plays an important role in
ATRA-mediated granulocytic differentiation of
HL60 cells. Piceatannol is a selective inhi-
bitor of the Syk non-receptor tyrosine kinase
[Bertagnolo et al., 2004], and this agent inhib-
ited the retinoid-mediated increase in steroid
sulfatase activity inHL60 cells in a dose-related
fashion (IC50¼ 0.63� 0.3 mM, n¼ 4) (Fig. 6).
The Src family kinase inhibitor PP2 also
inhibited the retinoid-mediated increase in
steroid sulfatase activity in HL60 cells in a
dose-related fashion (IC50 �50 mM, n¼ 4)
(Fig. 6). The Jak tyrosine kinse inhibitor,
AG490, did not have any significant effect on
retinoid-mediated stimulation of steroid sulfa-
tase activity, even at concentrations as high as
100 mM.

Fig. 5. The role of phospholipase D, phospholipase C, and
protein kinase C isoforms in the all-trans retinoic acid-mediated
increase in steroid sulfatase activity in HL60 cells. a: It shows the
effects inhibitors of phospholipase D on the ATRA-stimulated
increase in steroid sulfatase activity in HL60 cells. Cells were pre-
treated with 0.3% (v/v) 1-butanol (1-but), 0.3% (v/v) 2-butanol (2-
but), 5 mM 2,3-diphosphoglycerate (2,3-DPG), 25 mM C2-
ceramide, or 25mM dihydro-C2-ceramide for 2 h prior to addition
of 100 nM ATRA. b: It shows the effects of phosphatidic acid (PA.
100 mM) alone or in combination with 100 nM ATRA on steroid
sulfatase activity in HL60 cells. b: It also shows the effect of
inhibition of PAP on the ATRA-stimulated increase in steroid
sulfatase activity in HL60 cells. Cells were treated with 100 mM
propranolol (prop) or 100 mM chlorpromazine (CPZ) for 2 h prior
to stimulation with 100 nM ATRA. c: It shows the effects
inhibitors of phosphoinositide-phospholipase C (U73122, 5 mM)
and its inactive analog (U73433, 5 mM) as well as phosphati-
dylcholine-specific phospholipase C (D609, 100 mM) on the
ATRA-stimulated increase in steroid sulfatase activity in HL60
cells. Cells were pre-treated with agents for 2 h prior to addition
of the 100 nM ATRA. Steroid sulfatase activity was assessed 72 h

after ATRA addition. c: It also shows the effect of the
phospholipase C activator 2,4,6-trimethyl-N-(meta-3-trifluoro-
methyl-phenyl)-benzene-sulfonamide (m-3M3FBS) when added
alone or in combination with 100 nM ATRA on steroid sulfatase
activity in HL60 cells. d: It shows the effects of treatment of HL60
cells with 10 nM phorbol dibutyrate (TPA) for 24 h on the ATRA-
stimulated increase in steroid sulfatase activity. Cells were
washed twice at the end of the TPA incubation period and then
stimulated with 100 nM ATRA. e: It shows the effects the cPKC/
nPKC activator didecanoylglycerol and the PKCd activator
bistratene A added alone or in combination with 100 nM ATRA
on steroid sulfatase activity in HL60 cells. f: It shows the effects
inhibitors of protein kinase C on the ATRA-stimulated increase in
steroid sulfatase activity in HL60 cells. Cells were pre-treated
with the pan-PKC inhibitor GF 109293X (1–100 nM), the cPKCa/
b specific inhibitor Gö 6976 (1–100 nM), the cPKCa–specific
inhibitor HBBDE (1–10 mM), the cPKCb inhibitor LY379196 (1–
100 nM), or the cPKCd-, a-selective inhibitor rottlerrin (1–100
mM) for 2 h prior to addition of 100 nM ATRA. All data points are
means� SEM of quadruplicate determinations, and each experi-
ment was performed a minimum of four times.
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PI3K Activity Is Essential for Retinoid-Mediated
Increase in Steroid Sulfatase

Activity in HL60 Cells

PI3K activity can be inhibited in intact cells
by wortmannin [Arcaro and Wyman, 1993],
LY294002 [Vlahos et al., 1994], and deguelin
[Chun et al., 2003]. All three PI3K inhibitors
inhibited the ATRA-mediated increase in ster-
oid sulfatase activity in a dose-responsive
fashion: wortmannin (IC50¼ 0.26� 0.11 mM,
n¼ 3), LY294002 (IC50¼ 4.69� 1.5 mM, n¼ 5),
and deguelin (IC50¼ 0.99� 1.06 mM, n¼ 3)
(Fig. 7a). LY294002 also inhibited the increase
in steroid sulfatase activity in HL60 cells sti-
mulated by the pan-RAR agonist AGN191183
(IC50¼ 5.5� 1.6 mM, n¼ 4), the RARa-agonist
AGN195183 (IC50¼ 2.9� 1.2 mM, n¼ 4), and
the RARbg-agonist AGN190168 (IC50 1.7� 0.99
mM,n¼ 4) (Fig. 7b). Thus, PI3Kactivation plays
an important role in the retinoid-stimulated,
RARa-driven stimulation of steroid sulfatase
activity in HL60 cells.

A role for PI3K in the ATRA-stimulated
increase in steroid sulfatase activity was con-
firmed using U937:Dp85-p18 cells, which carry
an inducible dominant negative truncated p85
subunit that competes with endogenous p85.
ATRA, the pan-RAR agonist, AGN191183, and

the RARa agonist, AGN195183, produced a
modest increase in steroid sulfatase activity
in uninduced U937:Dp85-p18 cells (Fig. 7c,
n¼ 3). The retinoid-induced rise in steroid
sulfatase activity was significantly lowered by
inducing the expression of Dp85 by 18 h
incubation with Zn2þ and IPTG (Fig. 7c, n¼ 3,
P< 0.02 for each agonist). Pre-treatment of
the parental U937 cells with the induction
mixture did not affect the retinoid-mediated
increase in steroid sulfatase activity (data not
shown).

The phosphoinositide-dependent kinase-1
(PDK-1) is an immediate downstream target of
PI3K activation in many cell types. Pre-treat-
ment of HL60 cells with one of the prototypical
PDK-1 inhibitors UCN-01 [10 mM, Sato et al.,
2002], celecoxib [50 mM, Kulp et al., 2004], or
n-a-tosyl-L-phenylalanyl chloromethyl ketone
(TPCK) [50 mM, Ballif et al., 2001] at concentra-
tions close to their reported IC50’s inhibited the
ATRA-stimulated increase in steroid sulfatase
activity in HL60 cells by >50% (Fig. 7d, n¼ 3).
Akt/PKB is a primary target of PI3K-PDK-1.
Inhibition of Akt, by the phospholipid analogs
1-L-6-hydroxymethyl-chiro-inositol-2I-2-O-
methyl-3-O-octadecyl-carbonate (HIMO, 5 mM)
[Martelli et al., 2003] and SH-5 (5 mM)
[Kozikowski et al., 2003], inhibited the ATRA-
stimulated increase in steroid sulfatase activity
by �50–60% (Fig. 7d). These pharmacological
experiments show that the PI3K/PDK-1/Akt
signaling cascade plays an important role in
retinoid-mediated increase in steroid sulfatase
activity.

ATRA activates p70 S6 kinase in HL60 cells
and this involves PI3K, Akt, and mTOR
[Lal et al., 2004]. The ATRA-stimulated PI3K-
dependent activation of p70 S6 kinase in HL60
cells can be blocked by rapamycin [Lal et al.,
2005]. Pre-treatment of HL60 cells with rapa-
mycin (500 nM) inhibited the ATRA-stimulated
increase in steroid sulfatase activity by �30%
(Fig. 7d). It has recently been shown that
stimulation of Akt by ATRA in HL60 cells leads
to activation of NF-kB [Bortul et al., 2003;
Witcher et al., 2003]. Figure 7d shows that the
ATRA-stimulated increase in steroid sulfatase
activity in HL60 cells was blocked by the NF-kB
inhibitors SN50, MG132, and partnenolide.
These pharmacological experiments show that
several PI3K/PDK-1/Akt targets have a role in
retinoid-mediated increase in steroid sulfatase
activity.

Fig. 6. Inhibition of the Src and Syk non-receptor tyrosine
kinases blocks retinoid-mediated increase in steroid sulfatase
activity in HL60 cells. Figure shows the effect of tyrosine kinase
inhibition on the ATRA-stimulated increase in steroid sulfatase
activity in HL60 cells. Cells were treated with either the Syk
inhibitor piceatannol (*, 0.1–50 mM), the Src-family kinase
inhibitor PP2 (!, 0.1–100 mM), or the JAK inhibitor AG490
(~, 0.1–100 mM) for 2 h prior to stimulation with 100 nM ATRA.
All data points are means� SEM of quadruplicate determina-
tions, and each experiment was performed a minimum of four
times.
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The RAF-MEK-ERK MAPK Signaling Pathway Is
Essential for Retinoid-Mediated Increase in

Steroid Sulfatase Activity in HL60 Cells

Other workers have shown at concentration
ranging from 1 to 100 nM, ATRA, acting via
RAR/RXR heterodimers, stimulates a slow

but long-lasting RAF-1 driven increase in the
activity of the MEK-ERKmap kinase signaling
pathway in HL60 and other myeloid leukemic
cell lines [Marchinkowskaetal., 1997;Yenetal.,
1999, 2004; Hong et al., 2001; Miranda et al.,
2002; Glasow et al., 2005]. To test whether the
RAF-MEK-ERK kinase pathway plays any role

Fig. 7. The phosphoinositide 3-kinase/PDK-1/Akt signalling
pathway is required for retinoid-mediated increase in steroid
sulfatase activity in HL60 cells. a: It shows the effects of inhibition
of phosphatidylinositol 3-kinase activity on the ATRA-stimulated
increase in steroid sulfatase activity in HL60 cells. Cells were
treated with either wortmannin (*, 0.05–50 nM), LY294002
(&, 0.1–100 mM), or deguelin (~, 0.05–20 mM) for 2 h prior to
stimulation with 100 nM ATRA. b: It shows the effects of
inhibition of phosphatidylinositol 3-kinase with LY294002 (0.1–
100 mM) on the increase in steroid sulfatase activity in HL60 cells
stimulated with 100 nM AGN191183 (*), 100 nM AGN195183
(&), or 100 nM AGN190168 (~). c: It shows the effects of ATRA
on steroid sulfatase activity in the U937:Dp85-p18 cells that
contain an inducible dominant negative p85 subunit of phos-
phatidylinositol 3-kinase (Dp85). Stock cultures of U937:Dp85-

p18 cells were cultured in antibiotic- and FBS-supplemented
RPMI 1640 medium containing 0.6 mg/ml G418 and 0.1 mg/ml
hygromycin B. Expression ofDp85 was induced by 20 mM IPTG,
1 nM PMA, and 100 mM ZnCl2 and 16 h later the cells were
treated with 100 nM ATRA. d: It shows the effect of inhibition of
PDK-1, Akt, the p70 S6 kinase and NF-kB pathways on the ATRA-
stimulated increase in steroid sulfatase activity in HL60 cells.
Cells were treated with either the PDK-1 inhibitors UCN-01
(10 mM), TPCK (50 mM), Celecoxib (50 mM), the Akt inhibitors
HIMO (5 mM) and SH5 (5 mM), the p70 S6-kinase inhibitor
rapamycin (500 nM) or the NF-kB inhibitors SN50 (50 mg/ml),
parthenolide (25 mM), or MG132 (10 mM) for 2 h prior to
stimulation with 100 nM ATRA. All data points are means� SEM
of quadruplicate determinations, and each experiment was
performed a minimum of three or four times.
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in the retinoid driven upregulation of steroid
sulfatase activity, HL60 cells were pre-
incubated with the specific RAF inhibitor GW-
5074 or the MEK inhibitors U0126 and
PD098059 for 2 h prior to treatment with
100 nM ATRA. Figure 8 shows that inhibition
of RAF with the specific inhibitor GW5074
blocked the ATRA-stimulated increase in ster-
oid sulfatase activity (*, IC50¼ 0.008� 0.0015
mM). Similarly, MEK specific inhibitors
PD098059 (&, IC50¼ 14.4� 1.7 mM) or U0126
(~, IC50¼ 5.1� 2.6 mM), but not its inactive
analog U1024 (~, IC50� 100 mM), blocked the
ATRA-stimulated increase in steroid sulfatase
activity. These observations are highly sugges-
tive that an ATRA-driven increase in the RAF-
MEK-ERK kinase pathway plays an important
role in the retinoid-stimulated increase in
steroid sulfatase activity.

Inhibition of p38MAPkinase has been shown
to induce granulocytic differentiation of HL60
cells [Ishii et al., 2001; Zhang et al., 2003].
However, inhibition of p38 MAP kinase with

PD203580 did not have any effect on basal
steroid sulfatase activity inHL60 cells (data not
shown). Figure 8 shows that the p38 inhibitors
SB203580 (!) or PD169316 (}) had no effect on
ATRA-stimulated steroid sulphatase activity in
HL60 cells. Therefore, the p38-MAP kinase
pathway does not appear to be involved in the
ATRA-mediated upregulation of steroid sulfa-
tase activity inHL60 cells. The c-junN-terminal
kinase (JNK) MAP kinase signaling pathways
does not appear to be essential for ATRA-
induced differentiation of HL60 cells [Yen
et al., 1999; Battle et al., 2001]. As perhaps
might have been expected, treatment of HL60
cells with the JNK inhibitor SP600125 (~, 1–
100 mM) had no effect on the ATRA-stimulated
increase in steroid sulfatase activity (Fig. 8).

DISCUSSION

Steroid sulfatase (EC 3.1.6.2) is amember of a
large family of evolutionary conserved hydro-
lases that catalyze the cleavage of sulphate
esters from a wide range of substrates, includ-
ing glycosaminoglycans, sulphated lipids, and
steroid sulphates [Hanson et al., 2004]. Steroid
sulfatase catalyzes the first step of the local
conversion of circulating inactive steroid sul-
phates into bioactive steroids and provides a
major source of estrogens and androgens in
manyperipheral tissues [reviewed inReedetal.,
2004]. Excessive steroid sulfatase activity plays
an important role in the pathogenesis of
hormone-dependent breast cancer [reviewed
in Nussbaumer and Billich, 2004; Reed et al.,
2004]. In the skin, increased steroid sulfatase
activity is associated with androgenic alopecia
and acne [reviewed in Chen et al., 2002],
and inactivating mutations in the gene for
steroid sulfatase are responsible for reces-
sive x-linked icthyosis, a disease characterized
by abnormal desquamation and permeability
barrier dysfunction [Elias et al., 2004]. Low
steroid sulfatase activity is associated with a
skewing of the development of T lymphocytes
into a TH2-type cytokine profile, and may be a
pre-disposition factor for allergic diseases [Day-
nesetal.,1990].Furthermore,steroidsulfataseis
a major contributor to the formation of neuroac-
tive steroids that modulate cognitive function
[reviewed in Hanson et al., 2004; Nussbaumer
and Billich, 2004]. Little is known about the
biochemicalmechanismsthat control theexpres-
sion of steroid sulfatase [Reed et al., 2004].

Fig. 8. Activation of a RAF-MEK-ERK mitogen-activated protein
kinase signaling cascade, but not the p38-MAP kinase and JNK-
MAP kinase, signaling pathway is essential for the ATRA-
mediated increase in steroid sulfatase activity in HL60 cells.
Figures show the effect of inhibition of RAF-1, ERK-MAP kinase,
the p38-MAP kinase, and JNK-MAP kinase pathways on the
ATRA-stimulated increase in steroid sulfatase activity in HL60
cells. Cells were treated with either the RAF-1 inhibitor GW5074
(*, 1–1,000 nM), the ERK-MAP kinase inhibitors PD098059 (&,
0.1–100 mM), U1026 (~, 0.1–100 mM) or its inactive analog
U2014 (~, 0.1–100 mM), the p38-MAP kinase inhibitors
SB230580 (!, 0.1–100 mM,) or PD169316 (}, 0.1–100 mM),
and the JNK-MAP kinase inhibitor SP600125 (~, 1–100 mM) for
2 h prior to stimulation with 100 nM ATRA. All data points are
expressed as the percentage inhibition of the increase in steroid
sulfatase activity stimulated by 100 nM ATRA and are expressed
as means� SEM of quadruplicate determinations, and each
experiment was performed a minimum of four times.
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We have previously shown that treatment of
HL60 cells with ATRA and 9-cis produces a
marked increase in both the expression of the
mRNA encoding steroid sulfatase and its enzy-
matic activity [Hughes et al., 2001]. Therefore,
an increase the level of enzyme expression is
an important component in the retinoid-stimu-
lated increase in steroid sulfatase activity in
HL60 cells. However, steroid sulfatase, like
other members of the sulfatase family, under-
goes a post-translational modification that
increases catalytic efficiency of the enzyme.
The enzyme sulfatase-modifying factor 1
(SUMF1) catalyzes the conversion of a con-
served cysteine residue in the active site of
steroid sulfatase into a a-formylglycine residue
[Cosma et al., 2003; Dierks et al., 2003]. Over-
expression of SUMF-1 causes an increase in the
activity of steroid sulfatase and other members
of the sulfatase family [Cosma et al., 2004],
therefore, the extent of post-translational mod-
ification appears to be a limiting factor
that determines the activity of the sulfatase
family members. This implies that changes
in the expression/activity of SUMF1 may indir-
ectly increase cellular steroid sulfatase
activity without necessitating an increased
expression of the sulfatase. In fact, IL-6 and
TNFa increase the activity of steroid sulfatase
in MCF-7 breast cancer cells but does not
augment the expression of steroid sulfatase
mRNA [Newman et al., 2000]. Therefore, the
cytokine-mediated upregulation of steroid sul-
fatase activity appears to be post-translation-
ally regulated and does not appear to be
mediated by an increase in gene transcription
of mRNA stabilisation. It is not known whether
IL-6 or TNFa modulates the expression or
activity of SUMF1, but it provides an attractive
explanation of the effects of these cytokines on
steroid sulfatase activity in breast tissue. In our
hands, the retinoid-stimulated increase in the
enzymatic activity of steroid sulfatase was
characterized by an increase in the enzyme’s
Vmax with the Km remaining constant [Hughes
et al., 2001]. Therefore, at present, we cannot
rule out the possibility that part of the retinoid-
stimulated increase in steroid sulfatase activity
in myeloid cells is indirect and could be
mediated by a retinoid-mediated increase in
either the expression or activity of SUMF1. We
are currently investigating whether retinoids
can regulate the expression/activity of SUM-
F1in myeloid cells.

In this study, we have examined the receptor
mechanism(s) that underlie the retinoid-stimu-
lated increase in the activity of steroid sulfatase
in HL60 cells. Retinoids are thought to act pri-
marily through nuclear receptor heterodimers
to trans-activate gene expression. Indeed, stu-
dies using RAR and RXR agonists and antago-
nists have shown that both RAR and RXR are
required for retinoid-mediated stimulation of
steroid sulfatase activity. Both the ‘natural’
RARagonistsATRAand9-cis-RA stimulated an
increase steroid sulfatase activity inHL60 cells.
However, these retinoids are relatively non-
specific in that they bind to each of the three
RAR isoformswith similar affinities. Therefore,
we have used a range of pharmacological
reagents to determine the role each RAR iso-
forms plays in the retinoid-stimulated increase
in steroid sulfatase activity.

Transcripts encoding RARg have been dete-
cted in HL60 cells by RT-PCR and Northern
blotting [Wang and Yen, 2004], but whether
these are translated into functional protein
is debatable since the majority of published
studies report that RARg protein cannot be
detected in HL60 cells by Western blotting [De
The et al., 1989; Hashimoto et al., 1989, 1990;
Nervi et al., 1989;Kizaki et al., 1993;Nagy et al.,
1995].However, one recent report has described
low levels of RARg protein expression in HL60
cells [Ozpolat et al., 2004]. However, a role for
RARg–RXR heterodimers in driving the reti-
noid-mediated increase in steroid sulfatase
activity can be discounted by observations that
AGN205327, the RARg-specific agonist, failed
to increase steroid sulfatase and AGN205728, a
RARg-specific antagonist, failed to block the
ATRA-mediated increase in steroid sulfatase
activity.

Undifferentiated HL60 cells do not express
RARb, but the latter is rapidly expressed upon
the addition of ATRA [De The et al., 1989; Gaub
et al., 1989; Hashimoto et al., 1989, 1990; Nervi
et al., 1989;Kizaki et al., 1993;Nagy et al., 1995;
Ozpolat et al., 2004;Wang andYen, 2004]. Since
HL60cellsdonotappear toexpresshigh levels of
RARg, we can use AGN190168 and AGN190299
as RARb agonists to investigate possible
roles for RARb-RXR heterodimers in driving
the retinoid-stimulated increase in steroid
sulfatase activity. Both AGN190168 and
AGN190299 increase in steroid sulfatase activ-
ity in HL60 cells, but this only occurs at
concentrationsmuchhigher than their reported
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binding affinities for either RARb or RARg.
Therefore, at high concentrations, it is possible
that the effects of AGN190168 and AGN190229
onsteroid sulfataseactivityareaconsequenceof
‘non-specific’ binding to RARa and aremediated
by RARa/RXR-mediated transactivation. This
is borne out by the observations that the
increase in steroid sulfatase activity produced
by AGN190168 was blocked by the pan-RAR
and RARa antagonists but was unaffected by
the RARb and RARg specific antagonists.

RARa is abundantly expressed in HL60 cells
[De The et al., 1989; Gaub et al., 1989;
Hashimoto et al., 1989, 1990; Nervi et al.,
1989; Kizaki et al., 1993; Nagy et al., 1995;
Ozpolat et al., 2004; Wang and Yen, 2004], and
is the most important RAR isoform involved in
the RAR/RXR heterodimer-driven granulocytic
differentiation of myeloid cell lines. For
example, HL60 granulocytic differentiation is
induced by RARa-specific, but not RARb- or
RARg-specific, agonists [Dawson et al., 1994;
Apfel et al., 1995; Brooks et al., 1996; Gianni
et al., 1996; Kizaki et al., 1996; Tocci et al., 1996;
Ozpolat et al., 2004] and blocked by a RARa
specific antagonist [Apfel et al., 1992; Metha
et al., 1997]. Similarly, retinoids do not induce
differentiation in HL60 cells that had sponta-
neously acquired a dominant negative trun-
cated RARa in culture, [Robertson et al., 1992],
and this resistance is reversed by overexpres-
sion of RARa. Retinoid responsiveness was also
lost in amyeloid cell line that was engineered to
express a dominant negative RARa [Tsai and
Collins, 1993]. A key role for RARa in the
retinoid-mediated stimulation of steroid sulfa-
tase activity is indicated by the observation that
both ATRA and 9-cis-RA and synthetic RARa-
selective analogs were unable to stimulate an
increase in steroid sulfatase activity in the
RARa-insensitive HL60-Pager D cell line. This
observation was confirmed by the pharmacolo-
gical experiments, which demonstrated that a
RARa isoform selective agonist could increase
steroid sulfatase activity in HL60 cells, and this
was blocked by the pan-RAR and RARa-selec-
tive antagonists but was unaffected by RARbg-
and RARg-selective antagonists.

Agonism of RXR receptors alone is not a
sufficient stimulus to drive an increase in
steroid sulfatase activity. This is evidenced by
the observation that in RARa-resistant HL60-
pager D cells both natural (ATRA, 9-cis, meth-
oprene acid, or phytanic acid) and synthetic

(AGN194204 or AGN195203) RXR ligands
failed to increase steroid sulfatase activity.
Both RARa and RXR are required for retinoids
to efficiently upregulate steroid sulfatase activ-
ity inHL60 cells, sinceRXR-specific antagonists
blocked the RAR agonist-stimulated increase
in steroid sulfatase activity. A combination of
RARa and RXR agonists produced a synergistic
increase in RAR-stimulated increase in steroid
sulfatase activity. It is well-established RXR
agonists synergize with RAR agonists in driv-
ing RXR-RAR transactivational signaling via
RARE’s [Roy et al., 1995; Germain et al., 2002]
and growth arrest and differentiation of mye-
loid leukemic cell lines [Apfel et al., 1995;
Botling et al., 1997; Hida et al., 2001; Pendino
et al., 2003]. These data emphasize the impor-
tance of signaling through both retinoid recep-
tor subunits are required to produce a
physiological response to retinoids.

However, recent evidence suggests thatmany
retinoid-driven cellular processes also require
activation of a variety of ‘non-genomic’ intracel-
lular signaling cascades. We show that this is
the case in the retinoid-stimulated increase in
steroid sulfatase activity in HL60 cells. To this
end, we show that several signaling pathways,
particularly the PI3K and MAPK signaling
cascades, play an important role in the ability
of retinoids to upregulate steroid sulfatase
activity in HL60 cells.

Retinoids drive a slow but persistent increase
in the expression of PLD1 and PLD2 in HL60
and NB4 myeloid leukemic cell lines, presum-
ably by a direct genomic mechanism [El Marjou
et al., 2000]. This increase in PLD expression is
mirrored by a progressive increase in basal PLD
activity as the myeloid cells undergo differen-
tiation. Experiments with pharmacological
inhibitor show that the increase in PLD expres-
sion/activity is essential for granulocytic differ-
entiation [Nakashima et al., 1998; El Marjou
et al., 2000]. In a similar fashion, PLD inhibitors
blocked the ATRA-stimulated increase in ster-
oid sulfatase activity indicating a role for PLD.
The lipid product of PLD activity is phosphati-
dic acid (PA), and the bulk of cellular PA is
converted to DAG by PAP. Inhibition of the
PAP-mediated generation of DAG in HL60 cells
blocked the ATRA-stimulated increase in ster-
oid sulfataseactivity suggesting thatDAGplays
an essential role in this process. Recently,
Batista et al. [2004] have shown that inhibition
of diacylglycerol kinase, the enzyme that
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recycles DAG into PA, accelerates the time
course of HL60 granulocytic differentiation,
again alluding to the importance of DAG in the
differentiation of HL60 cells. The failure of PI-
PLC and PC-PLC specific inhibitors to have any
effect on retinoid-stimulated increase in steroid
sulfatase activity suggests that neither of these
enzymes are major sources of DAG in retinoid-
stimulated HL60 cells. In fact, ATRA has
complex effects on PI-PLC activity in HL60
cells. During the first 24–36 h following expo-
sure to ATRA PI-PLC activity appears to be
inhibited and this is followed by an increase in
nuclear PI-PLC activity 48–72 h after exposure
[Geny et al., 1991: Porfiri et al., 1991; Iirie et al.,
1995; Ohoka et al., 1995; Lopez-Pedrera et al.,
2001].
DAG regulates the activities of cPKC and

nPKC isoforms. Experiments with selective
PKC isoform inhibitors showed that PKCa and
PKCd play roles in the retinoid-stimulation of
steroid sulfatase activity in HL60 cells. PKCa
and PKCd can promote retinoid receptor-
mediated gene transactivation. For example,
Cho and Talmage [2001] have shown that
overexpression of PKCa in the PKCa-deficient
MDA-MB-231 breast cancer cell line restores
retinoid receptor-mediated transactivation
[Cho and Talmage, 2001], perhaps by facilitat-
ingRAR/RXRheterodimer formation [Delmotte
et al., 1999]. Moreover, Kambhampati et al.
[2003] have shown that PKCd can form a
complex with RARa that binds to RAREs to
drive transcription. A role for PKCd in retinoid-
dependent initiation of mRNA translation is
suggested by the observation that ATRA-treat-
ment ofHL60 leads tophosphorylation ofmTOR
and increases the activity of p70 S6 kinase [Lal
et al., 2005]. The exact roles of PKCa and PKCd
in retinoid-mediated stimulation of steroid
sulfatase are studies for the future.
Experiments using three structurally unre-

lated PI3K inhibitors revealed a role for PI3K in
the RARa/RXR-mediated increase in steroid
sulfatase activity in HL60 cells. Similarly, the
ATRA-stimulated increase in steroid sulfatase
activity was attenuated in an U937-cell line in
which class IA PI3K-drived signals are blocked
by overexpression of a dominant negative p85
subunit. Other workers have shown that PI3K
inhibitors block retinoid-stimulated granulocy-
tic differentiation [Bertagnolo et al., 1999, 2004;
Lopez-Pedrera et al., 2004] and that down-
regulation of PI3K expression with a p85

antisense oligonucleotide blocks the ATRA-
mediated differentiation of HL60 cells [Bertag-
nolo et al., 1999]. Inhibitors of PI3K-p110b and
PI3K-p100d failed to have any significant effect
on the ATRA-stimulated increase in steroid
sulfatase activity (data not shown). It is, there-
fore, likely that ATRA activates the PI3K p85-
p110a heterodimer. The non-receptor tyrosine
kinase Sykmay play a key role in the activation
of p85-p110PI3Kheterodimers for the following
reasons. Inhibition of Syk activity blocksATRA-
mediated granulocytic differentiation of HL60
cells [Qin and Yamamura, 1997], and as shown
here the ATRA-stimulated increase in steroid
sulfatase activity in HL60 cells. Syk activity
is rapidly stimulated by ATRA in HL60 cells
[Bertagnolo et al., 2004], and the guanine
nucleotide exchange factor Vav is then phos-
phorylated by Syk. The freshly phosphorylated
Vav forms an active signaling complex with the
p85-p110 PI3K heterodimer. Commensurate
with all this is the observation that the Syk
inhibitor piceatannol disrupts the Vav/p85
interaction and blocks the ATRA-induced
PI3K activity and HL60 granulocytic matura-
tion [Bertagnolo et al., 2004].

The ATRA-stimulated increase in steroid
sulfatase activity was blocked by inhibitors of
the PI3K targets PDK-1 and Akt. Many of the
known cellular PI3K/PDK-1/Akt targets are
involved in the regulation of gene transcription
or protein translation [Vara et al., 2004]. Lal
et al. [2005] have recently shown that ATRA-
stimulates mTOR-p70 S6 kinase activity in a
PI3K/Akt-dependent manner in HL60 cells.
The mTOR-p70 S6 kinase pathway does not
influence retinoid-stimulated RARE-mediated
transcriptional activation in HL60 cells, but it
does play an important role in the initiation of
mRNAtranslation [Lal et al., 2005]. ThemTOR-
p70 S6 kinase inhibitor rapamaycin had a small
but significant inhibitory effect on ATRA-
mediated increase in steroid sulfatase activity.
ATRA stimulates the NF-kB transcription
factor in HL60 cells in a PI3K/Akt-dependent
fashion [Bortul et al., 2003;Witcher et al., 2003];
inhibition of the NF-kB blocked the ATRA-
stimulated increase in steroid sulfatase activity
in HL60 cells.

A slow-to-start but long-lived activation of
the ERK signaling cascade seems to play an
important role in retinoid-stimulated granulo-
cytic differentiation of HL60 cells [Wang and
Studzinski, 2001a; Miranda et al., 2002].
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ERK-MAP kinase signaling is also important to
the ATRA-stimulated increase in steroid sulfa-
tase activity in HL60 cells. The mechanism by
which the ERK-MAP kinase pathway is acti-
vated byATRA inHL60 cells is still unclear, but
it requires RARa-RXR-dependent activation of
both RAF-1 [Hong et al., 2001] and PI3K [Baier
et al., 1999; Lopez-Pedrera et al., 2004]. Acti-
vated ERK kinases can translocate to the
nucleus and activate several transcription
factors [Yang et al., 2003; Edmunds and
Mahadevan, 2004]. Alternatively, Glasow et al.
[2005] have shown that ATRA-stimulatedERK-
MAPK signaling pathway potentiates ATRA-
induced RARa-RXR driven transactivation in
U937 promyelocytic cells. The p38-MAPK or
JNK-MAPK pathways do not play a role in the
ATRA-stimulated increase in steroid sulfatase
activity in HL60 cells.

Here, we show that the retinoid-driven
increase in steroid sulfatase activity in HL60
cells is mediated by RAR–RXR heterodimers.
At the present, we do not know whether this
relates to the presence of an RARE in the
promoter region of the steroid sulfatase gene.
Retinoids have been reported to activate several
intracellular signaling cascades in myeloid
leukemic cells. However, direct activation of
the non-genomic signaling pathways by reti-
noids may not be essential, since retinoids may
sensitize cells to the effects of agents that
activate non-genomic signaling pathways, by
increasing the expression of signaling inter-
mediates. A better understanding of the
interplay between the non-genomic signaling
cascades and retinoid-stimulated genomic sig-
naling will provide a clearer insight into the
mechanism(s) by which retinoids mediate their
effects on cell proliferation, differentiation, and
apoptosis in myeloid cells.
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