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1a,25-Dihydroxyvitamin D3;-Mediated Stimulation of
Steroid Sulphatase Activity in Myeloid Leukaemic Cell
Lines Requires VDR, .~-Mediated Activation of the
RAS/RAF/ERK-MAP Kinase Signaling Pathway

Philip J. Hughes* and Geoffrey Brown
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Birmingham B15 2TT, United Kingdom

Abstract 1a,25-dihydroxyvitamin D5 (1a,25(0OH),D3) stimulates the activity of steroid sulphatase (STS) in myeloid
cells [Hughes et al., 2001, 2005]. This was attenuated by inhibitors of phospholipase D (PLD) (n-butanol, 2,3-
diphosphoglyceric acid, C,-ceramide) and phosphatidate phosphohydrolase (PAP) (propranolol and chlorpromazine),
but was unaffected by inhibitors of phospholipase C. The 1a,25(0OH),D3-induced STS activity was also attenuated by
inhibitors of protein kinase Ca and protein kinase C8 (Go 6976, HBDDE and rottlerin), but not by an inhibitor of protein
kinase CB (LY379196). Additionally, 1a,25(0OH),D3-induced STS activity was attenuated by inhibitors of RAS
(manumycin A), RAF (GW5074), MEK (PD098059 and U1026) and JNK (SP600125), but not p38 (PD169316).
10,25(0OH),D5 produced a rapid and long lasting stimulation of the ERK-MAP kinase signalling cascade in HL60 myeloid
leukaemic cells. This ‘non-genomic’ effect of 1a,25(0OH),D5 blocked by pharmacological antagonists of nuclear vitamin
D receptors (VDRy,c) and does not appear to require hetero-dimerisation with the retinoid-X receptor (RXR). Inhibitors of
the Src tyrosine kinase (PP1), RAS (manumycin A), RAS—RAF interactions (sulindac sulphide and RAS inhibitory peptide),
RAF (GW5074 or chloroquine), and protein kinase Co. (HBDDE) abrogated the 14,25(OH),D5-stimulated increase in ERK-
MAP kinase activity. Taken together, these results show that 1a,25(0OH),D3/VDR,, activation of the RAS/RAF/ERK-MAP
kinase signalling pathway plays an important role in augmenting STS activity in human myeloid leukaemic cell lines.
J. Cell. Biochem. 98: 590-617, 2006. © 2006 Wiley-Liss, Inc.
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Inactive steroid sulphates, such as estrone
sulphate (E;S) and dehydroepiandrosterone sul-
phate (DHEAS), are converted to bioactive
estrogens and androgens by the enzyme steroid
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sulphatase (STS, EC 3.1.6.2) in peripheral
tissues [Hanson et al., 2004; Reed et al., 2005].
The expression/activity of ST'S is physiologically
regulated. For example, STS expression/activity
rises in discrete areas of the brain [Compagnone
et al., 1997] and the skin [Hanley et al., 1997]
during the last third of gestation and then falls
after birth. STS expression increases in human
fallopian epithelial cells during the early luteal
phase and recedes during the follicular phase of
the menstrual cycle [Yanaihara et al., 2001].
STS activity/expression is also transiently
increased during acute or chronic exercise
[Riechman et al., 2004] and in the adrenals
of stressed animals [Dominguez et al., 1975].
STS activity becomes deregulated as part of
several hormone-mediated disorders. A persis-
tent increase in STS expression/activity has
observed in blood vessels of spontaneously
hypertensive animals [Snyder et al., 2000], in
atherosclerotic plaques [Nakamura et al., 2005]
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and in skin disorders such as androgenic alope-
cia, ichthyosis vulgaris, hirsutism, and acne
[Chen et al., 2002]. An elevation of ST'S activity/
expression is an indicator of poor outcome in
hormone-dependent cancers, particularly those
of the breast [reviewed in Nussbaumer and
Billich, 2004; Reed et al., 2005].

The factors that regulate the expression/
activity of STS are poorly understood [Reed
et al., 2005]. However, we have recently shown
that 10,25-dihydroxyvitamin D3 (10,25(0OH);D3)-
drives an increase in STS activity in myeloid
leukaemic cell lines [Hughes et al., 2001, 2005].

10,,25(0H),D3, the active metabolite of vita-
min D, regulates mineral homeostasis and also
the growth and differentiation of many cell
types [Jones et al., 1998; Holick, 2003; Dusso
et al., 2005; Nagpal et al., 2005]. 14,25(0H);D3
modulates gene expression (genomic responses)
via the classical nuclear vitamin D receptor-
retinoid X receptor (VDR,,/RXR) heterodimer.
This heterodimer functions as a transcription
factor, and mediates biological effects that
take hours or days to become apparent. Re-
cently, it hasbeen shown that 14,25(0H);D3 can
also initiate biological effects that occur
within seconds to minutes. These ‘rapid actions’
are mediated by the activation of non-genomic
signalling pathways. Moreover, efficient
VDR, ./RXR-mediated transactivation of some
genes requires co-ordinated activation of both
the slow genomic and rapid non-genomic sig-
nalling pathways by 1«,25(0H);D3; liganded
VDR, (e.g. the rat and human CYP24,
Dwivedi et al., 2002; Barletta et al., 2004;
Nguyen et al., 2004; Nutchey et al., 2005) and
human CYP3A4 [Haraet al., 2002]. A mixture of
slow and rapid signals is likely to underlie most
of the complex biological effects that are
mediated by 10,25(0H);D3 [Farach-Carson
and Davis, 2003; Fleet, 2004; Boland et al.,,
2005: Nagpal et al., 2005].

The myeloid leukaemic cell lines HL60, NB4,
U937 and THP-1 express VDR, [Manfredini
et al., 1999], and differentiate into monocyte-
like cells in response to physiological concentra-
tions of 10,25(0H);D5 [Grande et al., 2002].
Nuclear localisation of VDR,,. [Humeniuk-
Polaczek and Marinkowska, 2004], and the
generation of VDR, ,.-driven genomic signals,
is absolutely required for monocytic differentia-
tion of HL60, U937 and THP-1 cells [Ji et al.,
2002; Ji and Studzinski, 2004]. In contrast,
monocytic differentiation of the NB4 acute

promyelocytic is not dependent on VDR,
derived genomic signals, but is initiated by
rapid non-genomic signals that, in turn, gen-
erate prolonged genomic signals that are
required for differentiation [Bhatia et al.,
1995; Miura et al., 1999; Hughes et al., 2005].
Hence, HL60 cells, in particular, have been
used a models for the studying the mechanisms/
consequences of 1a,25(0OH);D3-stimulated
VDR, .-mediated direct genomic signalling,
whilst NB4 cells have provided a model system
for studying VDR, .-independent rapid activa-
tion of non-genomic signalling pathways and
subsequent indirect genomic signalling events
[Miura et al., 1999].

However, recent studies question whether
this strict classification of the myeloid cell lines
still holds true. For example, 1¢,25(0H)y;D3
increases the expression and activity of phos-
pholipase D (PLD) and hence the generation of
the bioactive diacylglycerol (DAG) in HL60,
U937, THP-1 and NB4 cells, and inhibition of
PLD activation blocks monocytic differentiation
of these cell types [El Marjou et al., 2000].
Similarly, 10,25(0OH)yDs-stimulated transloca-
tion and activation of several DAG/calcium-
dependent protein kinase C isoforms (PKCa, B
and d) in both NB4 cells [Berry et al., 1996] and
HL60 cells [Macfarlane and Menzel, 1994; Pan
et al., 1997; Slosberg et al., 2000] is essential for
the monocytic differentiation of both cell types.
The necessity for the activation of the ERK-
MAP kinase pathway in 1a,25(0OH);D3-stimu-
lated monocytic differentiation of NB4 cells was
described almost a decade ago [Song et al.,
1998], but several studies also show that acti-
vation of the ERK-MAP kinase is essential for
the 10,25(0OH);D3-stimulated monocytic differ-
entiation of HL60 cells as well [Marcinkowska
et al.,, 1997, Wang and Studzinski, 2001a,b;
Ji et al., 2002]. In fact, it has recently been
shown that 14,25(OH),D3, acting via VDR,
increases the activity of RAF, a key activator of
the ERK-MAP kinase pathway, in HL60 cells
[Studzinski et al., 2005]. Furthermore, activa-
tion of the JNK-MAP kinase [Ji et al., 2002] and
the p38-MAP kinase pathways [Ji et al., 2002]
are required for 1o,25(0OH);Ds-driven monocy-
tic differentiation of HL60 myeloid leukae-
mic cells. Finally, 10,25(0H)y;D3s-stimulated,
VDR,,..-mediated activation of the phosphati-
dylinositol 3-kinase-Akt-p70 S6 kinase path-
way is essential for the differentiation of
THP-1 myeloid leukaemic cell lines [Hmama



592 Hughes and Brown

etal., 1999]. Therefore, in both HL.L60 and THP-1
cells the biological effects of 14,25(0OH);D3
are mediated by a mixture of direct slow
genomic signals and rapid non-genomic
signals.

EXPERIMENTAL PROCEDURES
Chemicals

10,25(0H)sD3 was a gift from Dr. Lise
Binderup (Leo Pharmaceutical Products,
Ballerup, Denmark). The VDR, antagonists,
ZK159222 and ZK168281 were gifts from
Dr. Andreas Steinmeyer (Medicinal Chemistry
III, Schering-Plough AB, Berlin, Germany).
The RXR antagonist VIP195393 was a gift from
Dr. Roshantha Chandraratna (Vitae Pharma-
ceuticals, Irvine, CA). All radiolabelled com-
pounds were purchased from Perkin-Elmer Life
Science Products-UK Ltd., (Cambridge, UK).
The RAF kinase inhibitor GW5074, the MEK
kinase inhibitors PD98059, U1026 (and the
inactive analogue U1024), the PLD inhibitors
1-butanol (and the inactive tert-butanol), 2,3-
diphosphoglycerate, the DAG analogue dideca-
noylglycerol (DiC10), the PKCS activator bis-
tratene A, the phosphatidate phosphohydrolase
(PAP) inhibitors propranolol and chlorproma-
zine, the phosphoinositide-specific phospholi-
pase C (PI-PLC) inhibitor U73122 (and the
inactive analogue U73344), the PI-PLC activa-
tor 2,4,6-trimethyl-N-(meta-3-trifluoromethyl-
phenyl)-benzenesulfonamide (m-3M3FBS) and
the src tyrosine kinase family inhibitor PP1
were purchased from the Sigma Chemical Co.
(Poole Dorset, UK). The PLD inhibitor C2-
ceramide (and the inactive analogue dihydro-
C2-ceramide), the phosphatidylcholine-specific
phospholipase C (PC-PLC) inhibitor D-609, the
PKCua activator thymeleatoxin, the PKCp inhi-
bitor LY379196, the JNK inhibitor SP600125
and the p38 MAP kinase inhibitor, PD169316
were purchased from Calbiochem (Nottingham,
England, UK). The protein kinase C inhibitors
GF 109293X, G6 6976, HBBDE and rottlerrin
were purchased from Affiniti Research products
(Exeter, UK).

Accurate definition of the non-genomic sig-
nalling pathways involved in 1o,25(0H)sDs-
stimulation of STS activity in myeloid leukae-
mic cells is reliant on the use of selective
chemical inhibitors. Our choice of inhibitor
combinations and incubation times were guided
by previous studies performed in HL60 and

other myeloid cell lines, and in which the
pharmacological specificities of the inhibitors
have been previously characterised [Bertagnolo
et al., 1999, 2004; Cambien et al., 1999;
Yen et al., 1999; El Marjou et al., 2000; Slosberg
et al., 2000; Lopez-Pedrera et al., 2001, 2004;
Wang and Studzinski, 2001a,b; Lewandowski
et al., 2002; Neri et al., 2002; Martelli et al.,
2003; Wang et al., 2003; Zhao et al., 2004; Fong
et al., 2005; Glasow et al., 2005; Lal et al., 2005].
We have followed the ‘guidelines’ outlined in
Davies et al. [2000] for the evaluation of the
effects of pharmacological inhibitors on cellular
processes. To this end, we determined, in
parallel experiments, that the effect of the
inhibitors on the 10,25(0H);Ds-stimulated
increase in STS activity occurred at concentra-
tions that blocked activation of an authentic
physiological substrate of the protein kinase as
measured using the same cell extract (data not
shown). Secondly, where possible, the effects of
two structurally unrelated inhibitors of the
intracellular target under investigation have
been examined.

To ensure that any inhibition of 10,25
(OH)3Dgs-stimulated increase in STS activity
produced by the pharmacological inhibitors was
not related to non-specific toxicity, we deter-
mined the effects of all the compounds on cell
viability. Release of lactate dehydrogenase
(LDH) was measured at the start and end of
the incubation periods of cells with each of the
inhibitors to ensure that the agents had not
caused a decrease in cell viability. LDH was
assayed using a colorimetric LDH assay kit
(Sigma) as described in the manufacturers
protocol. Inhibitors were deemed to have had a
toxic effect, and observations were discarded, if
the percentage LDH release had either signifi-
cantly increased during the time course of the
experiment or was greater than 20% of the total
cellular LDH.

Cell Culture

The ML-1, HL60, NB4, U937 and THP-1 cell
lines were grown in RPMI 1640 medium
supplemented with 10% foetal calf serum
(FBS), penicillin (100 U/ml) and streptomycin
(100 pg/ml) in 95% air/5% COg at 37°C. KG-1
and KG-1la cells were grown in RPMI 1640
medium supplemented with 20% FBS and
antibiotics. Cells were seeded at 2.5 x 10° cells
per ml as 10 ml cultures in 25 cm?® flasks.
Differentiation was induced with 0.1-100 nM
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10,25(0H)3D3 for 3 days, unless otherwise
stated.

Antisense MAP Kinase Oligonucleotide
Treatment of Myeloid Cell Lines

Cell cultures were treated for 24 h with 5 pM
of a completely phosphorothioate-modified anti-
sense oligodeoxynucleotide (ERK1/2-AS-ODN,
5-GCCGCCGCCGCCGCAT-3, Biomol Research
Laboratories, Inc., Essex, UK) directed against
the initiation codon and the subsequent 14
bases of the mouse/human p42 ERK2 mRNA
or with a phosphorothioate modified oligonu-
cleotide with the same base composition as
the ERK2 antisense oligonucleotide, but with
a randomly scrambled sequence (R-ODN, 5'-
CGCGCGCTCGCGCACCC-3). After treatment
cell cultures were washed twice in pre-warmed
tissue culture medium, resuspended and stimu-
lated with 100 nM 10,25(0H);D5 either for
60 min (ERK-MAP kinase assay) or 72 h (STS
assay).

Depletion of Plasma-Membrane Cholesterol

HL60, U937 and THP-1 cells were adapted to
growth in RPMI 1640 supplemented containing
2% FBS for 2 weeks prior to the start of the
experiment. The cholesterol sequestering agent
methyl-B-cyclodextrin (MCD) was used to dis-
rupt cholesterol-rich microdomain formation
(CMPF). Cells were treated with 10 mM MCD
for 2 h prior to stimulation with 100 nM
10(,25(OH)2D3.

Measurement of Steroid Sulphatase
Activity in Cell Fractions

Cells were collected by centrifugation and
resuspended in 1 ml of hypotonic homogenisa-
tion buffer (50 mM HEPES, 0.1 mM EDTA, pH
7.4). After 30 min on ice, the cells were disrupted
by repeated sonication and centrifuged at
100,000g at 4°C for 60 min. The pellet was
resuspended in 0.5 ml of buffer by sonication
and its protein concentration was measured
(Bio-Rad kit, Hemel Hempstead, Herts, UK).
STS activity was assayed at 37°Cin 0.02 M Tris-
HCI1 (pH 7.5) containing 20 uM ES (spiked with
~100,000 dpm of [*H]-E;S) in a final volume of
100 pl. Reactions were started with 30—80 of pug
protein and were quenched after 60 min with
900 pl of ice-cold 0.1M sodium bicarbonate
containing 5000 dpm of [**C]-E; to determine
the recovery of the extraction process. Nine

hundred fifty microliters of the resulting mix-
ture were extracted with 3 ml of toluene and the
organic and aqueous layers were separated.
Eight milliliters of Emulsifier Safe scintillant
(Canberra Packard, Pangborne, Berks, UK)
were added to each fraction and radioactivity
was determined in a Packard 2000CA TriCarb
liquid scintillation counter. The results were
corrected for carry-over of radiolabelled sub-
strate into the organic layer determined in
blank incubations without cell protein.

Measurement of Inositol Phosphate
Production in Intact HL60 Cells

HL60 cells were labelled with 10 pCi/ml myo-
[2-3Hlinositol in inositol-free RPMI 1640 sup-
plemented with antibiotics and 10% dialysed
FBS (MP Biomedicals, London, UK) for 96 h.
Cells were then harvested by centrifugation,
washed twice with inositol-free RPMI 1640
medium containing 0.5% FBS, 20 mM HEPES
at pH 7.2, 20 mM LiCl, and bovine serum
albumin (BSA, 1 mg/ml) and then resuspended
at a density of 2 x 107 cells/ml and incubated at
37°C for a further 60 min. A portion (0.1 ml) of
the cell suspension was transferred to a micro-
centrifuge tube and incubated at 37°C for 15 min.
Reactions were initiated by adding 100 nM
1¢,,25(0H)5D3, 10 uM histamine or 100 uM m-
3M3FBS, and were terminated after 30 min by
adding 200 pl of ice-cold 10% perchloric acid. This
mixture was neutralized with 1.2 M KOH con-
taining 10g/L phytic acid. After 30 min in an ice
bath, the tubes were centrifuged and the super-
natants were diluted fivefold with distilled water
and applied to 1 ml Dowex AG 1-X8 (formate)
anion exchange columns (Bio-Rad Life Sciences
Ltd.). Free inositol was washed through the
column with 5 ml of distilled water, and inositol
glycerophosphates by 10 ml of 60 mM ammo-
nium formate containing 5 mM sodium tetra-
borate. Total inositol phosphates were eluted
with 10 mlof 1.2 M ammonium formate and 0.1 M
formic acid. The radioactivity of the [*Hl]inositol
phosphates was determined by liquid scintilla-
tion spectrometry.

Intracellular Calcium Measurements

A change in intracellular Ca®" concentration
was monitored by using the Ca®'-sensitive
fluorescent dye Fura-2. Exponentially growing
HL60 cells were harvested and washed three
times in HEPES-buffered saline; 1.5 uM CaCl,
was added to the final wash. The cells were
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resuspended at a final concentration of 10%/ml.
Cells were treated with Fura-2/AM (5 M) and
0.012% pluronic F127 in the dark for 40 min at
room temperature. Cells were washed three
times in HEPES buffered saline to remove un-
incorporated FURA-2/AM. The cells were then
incubated in the dark at room temperature for a
further 30 min, so that the incorporated dye was
completely de-esterified. One milliliters sam-
ples of the cells were treated with 100 nM
10,25(0H)3D3, 10 pM histamine, or 100 puM
m-3M3FBS. Changes in the fluorescence ratio
were measured at an emission wavelength of
500 nm, and dual excitation wavelengths of
340 nm and 380 nm. The calibration of the
fluorescence ratio versus [Ca®"]; was performed
as described by Grynkiewicz et al. [1985].

Measurement of Phospholipase D
Activity in Intact Cells

Myeloid cells were treated with 100 nM
10,25(0H);D3 for 72 h and then washed three
times with RPMI 1640 containing 10% FBS.
After a further 2 h at 37°C, the cells were
harvested by centrifugation into HEPES buf-
fered saline (25 mM HEPES, pH 7.4, 125 mM
NaCl, 0.7 mM MgCl,, 0.5 mM EGTA, 10 mM
glucose, 1 mg/ml BSA) and resuspended in the
same buffer containing 10 uCi/ml [*H]-oleic acid
for 3 h. Excess oleic acid was removed by
repeated washing in HEPES buffered saline.
Cells were resuspended (10"/ml) in HEPES
buffered saline containing 2% ethanol (v/v)
and incubated at 37°C for a further 60 min.
PLD activity was assessed in 100 pl aliquots
as described below. To assess whether 10,25
(OH)2Dj3 directly stimulates PLD activity, mye-
loid cells grown in RPMI 1640/10% FBS were
labelled for 20—24 h with 2.5 pCi/ml [*H]-oleic
acid. Cells were washed three times in HEPES
buffered saline (composition as above), and
resuspended in the same buffer at a concentra-
tion of 2 x 106 cells/ml. Five hundred microliters
aliquots of cells were then exposed to 100 nM
10,25(0OH)3D3 in the presence of 0.5% ethanol
for up to 300 min at 37°C.

Reactions were quenched by addition of 2.5 ml
of chloroform/methanol (2/1, v/v). Lipids were
Folch extracted and aliquots were taken to
measure total [*’H]-labelled lipids. The remain-
der of the sample was dried down under a
stream of nitrogen, resuspended in the mobile
phase and spotted on silica gel G plates. The
plates were developed using a solvent system

consisting of ethyl acetate—isooctane—acetic
acid—water 13:2:3:10 (v/v). This solvent system
allowed separation of phosphatidic acid (PA,
R¢=0.24), phosphatidylethanol (PEt, R;=0.34),
neutral lipids (Ry=0.95—1.0) and phospholipids
(R¢=0). The product of the trans-phosphatidy-
lation reaction phosphatidyethanol (PtdsEtOH)
was identified by co-migration with an authen-
tic standard. The spot corresponding to [*H]-
PtdsEtOH was scraped from the TLC plate and
quantitated by liquid scintillation spectrome-
try. Results are expressed as the amount of
SH-PtdsEtOH formed as a percentage of the
total amount of *H-labeled phospholipid in each
experiment. [*H]lcpm comigrating with PtdsE-
tOH were determined for each set of samples in
the absence of ethanol, and these background
counts were subtracted from each data point.

Measurement of In vivo ERK1/2 MAP Kinase
Activity in Myeloid Cells

10,25(0H)sDs-stimulated ERK1/2 activity
was measured using the FACE™ ERK1/2
chemiluminescent Elisa assay kit (Actif Motif
Europe, Rixensart, Belgium). The assay mea-
sures both total ERK1/2 and phosphorylated
ERK1/2 levels using sensitive primary anti-
bodies and an HRP-conjugated secondary
antibody. This assay is more sensitive and
quantitative than normal Western blotting
approaches for the measurement of ERK-MAP
kinase activity [Bulayeva et al., 2004].

Myeloid cells were harvested by centrifuga-
tion and resuspended (1.5 ml) at a concentration
of ~1 x 10° cells per ml in pre-warmed RPMI
1640 containing 2% FBS and antibiotics in
24-well tissue culture dishes. After a 24 h
equilibration period, the cell suspension was
stimulated with 100 nM 1¢,25(0OH);D5 for up to
72 h. At the required times duplicate, 0.5 ml
sample were taken for the determination of
phosphorylated ERK-MAP kinase (pERK) and
total ERK-MAP kinase activity. Each sample
was centrifuged at 30,000g for 60 s at 4°C to
terminate the reaction. The supernatant was
aspirated and the cell pellets was immediately
fixed with 100 ul of 8% (v/v) formaldehyde in
phosphate buffered saline for 30 minutes at
room temperature. The samples were then pro-
cessed as per the manufacturers recommenda-
tions except that each reaction was carried out
in a 1.5 ml eppendorf tube which was centri-
fuged for 30 s at 30,000g between each washing
or labelling step. The final supernatant was
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transferred to a LP4 tube and chemilumines-
cence was measured in a Berthold LB 953
luminometer. As the reactions were terminated
a parallel 0.5 ml cell sample was labelled with
crystal violet as described in the kit manufac-
turers instructions for 30 min. The cells were
lysed by sonication and absorbance measured at
595 nM. This was done to ensure that equal
numbers of cells were assayed and to normalise
data from the ERK-MAPK assay.

Statistical Analysis

The statistical significance between groups of
data was analysed by the Students z¢-test or
where appropriate by the Mann—Whitney rank
sum or Kruskal-Wallis one way analysis of
variance tests using either the Minitab™ or the
SigmaStat™ statistical software packages.
Irrespective of the test used a P-value <0.05
was considered to be a significant difference.
Dose response or inhibition curves were fitted
to sigmoidal dose-response curves using the
‘pharmacology’ module of the Sigmaplot™
(version 8.0) graphical software package.

RESULTS

1e,25-Dihydroxyvitamin D3 Stimulates
Steroid Sulphatase Activity in Myeloid
Leukaemic Cell Lines

10,25(0H),D3 stimulates the activity and exp-
ression of STS in HL60 and NB4 acute myeloid
leukaemia (AML) cell lines and upregulation of
the ability to desulphate steroids is a marker of
myeloid cell differentiation [Hughes et al., 2001,
2005]. The basal level of STS was observed to
increase in parallel with an increased matura-
tion status of cell lines. Figure 1a shows that the
basal STS activity in extracts of promyeloid
HL60 cell (FAB-M2) was 0.43 +0.09 nmoles E;
formed per hour per mg of protein (n =482), as
compared to 1.11 +0.05 in extracts from mono-
blastic THP-1 cells (FAB-M5) (n=122, P<
0.00001). This difference is consistent with the
notion that an increase in STS activity is linked
to myeloid cell maturation.

10,25(0H),D5 failed to increase STS activity
in the immature KG-1a () and KG-1 (@) cell
lines (Fiig. 1b). These cell lines typify the least
differentiated type of AML. 10,25(0H)2D3 also
failed to upregulate STS activity in freshly
isolated blast cells from FAB-MO leukaemia
patients (data not shown) and in the K562
immature myelo-erythroblastic cell line (data

not shown). In contrast, 10,25(0OH),D3 stimula-
ted STS activity in myeloid cell lines represen-
tative of the FAB-M2 to M5 sub-classifications.
The concentration of 1a,25(0H).D5 required to
produce a half-maximal increase in sulphatase
activity (ECso) in ML-1 (O, early M2) cells was
7.5+1.3 nM (n=3), and the Hill slope of the
dose response curve was not significantly
different from unity (0.97+0.1, Fig. 1b). In
HL60 cells (A, FAB-M2), the 14,25(0H);D3
concentration-response curve was best fitted by
a sigmoidal curve with a Hill coefficient not
significantly different from unity (Nigy=0.90 +
0.18,n=12,1r*=0.93), and the EC5, was 10.2 +
1.2nM. Similarly, EC5¢’s obtained for THP-1 (¢,
M5 subtype) and the histiocytic U937 (O, M5
subtype) cell lines were 6.2+ 1.1 nM (n =8) and
10.3+2.9 nM (n=3), respectively, and again
the Hill slopes were 0.84 +0.1 and 1.1+ 0.29,
respectively. One hundred nanomolar 1,25
(OH);D3 also increased STS activity in the
AML-M3 cell line NB4 (/, ECsy was 0.77 &+
0.4 nM, n=>5). However, the Hill slope for the
10,,25(0H)3D3 dose response curve in NB4 cells
was much steeper being 2.87 +0.2 (n =5).

Figure 1lc,d show the effects of the VDR,
antagonists ZK159222 and ZK168281 [Toell
et al.,, 2001; Carlberg, 2003] on the 10,25
(OH)yDs-stimulated increase in STS in the
acute myeloid leukaemic cell lines. Both antago-
nists prevented the increase in STS activity
produced by 100 nM 10,25(0H);Ds in HL60,
THP-1 and U937 cells in a dose responsive
fashion. The concentrations of ZK159222 that
inhibited the increase in STS activity produced
by 100 nM 1a,25(0H);D3 by 50% (IC5() in HL60,
THP-1and U937 cells were 705 + 89 nM (Fig. 1c,
n=4), 1190+230 nM (Fig. 1lc, n=4) and
964+ 165 nM (Fig. 1lc, n=4), respectively.
Similarly, IC5o values obtained using HL60,
THP-1and U937 cellswere 512 + 41 nM (Fig. 1d,
n=4), 2784+39 nM (Fig. 1d, n=4) and
288+ 112 nM (Fig. 1d, n=4), respectively. In
contrast, ZK159222 and ZK168281 failed
to have any significant effect on the increase
in STS activity produced when NB4 cells
were stimulated with 100 nM 1,25(0OH),D5
(Fig. 1c,d).

1e,25-Dihydroxyvitamin D3 Does Not Stimulate
Phosphoinositide-Specific Phospholipase C or
Mobilise Intracellular Calcium in HL60 Cells

10,25(0H)3D3 can activate several PI-PLC
isoforms leading to the generation of the second
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HL60 (n=482), NB4 (n=84), U937 (n=44) and THP-1
(n=122) cell extracts. Cells were harvested as they reached a
density of ~1 x 10° cells per ml. Basal STS activity was measured
in cell extracts as described in the Experimental section. All data
are expressed as mean + SEM of the basal STS activity expressed
as the nmoles of E; formed per hour per mg of protein. Panel B
shows the increases in STS activity in KG-1a (n=3, @), KG-1
(n=3, M, ML-1 (h=3, O), HL60 (=12, A), NB4 (n=8, V),
U937 (n=6, ) and THP-1 (n=4, &) myeloid leukaemic cell
lines to stimulated for 72 h with 1a,25(0OH),D5 (0.1-100 nM).
Data is expressed as the mean £ SEM of the maximal increase in
STS activity over basal. ECso's were estimated using the

messengers Ins(1,4,5)P3 and DAG in many cell
types. Indeed, 1a,25(0OH),D3-stimulated mono-
cytic differentiation of HL60 cells has been
associated with a slow but persistent cytoplas-
mic/nuclear translocation of PI-PLC-5 and PI-
PLC-B3 [Neri et al., 1999], which may serve a
role in controlling nuclear cytoskeletal organi-
sation [Bertagnolo et al., 2004]. Activation of PI-
PLC is characterised by an increase the intra-
cellular levels of inositol phosphates and an
associated transient rise in intracellular Ca®"
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‘pharmacology’ module of the Sigmaplot™ (version 9.0)
graphical software package after fitting the data to a sigmoidal
dose response curve. Panels C and D shows that ZK159222 and
ZK168281 inhibit 10,25(0OH),D3-stimulated STS activity in
myeloid cells. Cells were treated with either ZK159222 or
ZK168281 (10-10,000 nM) for 2 h prior to stimulation with 100 nM
10,25(0OH),D3. Microsomal STS activity was measured 72 h
later. Data are expressed as the mean =+ SEM of the percentage
inhibition of the increase in STS activity stimulated by 100 nM
10,25(0OH),D3. Data are from four experiments performed in
quadruplicate. The inhibition curves were fitted to a sigmoidal
dose response curve and the ICso’s were estimated using the
‘pharmacology’ module of the Sigmaplot™ (version 9.0)
graphical software package.
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[[Ca%"];]. We tested whether 10,25(0H)sD5 can
drive PI-PLC activation by measuring total
inositol phosphate formation in [*H]-inositol-
labelled HL60 cells. Figure 2a shows that 100 nM
12,,25(0H),D3 did not have any significant effect
on inositol phosphate levels in HL60 cells. In
contrast, Figure 2a shows that both histamine
(10 pM) and the synthetic PI-PLC activator
m-3M3FBS (100 uM) stimulated PI-PLC activa-
tion in HL60 cells. Similar observations have
been made in U937 and THP-1 cells [data not
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Fig. 2. 10,25(0OH),D3; does not stimulate phosphoinositide-
specific phospholipase C nor does it mobilise intracellular calcium
in HL60 cells. Panel A shows that 14,25(0OH), D3 does not stimulate
phosphoinositide-specific phospholipase C in  [*H]-inositol-
labelled HL60 cells. HL60 cells were stimulated with either 100 nM
10,25(0OH);D3, 10 pM histamine or 100 uM 2,4,6-trimethyl-N-
(meta-3-trifluoromethyl-phenyl)-benzenesulfonamide (m-3M3FBS)
inthe presence of 20 mM LiCl for 30 min. In some experiments cells
were incubated with the phospholipase C inhibitor U-73122 (5 pM)
or its inactive analogue U-73343 (5 pM) for 30 min prior to
stimulation. [*H]-inositol phosphates were isolated and separated
as described in the Experimental section. The results are shown as
the mean 4 SEM of the total [*H]-inositol phosphates recovered
(expressed as DPM per 30 min). The data are from in three
experiments performed in triplicate. Panel B shows that

10 100
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10,25(0OH),D3 does not mobilise intracellular calcium in HL60
cells. HL60 cells were labelled with the fluorescent calcium
indicator FURA-2/AM as described in the Experimental section and
were stimulated with either 100 nM 1¢,25(0OH),D5, 10 uM
histamine or m-3M3FBS. Changes in [Ca?*]; were measured as
described by Grynkiewicz et al. [1985]. Representative traces are
shown. Similar results were obtained in three further experiments.
Panel C shows that m-3M3FBS alone had no effect on STS activity
in HL60 cells neither did it augment the 1a,25(0OH),D5-stimulated
increase in STS activity. Cells were stimulated with m-3M3FBS (1-
100 pM) alone or in combination with 1a,25(0OH),D3 (1-100 nM)
for 72 h. Results are shown as the mean + SEM of the microsomal
STS activity (in nmoles E; formed per hour per mg of protein). The
results shown were obtained in two separate experiments
performed in quadruplicate.
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shown; Bae et al., 2003]. In keeping with these
observations, 100 nM 10,25(0OH),D5 failed to
mobilise [Ca®"]; in HL60 cells. Both histamine
and m-3M3FBS stimulated a robust mobilisa-
tion of [Ca®"]; (Fig. 2b). Neither histamine (data
not shown) nor 1-100 pM m-3M3FBS had any
effect on either basal STS activity or the
increase in STS activity, that is induced by
1-100 nM 10,25(0H)oD3 (Fig. 2¢). Activation
of PI-PLC, and the subsequent elevation of
[Ca%'],, is not a sufficient stimulus for the
induction of ST'S in HL60 cells.

It is perhaps not surprising that the phos-
phoinositide-specific phospholipase C (PI-PLC)
inhibitor U73122 (1-10 uM, see Fig. 2a) and
its inactive analogue U73433 had no effect
on either basal or 10,25(0H);Ds-stimulated
increase in STS activity in HL60 cells (data
not shown). Similarly, the phosphatidylcholine-
specific phospholipase C (PC-PLC) inhibitor
D-609 (10-500 pM) failed to have any significant
effect on basal STS activity in HL60 cells and
the increase induced by 100 nM 1,25(0H);D3
(data not shown).

Gardner et al. [1997] have shown that
although 1a,25(0H);D3 fails to produce a rapid
Ins(1,4,5)Ps-dependent increase in [Ca®']; in
HL60 cells, the basal [Ca®']; rises slowly to
20%—-30% above basal after 72—96 h exposure
to 10,25(0H);D3. It has been suggested that
10,25(0H);D5 increases Ca®" influx by directly
opening store operated -calcium channels
(SOCC). Vazquez et al. [2000] have suggested
that both 10,25(0H);D5-stimulated Ca®*/cal-
modulin-dependent kinase II are required for
the opening of SOCCs. On the other hand,
Santillan et al. [2004] have proposed that
10,25(0H);D3-liganded VDR, binds to and
activates TRPC3, a protein that is involved in
SOCC function. To test whether a gradual rise
in [Ca®"]; plays a role in the 10,25(0H)yDs-
stimulated increase in STS activity in HL60
cells, we used the sarco(endo)plasmic Ca®*-
ATPase (SERCA) inhibitor thapsigargin. This
agent directly activates SOCC in HL60 cells and
produces a slow but persistent increase in
[Ca®']; similar to that produced by 1,25
(OH)sD3 [Gardner et al., 1997; Korchak et al.,
2001]. Treatment of HL60 cells with 10—100 nM
thapsigargin did not have any significant effect
on basal STS activity (data not shown) or on the
10,25(0OH),Ds-stimulated increase in STS activ-
ity in HL60 cells (data not shown). The general
intracellular Ca®" chelator BAPTA-AM (5 uM),

the specific Ins(1,4,5)Ps-receptor blocker ami-
noethoxydiphenyl borate [2-APB, 100 uM,
Lee et al.,, 2005] and the voltage-dependent
calcium channel blockers verapmil [10 pM,
Nagashima and Goto, 2000] and nifedipine
[25 uM, Feuerstein and Cooper, 1984] also failed
to have any effect on the 10,25(0H)yDs-
mediated stimulation of STS activity in HL60
cells (data not shown).

Taken as a whole these data show that
10,25(0H)5D3 does not activate PI-PLC or PC-
PLC in HL60 cells. Furthermore, the data
suggests that an increase in [Ca2'];, whether
it be from rapid activation of Ins(1,4,5)Ps-
sensitive stores or a slower influx from extra-
cellular sources following activation of a gated
calcium channel, does not provide a sufficient
stimulus to increase STS activity or augment
10,25(0H),D3s-stimulated STS activity in HL60
cells.

Inhibition of Phospholipase D Blocks the
1e,25-Dihydroxyvitamin D;-Stimulated Increase
in Steroid Sulphatase Activity in Myeloid
Leukaemic Cell Lines

PLD plays arole in a diverse range of cellular
processes that include receptor signalling,
control of intracellular membrane transport,
and reorganization of the actin cytoskeleton
[Liscovitch et al., 2000].

The basal PLD activity in HL60 cells (FAB-
M3) was 0.038+0.009% (expressed as the
amount of >H-PtdsEtOH formed as a percentage
of total H-lipids, n="7), and was 0.37 + 0.06%
(n=5, P<0.001 vs. HL60) in the relatively
more mature THP-1 (FAB-M5) cell line.
Figure 3a shows that there is a positive correla-
tion between the mean basal PLD activity and
the mean basal STS activity (r>=0.972 +0.11,
P <0.02), suggesting that PLD activity may
play a role in regulating ST'S activity. Figure 3b
shows that basal PLD activity was increased by
10,25(0H)5D3 (100 nM) in the ML-1 (3.3 fold),
HL60 (9.3 fold), NB4 (sevenfold), U937
(~twofold), and THP-1 (~twofold) cell lines.
10,25(0OH),D5 failed to have any effect on basal
PLD activity in both KG-1 and KG-1a cells.
Therefore, the ability of 1¢,25(0H)>D3 to aug-
ment the expression and activity of PLD in
myeloid leukaemic cell lines varies with their
maturation status with the most immature cells
being resistant to induction. In the responsive
cell lines, the 10,25(0H);D3-stimulated increase
in PLD activity was blocked by pre-treatment
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Fig. 3. 10,25(0OH),D; increases basal phospholipase D (PLD)
activity in myeloid leukaemic cell line. Panel A shows a
correlation between basal STS activity and the basal level of
PLD activity in myeloid leukaemic cell lines. Basal PLD activity
was measured as described in the Experimental section. Data is
shown as the mean=+SEM of the basal PLD activity. Three
separate experiments were performed in triplicate. The basal STS
activity was measured as described in the legend to Figure 1a.
Panel B shows that 1¢,25(0OH),Dj; stimulates basal PLD activity

of the myeloid cells with either the VDR,
antagonist ZK159222 (1 uM, Fig. 3b) or the RXR
antagonist VIP195393 (100 nM, Fig. 3b). These
findings suggest that PLD is a direct target for
the VDR/RXR genomic signalling system. An
increase in the expression of PLD1 and PLD2
protein has previously been associated with

in ML-1, HL60 NB4, U937 and THP-1 cells but not in KG-1a or
KG-1 cells. Cells were stimulated with 100 nM 1a,25(OH),D3; for
72 h. In some experiments the cells were treated with 1 pM
ZK159222 or 100 nM VTP195393 for 2 h prior to stimulation.
Basal PLD activity was measured as described in the Experi-
mental section. Data is shown as the mean increase in PLD
activity over basal + SEM and was obtained in three experiments
each performed in triplicate.

both monocytic and granulocytic differentiation
of myeloid leukaemic cell lines [El Marjou et al.,
2000; Di Fulvio and Gomez-Cambronero, 2005].

An increase in PLD activity is observed
within a few minutes of stimulation of human
colonocytes [Khare et al., 1999a,b], rat skeletal
muscle [Faccinetti et al.,, 1998] and chick
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myoblasts [Morelli et al., 1996] with 10,25
(OH)3D3, suggesting the involvement of non-
genomic signalling pathways in the activat-
ion mechanism. An increase in [*H]-PtdsEtOH
accumulation was observed in [*H]-oleic acid
labelled HL60 cells within 5 min of stimulation
with 100 nM 10,25(0H);Ds. [*H]-PtdsEtOH
accumulatation reached a peak 30—60 min after
stimulation and then slowly declined to close
to basal by 36—48 h (Fig. 4a). The rapid 1,25
(OH),Dgs-stimulated increase in PLD activity
(measured at 60 min) was dose dependent
(IC50="17.424+1.7 nM) (data not shown). Rapid
increases in PLD activity in response to
10,25(0H)3;D3 were also observed in NB4,
U937 and THP-1 cell lines, but not in KG-1
and KG-1a cell lines (Fig. 4b).

Primary alcohols inhibit PLD-mediated
effects by diverting phospholipid metabolism
away from the production of PA towards a
biologically inactive non-metabolizable phos-
phatidylaleohol [Liscovitch et al., 2000] or by
interfering with its association with PKCa [Hu
and Exton, 2005]. In preliminary experiments
we demonstrated that 0.3% (v/v) n-butanol
completely blocked the 1,25(0H);D3-stimu-
lated increase in PLD activity, whilst ¢-butanol,
a tertiary alcohol that is not a substrate for
PLD-mediated transphosphatidylation, failed to
have any effect (datanotshown). Figure4cshows
that the 10,25(0OH)sD3s-stimulated increase in
STS activity was blocked by n-butanol in a dose-
responsive fashion (IC5q=0.15 £+ 0.04%), whilst
the tertiary alcohol ¢-butanol failed to any
inhibitory effect. Short-chain membrane per-
meant ceramides also inhibit the activity of PLD
[Mansfield et al., 2004]. Treatment of HL60
cells with 50 pM Cs,-ceramide for 2 h prior to
the addition of 10,25(0H);D3 reduced the
10,,25(0OH)oD3-mediated increase in STS activity
by approximately 60% (data not shown,
P < 0.002). Dihydro-Cs-ceramide (50 uM), which
does not inhibit PLD, failed to have any signi-
ficant effect (data not shown, P > 0.6). Similarly,
2,3-diphosphoglycerate (5 mM), a competitive
inhibitor of PLD [Kanaho et al., 1993], also
inhibited the 10,25(0H)sD3-mediated increase
in STS activity by >50% (data not shown).

PLD predominantly hydrolyses phosphati-
dylcholine to generate the intracellular lipid
second messenger PA [reviewed in Liscovitch
et al.,, 2000]. Treatment of HL60 cells with
100 pM PA alone for 72 h did not effect
STS activity (data not shown). But, addition of

100 uM PA produced a small but significant
left-shift in the 10,25(0H);D3 concentration
response curve: the ECsq was reduced from
6.3+ 1.4nMinthe absence of PAt02.9 + 1.1 nM
in the presence of PA (n=3, P=0.03). PA can
also be generated by the diacylglycerol kinase
(DGK) catalysed phosphorylation of DAG.
R59022 (30 uM), a non-selective DGK inhibitor
[Batista et al., 2005], failed to have any signi-
ficant effect on the 10,25(0OH);Ds-mediated
increase in STS activity (data not shown).
Therefore, PA has only a minor, perhaps
modulatory, role in the 12,25(0OH);D3-mediated
increase in STS activity in myeloid leukaemic
cells. Phosphatidate phosphohydrolase (PAPH)
converts PA into the bone fide lipid mediator
DAG. The PAPH-mediated degradation of PA
can be inhibited by propranolol or chlorproma-
zine [Rabano et al., 2004]. Both these agents
(at 100 pM) inhibited the increase in STS
activity produced by stimulation of HL60 cells
with 100 nM 1¢,25(0H),D3 by >80% (Fig. 4d).

Inhibition of Protein Kinase Ca and & Isoforms
Attenuates the 1a,25-Dihydroxyvitamin
D;-Mediated Increase in Steroid
Sulphatase Activity in HL60 Cells

The pan-PKC activator 12-O-tetradecanoyl-
phorbol-13-acetate (TPA) induces monocytic
differentiation of myeloid leukaemic cell lines.
Figure 5a shows that TPA (16 nM) failed to have
any significant effect on STS activity in HL60
cells, despite causing a marked decrease in cell
proliferation, increased cell adhesion and the
acquisition of other well characterised markers
of monocytic differentiation (CD11b and CD14
expression or acquisition of the ability to reduce
NBT, data not shown). Similarly, thymelea-
toxin (100 nM), a specific activator of PKCa
[Yanagita et al., 2000] did not increase STS
activity in HL60 cells (Fig. 5b). The PKCp-
specific activator 12-deoxyphorbol-13-O-pheny-
lacetate-20-acetate (Doppa, 100 nM) [Ryves
et al., 1994; Pongracz et al., 1996] and the
PLC3-specific activator bistratene A (100 nM)
[Griffiths et al., 1996] induce incomplete differ-
entiation of HL60 cells along the monocyte
pathway. Neither Doppa nor bistratene A
increased STS activity in HL60 cells (Fig. 5b).
These results indicate that activation of PKC
alone is not a sufficient stimulus to increase the
activity of STS.

We, therefore, tested whether TPA had any
effect on the increase in STS activity in HL60
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Fig. 4. 10,25(0OH),;D; stimulates PLD activity in HL60 and
other myeloid leukaemic cell lines. Panel A shows the time
course of PLD activation by 1a,25(0OH),D3 in HL60 cells. Cells
were pre-labelled with [*H]-oleic acid as described in the
Experimental section. Cells were treated with 100 nM
10,25(0OH),D3 in the presence of 0.5% (v/v) ethanol and were
harvested at various times up to 5 h after stimulation. [*H]-
phosphatidylethanol was separated by thin layer chromatogra-
phy as described in the Experimental section. Results are
presented as the amount of [*H]-phosphatidylethanol formed
(expressed as a percentage of the total [3H]-labelled
lipids) = SEM and was obtained from three experiments each
performed in triplicate. Panel B shows that 10,25(0OH),D3
increased in PLD activity in HL60, NB4, U937 and THP-1 cells
but not KG-1 and KG-1a cells. [*H]-oleic acid labelled cells were
stimulated with 100 nM 10,25(0OH); D35 in the presence of 0.5%
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primary alcohol n-butanol blocks the 1a,25(0OH),D3-stimulated
increase in STS activity in HL60 cells. Cells were treated with
0.05-0.5% (v/v) n-butanol or its inactive analogue t-butanol for
2 h prior to stimulation with 100 nM 1a,25(0OH),D5 for 72 h.
Results are shown as the mean+SEM of the increase in
microsomal STS activity over basal (in nmoles E; formed per
hour per mg of protein). The results shown were obtained in eight
experiments each performed in quadruplicate. Panel D shows
that inhibition of phosphatidate phosphohydrolase (PAPH)
blocks the Ta,25(0OH),Ds-stimulated increase in STS activity in
HL60 cells. Cells were treated with 100 pM propranolol or
chlorpromazine for 2 h prior to stimulation with 100 nM
10,25(0OH),D3. After 72 h cells were harvested and microsomal
extracts prepared as described in the Experimental section.
Results (from three experiments performed in quadruplicate) are
shown as the mean + SEM of the increase STS activity over basal
(in nmoles E; formed per hour per mg of protein).
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activity in the microsomal fraction was determined as described
in the Experimental section. The results are shown as the mean
increase in STS activity (nmoles E; formed per hour per mg of
protein) over basal and were obtained in three experiments
performed in triplicate. Panel B shows the effects the PKCa
activator thymeleatoxin (W,%/), the PKCP activator 12-deox-
yphorbol-13-O-phenylacetate-20-acetate (Hl,[1, DOPPA) and
the PKC3 activator bistratene A (A, A\) added alone (open figures)
or in combination (closed figures) with 100 nM 1a,,25(0OH), D5 on

cells, that is induced by a sub-maximal concen-
tration of 10,25(0H);D3. Figure 5a shows that
10 nM 10,25(0OH),D;3 failed to stimulate an
increase in STS activity when HL60 cells were
treated with TPA (10 nM) for 24 h prior to
treatment with the seco-steroid [l]. A down-
regulation of PKC activity is a consequence of
prolonged phorbol ester treatment [Leontieva
and Black, 2004]. Hence, the inability of HL.60
cells to increase STS activity after prolonged
phorbol ester treatment suggests that activa-

STS activity in HL60 cells. After 24 hours stimulation the cells
were harvested and STS activity in the microsomal fraction was
determined as described in the Experimental section. All data
points are mean & SEM of quadruplicate determinations, and
each experiment was performed a minimum of four times. Panel
C shows the effects of inhibitors of protein kinase C on the
10,25(0OH),D3-stimulated increase in STS activity in HL60 cells.
Cells were pre-treated with the pan-PKC inhibitor GF 109293X
(@,1-100 nM), the cPKCa/B specific inhibitor G6 6976 (M, 1-
100 nM), the cPKCa-specific inhibitor HBBDE (A, 1-10 uM), the
cPKCB inhibitor LY379196 (W, 1-100 nM) or the cPKCS$-, -
elective inhibitor rottlerrin (¢, 1-100 uM) for 2 h prior to
addition of 100 nM 1a,25(0OH),D5. All data points are mean +
SEM of quadruplicate determinations, and each experiment was
performed a minimum of four times.

tion of protein kinase C is required for the
10,25(0OH),D3-mediated increase in STS activ-
ity. Figure 5a shows that when TPA and a sub-
maximal dose of 10,25(0H);D3; were added to
the cultures at the same time [ A ], there was an
augmentation in STS activity over the first 12—
24 h that was followed by a rapid decrease in
STS activity. The latter is probably explained by
downregulation of PKC activity. Figure 5b
shows the effects on STS activity in HL60 cells
of co-treatment with a sub-maximal dose of
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12,25(0H)3D3 and thymeleatoxin, Doppa or
bistratene A HL60 cells were co-treated for just
24 h to limit toxicity, prevent desensitisation of
PKC and to prevent conversion of Doppa into
the less specific PKC activator 12-deoxyphorbol-
13-O-phenylacetate (Dopp) [Ryves et al., 1994].
Co-administration of 100 nM Doppa [H] had
little effect, but both 100 nM thymeleatoxin and
100 nM bistratene A [A] produced small but
significant augmentations of the increase in
STS activity that is provoked by 10 nM
10,,25(0H)3D3. This data suggest that PKCa
and PKC3, but not PKCB, play a modulatory role
on 10,25(0OH);Ds-stimulated increase in STS
activity in HL60 cells.

Figure 5¢ shows data from experiments in
which HL60 cells were treated with inhibitors of
various PKC isoforms for 2 h prior to treatment
with 100 nM 10,25(0OH);D;5. Low nanomolar
concentrations of GF 109293X inhibit several
PKC isoforms (relative potency =o>pl>¢>
6> (). The 12,25(0H);D3-stimulated increase in
STS activity in HL60 cells was blocked by GF
109293X [@] in a dose responsive fashion with
an ICsy of 4.14+2.02 nM (n=6). Nanomolar
concentrations of G6 6976 have been reported to
selectively inhibit Ca®"/DAG-dependent classi-
cal PKC isoenzymes (PKCa and PKCPI), whilst
having no effect on the Ca®*-independent PKC
isoenzymes (PKCd,e and (). G6 6976 [H]
inhibited 1o,25(0H);Ds-stimulated increase in
STS activity in HL60 cells in a dose-responsive
fashion with an ICs¢ of 9.24+1.6 nM (n=4).
2,2/,3,3',4,4'-Hexahydroxy-1,1’-biphenyl-6,6’'-
dimethanol dimethyl ether (HBDDE) is a relati-
vely selective inhibitor of PKCa and y (IC5q ~
50 uM) that does not affect BI and BII or &
isoforms. The 10,,25(0OH),D3-stimulated increase
in STS activity in HL60 cells was blocked by
HBDDE [A] at concentrations (ICs59=49.9 &+
5.7uM, n=3) compatible with its inhibitory
effects on PKCa. In contrast, the PKCp-selective
inhibitor LY379196 (W) [Slosberg et al., 2000]
failed to have any significant effect on the 10,25
(OH)3Ds-stimulated increase in STS activity in
HL60 cells even at concentrations 10—100 fold
higher than that required to block TPA-mediated
differentiation of HL60 cells [Slosberg et al.,
2000]. Finally, Figure 5c shows that rottlerin, a
selective PKC? inhibitor (IC5y = 3—6 uM), inhib-
ited the 10,25(0H)yDs-stimulated increase in
STS activity in HL60 cells (IC59=8.2 + 1.7 uM).
Rottlerin was effective at concentrations that
inhibit PKCd and below those that inhibit other

PKC isoforms. Therefore, PKC$ is a component
in the 1,25 (OH);Ds-stimulated increase in STS
activity in HL60 cells.

1a,25-Dihydroxyvitamin D;-Stimulates ERK-MAP
Kinase Activity in HL60, NB4, U937 and THP-1
Cells but not in KG-1 and KG-1a Cells

Several workers have suggested that activa-
tion of the ERK-MAP kinase signalling pathway
plays an important role in 1&,25(0H)sD3-
mediated differentiation of myeloid leukaemic
cell lines. Figure 6a shows that basal ERK-MAP
kinase activity was lowest in resting KG-1a and
KG-1 cell lines and highest in unstimulated
THP-1 cells, providing a tentative link between
maturation status of the myeloid leukaemic cell
lines and ERK-MAP kinase activation. Further-
more, Figure 6a demonstrates a positive corre-
lation between the mean basal ERK-MAP
kinase activity and the mean basal STS activity
(r*=0.90140.02, P < 0.035), which suggests a
role for ERK-MAP kinases in regulating basal
STS activity.

In the experiments shown in Figure 6b, HL60
cells were treated with 100 nM 1a,25(0OH),D3 for
72 h, and total ERK1/2 and pERK were mea-
sured by a chemiluminescent ELISA assay. The
levels of total ERK1/2 remained fairly constant
over the 72-h time course of the experiment
(Fig. 6b, ). Thus, 10,25(0H);D5-VDR signal-
ling system does not increase ERK1/2 expression
in HL60 cells. Figure 6b also shows the time
course of ERK-MAP kinase activation (measured
as anincreasein pERK) in HL60 cells stimulated
with 100 nM 1¢,25(0H)2D3. pERK content was
increased within 15—60 min of stimulation and
rose steadily to reach a plateau at 16—20 h after
which pERK content gradually returned to basal
within 36—48 h. Wang and Studzinski [2001]
have reported a similar time course for 1la,
25(0OH);D3-mediated activation of ERK-MAP
kinase in HL60 cells. The time course of the
10,25(0OH);D3s-stimulated increase in ERK-MAP
kinase activity in HL60 cells was not signifi-
cantly altered by treating cells with actinomycin
D and cycloheximide (data not shown). Hence,
synthesis of new protein is not required.
12,,25(0H)sD3 (100 nM) produced an ~fivefold
increase in the relative abundance of pERK in
HL60 and NB4 cells, and an ~twofold increase in
PERK content was seen in U937 and THP-1 cells
(Fig. 6¢). However, 1o,25(0H)yD3 failed to
stimulate ERK-MAP kinase activity in KG-1
and KG-1a cells (Fig. 6¢).
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Fig. 6. 10,25(0OH),D5-stimulates ERK-MAP kinase activity in

HL60, NB4, U937 and THP-1 cells but not in KG-1 and KG-1a
cells. Panel A shows there is a correlation between basal ERK-
MAP kinase activity and basal STS activity in myeloid leukaemic
cell lines. Basal ERK-MAP kinase activity cell was measured as
described in the Experimental section. Total ERK and phos-
phorylated ERK-MAP kinase (pERK) content was measured using
the Actif Motif FACE™ ERK1/2 chemiluminescent Elisa assay kit
following the manufacturers instructions. Data is expressed as
the mean & SEM of the ratio of pERK to total ERK-MAP kinase (in
arbitrary units) and were obtained from three experiments
performed in triplicate. The basal STS activity data is the same
as shown in Figure Ta. Panel B shows the time-course of the
activation of ERK-MAP kinase by 10,25(0OH),D5 in HL60 cells.
Cells were stimulated with 100 nM 1a,25(OH), D3 and at various
times after stimulation aliquots and total ERK ([J) and pERK (O)
content was measured as described in the Experimental section.
The data were obtained in two experiments each performed in
triplicate. Panel C shows that 1¢,25(0OH),D3 stimulates ERK-

VDR, is Involved in the
1e,25-Dihydroxyvitamin D;-Stimulated
ERK-MAP Kinase Activity in HL60 Cells

The VDR, antagonist ZK159222 inhibited
the increase in pERK content produced by
100 nM 10,25(0H),;D5 in HL60 cells in a dose-
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MAPK activity in HL60, NB4, U937 and THP-1 cells but not in
KG-Ta or KG-1 cells. ERK-MAP kinase activation was measured
60 min after stimulation with 100 nM 1a,25(0OH),D; as
described in the Experimental section. Data are expressed as
the mean £ SEM of the ratio of pERK to total ERK-MAP and were
obtained from two experiments each performed in triplicate.
Panel D shows that 1a,25(0OH),Ds-stimulated ERK-MAPK
activity in HL60 cells was inhibited by the VDR antagonist
ZK159222 (@), but not the RXR antagonist VTP195393 (D).
Cells weretreated with ZK159222 (0.1-1000 nM) or VTP195393
(100-10,000 nM) for 2 h prior to stimulation with 100 nM
10,25(0OH),D3. After 60 min the cells were harvested/fixed and
total ERK and pERK content measured by chemiluminescent Elisa
as described in the Experimental section. The data are expressed
as the mean + SEM of the ratio of pERK to total ERK and were
obtained in three experiments performed in triplicate. The
inhibition curves were fitted to a sigmoidal dose response curve
and the ICs¢’s were estimated using the ‘pharmacology’ module
of the Sigmaplot™ (version 9.0) graphical software package.

responsive fashion (IC50=197.7+32.8 uM,
N =-0.92+0.09, Fig. 6d). However, it should
be noted that the inhibition of 10,25(0OH),
Ds-stimulated increase in ERK-MAP kinase
activity was incomplete and ~20% of the
10,,25(0OH),D3-stimulated activity was resistant
to inhibition by a 100-fold excess of ZK159222.
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Figure 6d also shows that the RXR antagonist
VTP195393 failed to have any effect on the
10,,25(0OH);D3-stimulated increase in ERK-
MAP kinase activity in HL60 cells. Thus, the
formation of VDR-RXR heterodimers is not
required for the 10,25(0H)yDs-stimulated
increase in ERK-MAP kinase activity in HL60
cells.

A common theme in steroid hormone nuclear
receptor-mediated activation of the ERK-MAP
kinase signalling cascade is the targeting of the
liganded nuclear receptors to cholesterol-rich
micro-domains (CMF) in the plasma membrane
[Edwards, 2005]. Locating nuclear hormone
receptors in CMF allows them to come into
contact with the scaffolding/adaptor proteins
that couple to and activate multiple signalling
pathway [Edwards, 2005]. Recent reports show
that significant amounts of VDR, are found in
CMF in the NB4 myeloid leukaemic cell line
[Huhtakangas et al., 2004]. Treatment of HL60,
U937 and THP-1 cells with the cholesterol-
depleting agent methyl-p-cyclodextrin (MBCD,
10 mM) inhibited 10,25(0H)sD3-stimulated
ERK-MAP kinase activity by ~75% (Fig. 7a)
the 10,25(0H);Ds-stimulated increase in STS
activity by >60%. In avian embryonic skeletal
muscle cells 10,25(0H);D3 induced transloca-
tion of tyrosine phosphorylated VDR, to the
plasma membrane requires an intact microtub-
ular network [Capiati et al., 2002]. Disruption of

Fig. 7. 10,25(0OH),D;-stimulated ERK-MAP kinase activity and
STS activity in HL60, U937 and THP-1 myeloid leukaemic cells
are inhibited by depletion of membrane cholesterol with methyl-
B-cyclodextrin (10 mM) or disruption of microtubules with
colchicines (100 nM). The cholesterol depletion experiments
were performed in HL60, U937 and THP-1 cells that had been
conditioned to growth in 2% FBS for 2 weeks prior to
experimentation. Panel A shows that 1a,25(0OH),D5 stimulated
ERK-MAPK activity in HL60, NB4, U937 and THP-1 cells was
inhibited by MBCD and colchicine. Cells were treated with
10 mM methyl-B-cyclodextrin or 100 nM colchicine for 2 h prior
to stimulation with 100 nM 1¢,25(0OH),D5. ERK-MAP kinase
activation was measured 60 min after stimulation with 100 nM
10,25(0OH), D5 as described in the Experimental section. Data are
expressed as the mean = SEM of the ratio of pERK to total ERK-
MAP and were obtained from two experiments each performed
in triplicate. Panel B shows that MBCD and colchicine inhibit
the1a,25(0OH),Ds-stimulated increase in STS activity in HL60,
U937 and THP-1 cells. Cultures were treated with the inhibitors
for 2 h priorto stimulation with 100 nM 10,25(0OH),D5. After 24 h
the cells were harvested and microsomal STS activity measured
as described in the Experimental section. Data are shown as the
mean £ SEM of the inhibition of 1a,25(0OH),D;-stimulated STS
activity and were obtained in two experiments each performed in
quadruplicate.

microtubules with 100 nM colchicine inhibited
the 10,25(0H)2Ds-stimulated ERK-MAP kinase
activity in HL60, U937 and THP-1 cells by
~70% (Fig. 7a), and the 10,25(0OH)yD3s-stimu-
lated increase in STS activity by ~60% (Fig. 7b).

1e,25-Dihydroxyvitamin D;-Stimulated ERK-
MAP Kinase Activity in HL60 Cells is Dependent
on PKCa, Src Tyrosine Kinase, RAS and RAF

The magnitude and duration of the activation
of ERK-MAP kinase is tightly controlled and
requires multiple regulatory inputs [Ebisuya
et al., 2005]. Activation of the ERK-MAP kinase-
signalling pathway is thought to be a down-
stream element in the PKC signalling in HL.60
cells [Marcinkowska et al., 1997]. Down regula-
tion of PKCa expression in HL60 cells, by pre-
treatment for 24 h with 100 nM TPA, produced a
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75% inhibition (n=3, P=0.0021) in activation
of ERK-MAP kinase that is stimulated with
100 nM 10,25(0H),D3 (Fig. 8a). The wide
spectrum PKC inhibitors GF 109239 X (1 uM)
and G66076 (1 pM), and the PKC specific inhi-
bitor HBDDE (10 uM) blocked 1,25(0H);Ds-
stimulated activation of ERK-MAP kinase in
HL60 cells by ~70% (Fig. 8a). Specific inhibitors
of PKCR (LY379196) and PKCS (rottlerin) failed
to have any effect on the 10,25(0H),D3-stimu-
lated activation of ERK-MAP kinase in HL60
cells (Fig. 8a). Buitrago et al. [2003] have shown
in smooth muscle cells that 10,25(0H);Ds-
stimulatation of the ERK-MAP kinase cascade
involves PKCa-mediated activation of RAF-1
kinase.
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Figure 8b shows that the Src tyrosine kinase
inhibitor PP1 (1-50 pM) produced a dose-
responsive inhibition of 1a,25(0H);D3-stimu-
lated activation of ERK-MAPK in HL60 cells
(IC50=11.2+£ 3.5 uM). Similarly, the farnesyl
transferase inhibitor manumycin A signifi-
cantly attenuated the 10,25(0OH);Ds-stimulated
activation of ERK-MAPK in HL60 cells
(IC50=21.2+1.3 uM, Fig. 8a). RAF kinases
are downstream targets of RAS signalling
[Kolch, 2000]. RAF (particularly B-RAF) binds
to activated RAS which causes a switch in the
conformation of the RAF isoform from a closed
to an open form. This conformational switch
enables RAF to bind to and activate MEK
[Kolch, 2000; Terai and Matsuda, 2005]. The

Fig. 8. 10,25(0OH),D5-stimulated ERK-MAP kinase activity in
HL60 cells is dependent on PKCa, Src tyrosine kinase and RAS.
Panel A shows that the 1a,25(0OH),Ds-stimulated ERK-MAP
kinase activity in HL60 cells was blocked by inhibition of PKCax,
but not PKCB or PKC8. HL60 cells were treated TPA (10 nM) for 24
h or the pan-PKC inhibitor GF 109293X (1 pM), the cPKCo/B
specific inhibitor G6 6976 (1 pM), the cPKCa-specific inhibitor
HBBDE (50 pM), the cPKCB inhibitor LY379196 (50 nM) or the
cPKC3,-a-selective inhibitor rottlerrin (50 uM) for 2 h prior to
stimulation with 100 nM 1a,25(0OH),D5. After 60 min the cells
were harvested/fixed, and total ERK and pERK content measured
as described in the Experimental section. Data are shown as the
mean + SEM of the inhibition of 1a,25(0OH),D5-stimulated ERK-
MAP kinase activity and were obtained in two experiments
performed in triplicate. Panel B shows the inhibition of
10,25(0OH),D3-stimulated ERK-MAP kinase activity in HL60
cells by the Src tyrosine kinase inhibitor PP1 (J), farnesyl
transferase inhibitor manumycin A (O) and the RAS-RAF
interaction inhibitors sulindac sulphide (A), and RAS inhibitor
peptide (V7). Cultures were then treated with inhibitors for 2 h
prior to stimulation with 100 nM 1a,25(0OH),D5. After 60 min the
cells were harvested/fixed, and total ERK and pERK content
measured as described in the Experimental section. Data are
shown as the mean & SEM of the inhibition of 1a,25(OH),D5-
stimulated ERK-MAP kinase activity and were obtained in three
experiments performed in quadruplicate. The inhibition curves
were fitted to a sigmoidal curve dose response curve and ICsq's
were estimated using the ‘pharmacology’ module of the
Sigmaplot™ (version 9.0) graphical software package. Panel C
shows the inhibition of 1a,25(OH),Ds-stimulated increase in STS
activity in HL60 cells by PP1 (), manumycin A (O), sulindac
sulphide (A) and RAS inhibitor peptide (V). Cultures were
treated with the inhibitors for 2 h prior to stimulation with 100 nM
10,25(0OH),D5. After 24 h the cells were harvested and
microsomal STS activity measured as described in the Experi-
mental section. Data are shown as the mean=+SEM of the
inhibition of 1a,25(0OH),D3-stimulated STS activity and were
obtained in three experiments each performed in quadruplicate.
The inhibition curves were fitted to a sigmoidal curve dose
response curve and ICso’s were estimated using the ‘pharmacol-
ogy’ module of the Sigmaplot™ (version 9.0) graphical software
package.
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interaction of RAS and RAF can be antagonised
by sulindac sulphide [Waldmann et al., 2004]
and RAS inhibitor peptide, a mimetic of the
RAF-RAS binding domain [Buitrago et al.,
2003]. Figure 8b shows that both sulindac
sulphide (IC50=55.7+6.9 uM) and the RAS
inhibitory peptide (IC50=29.9+1.9 uM) pro-
duced dose-responsive inhibitions of the
10,,25(0OH);D3-stimulated activation of ERK-
MAPK in HL60 cells.

Pharmacological inhibitors were used to
investigate whether the RAS-RAF-MEK-MAP-
ERK signalling cascade plays a role in the
10,,25(0OH),D3-stimulated increase in STS activ-
ity in HL60 and THP-1 cells. Treatment of the
myeloid leukaemic cell lines with PP1, manu-
mycin A, or sulindac sulphide or the RAS-
inhibitor peptide for longer than 36 h produced
unacceptable levels of toxicity. Therefore, the
effect of these agents on the 10,25(0H)yD3
provoked increase in STS activity was mea-
sured after 24-h exposure to the seco-steroid.
Figure 8c shows that PP1 (IC57=16.9 + 1.8 uM),
manumycin A (IC50=11.9+1.1 uM), sulindac
sulphide (IC59=9.6 +1.2 pM), and RAS inhibi-
tory peptide (IC50 = 18.4 + 2.1 uM) significantly
inhibited the 10,25(OH)sDs-stimulated incre-
asein STS activity in HL60 cells. Similar results
were obtained in THP-1 cells (data not shown).

GW5074 is a selective inhibitor of RAF-1
phosphorylation that inhibits ERK-MAP kinase
activation in many cell systems [Chang et al.,
2005]. Figure 9a shows that incubating HL60
cells with GW5074 produced a dose-dependent
inhibition of 14,25(0OH);Ds-induced ERK-MAP
kinase activity (IC50=8.9+2.6 uM). GW5074
also produced a does responsive inhibition of
10,,25(0OH);D5s-stimulated increase in STS activ-
ity in HL60 (IC50=3.4+1.3 pM, Fig. 9a).
Similar observations were made using either
NB4 (IC590=6.7+2.4 puM, data not shown) or
THP-1 cells (IC50~ 35 uM, data not shown).
Phosphorylation of RAF kinase and activation
of the ERK-MAP kinase cascade can be inhib-
ited in murine haematopoietic cell lines by
chloroquine [Weber et al., 2002]. Figure 9a
shows that chloroquine blocked the 10,25
(OH)yD3-stimulated activation of the ERK-
MAP kinase pathway in a dose-responsive
fashion in HL60 cells (~ IC5=3244.6 pM).
The 12,25(0H)sDs-stimulated increase in STS
activity was inhibited by chloroquine in a dose-
responsive fashion in HL60 (IC5,=13.7+
2.7 uM, Fig. 9b), NB4 (ICs5y=15.71+3.2 pM,

data not shown) and THP-1 cells (IC59 ~ 50 uM,
data not shown).

ZM 336372 is a specific inhibitor of all three
RAF isoforms in cell-free assays. Paradoxically
RAF is activated in intact cells by ZM 336372
[Hall-Jackson et al., 1999: Van Gompel et al.,
2005]. ZM 336372 (50 uM) produced modest
increases in both ERK-MAP kinase activity
(Fig. 9b, left hand panel) and STS activity
(Fig. 9b, right hand panel) in HL60 cells. Both
these effects were abrogated by inhibiting RAF
with GW5074 and by the MEK inhibitor
PD098059. Figure 9¢ shows that ZM 336372
produced a dose responsive increase in STS
activity in HL60 cells. Furthermore, a synergis-
tic increase in STS was obtained when HL60
cells were co-treated with 100 nM 1a,25(0OH)5D5
and increasing concentrations of ZM 336372.

To further investigate the role of the RAS-
RAF-MEK cascade in the 10,25(0H),D3-stimu-
lated activation of the ERK-MAP kinase signal-
ling pathway in HL60 cells, we treated cells
with the KSR-1/MEK inhibitors PD98059 (1—
50 uM) and U0126 (0.1-10 pM) [Wang and
Studzinski, 2001]. Figure 9a shows that both
U0126 (ICs50=8.6+1.5 uM) and PD98059
(IC50=45.5+1.9 uM) blocked 1,25(0H)sD3-
stimulated activation of the ERK-MAP kinase
signalling pathway in a dose-responsive fash-
ion. Conversely, the p38-MAP kinase inhibitor
PD169316 and the JNK-MAP kinase inhibitor
SP600125 failed to have any effect on the
10,25(0OH);D3s-stimulated activation of ERK-
MAP kinase in HL60 cells (Fig. 10a).

Figure 10b shows that the MEK kinase
inhibitor PD98059 inhibited the 10,25(0H),
Ds-stimulated increase in STS activity in
HL60 cells IC50=6.8+0.3 uM), NB4 (IC5¢=
7.3+1.9 uM) and THP-1 cells (IC5¢ ~ 100 pM).
Similarly, Figure 9c shows that the structurally
unrelated MEK kinase inhibitor U0126 inhib-
ited the 10,25(0OH)sDs-stimulated increase in
STS activity in HL60 cells (IC50=6.6 £+ 1.3 uM),
NB4 (IC50=9.6+0.2 puM) and THP-1 cells
(IC50> 100 uM). The inactive analogue U1024
failed to have any affect on the 1a,25(0H);D3-
stimulated increase in ST'S activity in any of the
myeloid cell lines tested (data not shown).

We treated HL60 cells with an ERK1/2
antisense oligonucleotide (ERK1/2-AS-ODN,
5-GCCGCCGCCGCCGCAT-3') for 48 h prior
to stimulation with 100 nM 10,25(0OH),Ds.
Figure 10d shows that total ERK1/2 protein
expression in both HL60 cells was decreased by
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>80% after 48 h of treatment with ERK1/2
oligonucleotide antisense when compared with
the relevant controls (media alone and the
randomly scrambled oligonucleotide R-ODN,
5-CGCGCGCTCGCGCACCC-3). The residual
ERK1/2 in the ERK1/2-AS-ODN treated cells
was still responsive to 12,25(0H),D3, and there
was no difference in relative levels of activation
(control pERK/total ERK = 0.38 +0.021, ERK1/
2-AS-ODN pERK/total ERK = 0.302 + 0.026, R-
ODN control pERK/total ERK =0.32 4+ 0.048).
In the ERK1/2-AS-ODN treated cells, the
absolute magnitude of the 1¢,25(0H);D3 acti-
vation of ERK1/2 was considerably smaller
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(P> 0.03) than that seen in either the control
or R-ODN treated cells. Correspondingly, the
10,25(0OH),D3s-stimulated increase in STS activ-
ity was significantly attenuated in the ERK1/2-
AS-ODN treated HL60 cells when compared
with either the control or R-ODN-treated HL60
cell samples (Fig. 10e).

10,,25(0OH),D3 stimulates both JNK-MAP [Ji
et al., 2002; Wang et al., 2005c] and p38-MAP
kinases [Ji et al., 2002] during the monocytic
differentiation of myeloid cells. SP600125, acts
as a competitive inhibitor at the ATP binding
site of JNK-MAP kinase and inhibits 1,25
(OH)2D3-stimulated monocytic differentiation
of HL60 cells [Wang et al., 2005¢]. SP600125
produced a dose-responsive inhibition of the
10,25(0H),D3s-stimulated increase in STS activ-
ity in HL60, NB4 and THP-1 cells (IC5¢’s=
8.7+1.9 uM, 22.4+5.1 uM and 27.2+3.2 uM

Fig. 9. RAF kinase is involved in the 1a,25(0OH),D5-stimulated
increase in MAP-ERK kinase and STS activity in HL60 cells. Panel
A shows that the RAF kinase inhibitors GW5074 (O, @) and
chloroquine (OJ,M) block both the 1¢,25(0OH),D3-stimulated
increase in ERK-MAP kinase activity (open figures) and STS
activity (closed figures) in HL60 cells. Cultures were treated with
either GW5074 or chloroquine for 2 h prior to stimulation with
100nM 1a,25(0OH),D5. For the measurement of ERK-MAP kinase
activity, the cells were harvested/fixed after 60 min stimulation
and total ERK and pERK content measured as described in the
Experimental section. Data are shown as the mean £ SEM of the
inhibition of 1a,25(0OH),Ds-stimulated ERK-MAP kinase activity
and were obtained in three experiments performed in quad-
ruplicate. For measurement of STS activity, cultures were
stimulated with 100 nM 1a,25(0OH),D; for 24 h. Microsomal
STS activity measured as described in the Experimental section.
Data are shown as the mean+SEM of the inhibition of
10,25(0OH),D3-stimulated STS activity and were obtained in
three experiments performed in quadruplicate. The inhibition
curves were fitted to a sigmoidal curve dose response curve and
ICs¢’s estimated using the ‘pharmacology’ module of the
Sigmaplot™ (version 9.0) graphical software package. Panel B
shows that the ‘RAF-activator’ ZM 336377 (50 uM) stimulates
both ERK-MAP kinase activity (left hand panel) and STS activity
(right hand panel) in HL60 cells. Panel B also shows that the ZM
336377 stimulated increases in ERK-MAP kinase activity and STS
activity were blocked by pre-treating the cells with the MEK
inhibitor PD90589 (25 pM) and the RAF inhibitor GW5074 (10
uM). Changes in ERK-MAP kinase activity and STS activity were
measured as described above. Data were obtained in three
experiments each performed in triplicate. Panel C shows that ZM
336372 (@, 1-50 pM) produced a dose responsive increase in
STS activity in HL60 cells. Furthermore, panel C shows that co-
treatment of HL60 cells with 100 nM 1a,25(0OH),D5; and
increasing concentrations of ZM 336372 (M) produces a
synergistic increase in STS activity. Cells were treated with
10,25(0OH),D3 and/or ZM 336372 for 72 h. Microsomal STS
activity measured as described in the Experimental section. Data
were obtained in six separate experiments each performed in
triplicate.
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Fig. 10. Inhibition of ERK-MAP kinase blocks the
1a,25(0OH),Ds-stimulated increase in STS activity in HL60 cells.
Panel A shows that the MEK inhibitors PD98059 (O) and U1026
() inhibit 10,,25(0H),D3-stimulated ERK-MAP kinase activity
in HL60 cells. Cells were treated with increasing concentrations
of either PD98059 and or U1026 for 2 h prior to stimulation with
100 nM 1a,25(0OH),D5. After 60 min reactions were quenched
and ERK-MAP kinase activity measured as described in the
Methods section. 10,25(0OH),D3-stimulated ERK-MAP kinase
activity was not inhibited by the JNK-MAP kinase inhibitor
SP600125 (V) or the p38-MAP kinase inhibitor PD169316 ().
Data are shown as the mean=+SEM of the inhibition of
10,25(0OH),D3-stimulated ERK-MAP kinase activity and were
obtained in three experiments each performed in triplicate.
PD98059 (panel B) and U1026 (panel C) inhibit the
1a,25(0OH),Ds-stimulated increase in STS activity in HL60 (O),
NB4 (A) and THP-1 (0OJ) cells. Cells were treated with increasing
concentrations of either PD98059 and or U1026 for 2 h prior to
stimulation with 100 nM 1a,25(0OH),D3. After 72 h the cells were
harvested and microsomal STS activity was measured as

described in the Methods section. Data are shown as the
mean &= SEM of the inhibition of the 1a,25(OH),D;-stimulated
increase in STS activity and were obtained in three experiments
each performed intriplicate. The inhibition curves were fitted to a
sigmoidal curve dose-response curve and ICsg's estimated using
the ‘pharmacology’ module of the Sigmaplot™ (version 9.0)
graphical software package. Treatment of HL60 cells with an
ERK1/2 antisense oligonucleotide downregulates the expression
of ERK-MAP kinase (panel D) and blocks the 1a,25(0OH),D5-
stimulated increase in STS activity (panel E). Cell cultures were
treated for 24 h with a phosphorothioate-modified ERK1/2-MAP
kinase antisense oligodeoxynucleotide (5 uM, ERK1/2-AS-ODN)
or with a randomly scrambled oligodeoxynucleotide (5 pM, R-
ODN). After treatment cell cultures were washed twice in pre-
warmed tissue culture medium, resuspended and stimulated
with 100 nM 1a,25(0OH), D5 for either 60 min (ERK-MAP kinase
assay) or for 72 h (STS assay). ERK-MAP kinase and STS activity
were measured as described in the Experimental section. Data
were obtained in two experiments each performed in triplicate.
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respectively, data not shown). In contrast, the
p38-MAPK inhibitor PD169316 did not have a
major effect on the 10,25(0H);Ds-stimulated
increase in STS activity in HL.60, NB4 or THP-1
cells. The maximum inhibition produced by
50 uM PD169316 was <30% (data not shown).

DISCUSSION

We have previously shown that an increase
in STS activity is a marker of 1o,25(0H)sD5-
stimulated monocytic differentiation in HL60
cells [Hughes et al., 2001, 2005]. Here, we show
that a VDR, ,.-mediated activation of the ERK-
MAP kinase pathway plays an important role in
the 10,25(0H);Ds-stimulated increase in STS
activity in HL60 cells, and the related U937 and
THP-1 myeloid leukaemic cell lines.

10,,25(0H),D3 failed to stimulate an increase
in STS activity in the KG-1a and KG-1 cell lines
(Fig. 1b), primary FAB-MO blast cells (data not
shown) and the K562 primitive erythro-leukae-
mic cell line (data not shown). 1¢,25(0OH);D5
also failed to increase PLD activity in KG-1 and
KG-1a cell lines (Fig. 3b). E1 Marjou et al. [2000]
have previously demonstrated that PLD protein
expression was stimulated by 10,25(0OH)sD5 in
mature leukaemic cell lines but not in primitive
leukaemic blast cells. At a whole cell level, KG-
laand KG-1 cells fail to growth arrest or acquire
other markers of monocytic differentiation
(CD11b or CD14 surface expression, phagocy-
tosis of zymosan coated yeast or the ability to
reduce NBT) even when treated with supra-
physiological concentrations of 10,25(0H)3D3
[Hughes and Brown, unpublished datal].

Why do immature myeloid leukaemic cell
lines fail to upregulate the expression of
differentiation-related markers in response to
10,,25(0H)3D3? The lack of responsiveness of
KG-1a and KG-1 cells is not related to a lack of
VDR,,. expression since low levels of the
receptor are found in these cell types [Manfredini
et al., 1999]. Furthermore, in both cell types the
liganded VDR, can associate with RXR and
drive the transactivation of transfected VDRE-
containing reporter constructs and endogenous
‘house keeping genes’ but not ‘differentiation-
related’ genes [Manfredini et al.,, 1999]. For
expression of ‘differentiation-related’ genes in
myeloid cells transcription factor/co-regulator
complexes have to access critical regulatory
elements on DNA [Rosmarin et al., 2005]. This
is dependent on the chromatin microenviron-

ment and chromatin structure appears to
change during monocytic/macrophage differen-
tiation. A chromatin structure that ‘allows’
transcription of ‘differentiation related genes’
only develops during the latter stages of the
lineage specification process [Tagoh et al.,
2004]. The promoter regions of the ST'S and
PLD genes, as well as other ‘differentiation-
related’ genes appear to be inaccessible to the
transcription machinery in KG-1 and KG-1a
cells.

Co-activation of non-genomic signalling path-
ways (e.g. PKCa, PLD RAF, ERK-MAP kinase)
seems to be essential for 1¢,25(0OH),D3-stimu-
lated monocytic differentiation. These path-
ways appear to be either defective or absent in
primitive haematopoietic cells. For example, a
rapid increase in the activities of both PLD and
ERK-MAP kinase is not seen in 10,25(0OH);D5-
stimulated KG-la and KG-1 cells, but is
observed in the more mature myeloid leukaemic
cell lines. Others have shown that TNF-o
activates the ERK-MAP kinase signalling
cascade in mature myeloid leukaemic cells
[Andersson and Sundler, 2000], but not in KG-
la and KG-1 cells [Hu et al., 1999]. Several PKC
isoforms, including PKCa, are expressed at very
low levels in KG-1a and KG-1 cells [Hooper
et al., 1989; MacFarlane and Manzel, 1994],
and this may contribute to a failure of these cells
to differentiate in response to 10,25(0OH)yDs.
Refractoriness of KG-la and KG-1 cells to
differentiation-inducing stimuli appears to lie
in defects in the initiation, propagation, and
integration of both the genomic and non-genomic
signalling cues that drive differentiation.

An increase in the expression/activity of PLD
appears to play an important role in monocytic
and granulocytic differentiation of myeloid leuka-
emic cell lines [Collado-Escobar and Mollinedo,
1994; Ohguchi et al., 1997; Nakashima et al.,
1998; Burke et al., 1999; El Marjou et al., 2000;
Hsu et al., 2000; Neri et al., 2002; Kang et al.,
2004; Di Fulvio and Gomez-Cambronero, 2005].
10,,25(0H);D3 has a complex effect on PLD
activity in HL60 cells. There is an initial trans-
ient and rapid non-genomic stimulation of PLD
activity. This is followed by a slower and more
persistent increase in the expression of PLD.
Others have described a late increase in PLD
expression during monocytic differentiation of
myeloid leukaemic cell lines [El Marjou et al.,
2000]. Our study shows that PLD is involved
in 10,25(0H);Ds-mediated stimulation of STS
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activity in HL60 cells: (i) there is a positive
correlation between basal activities of both PLD
and STS, (ii) in lines that 16,25(0OH),D5 failed to
stimulate an increase in STS activity, the seco-
steroid also failed to stimulate PLD and (iii)
pharmacological inhibition of PLD activity
blocks the 10,25(0H);Ds-mediated increases
in STS activity.

Augmentation of PLD activity increases the
availability of the second messenger PA [Exton,
2002]. PA had no significant effect on either
basal or 1¢,25(0H)yD3-stimulated STS activity
in HL60 cells. PA can be formed by the
phosphorylation of DAG by DGK [Kanoh et al.,
2002]. R59022, a pan-DGK inhibitor, failed to
have any affect on the 10,25(0H)yD3-stimulated
increase in STS activity in HL60, U937 and
THP-1 cells. These observations suggest that
PA does not play a major role in 10,25(0H)3D3
signalling in myeloid cells. In fact, DGKy is
downregulated during monocytic differentia-
tion in HLL60 and U937 cells, and overexpression
of constitutively-active DGKy blocks monocytic
differentiation [Yamada et al., 2003]. These
observations suggest that a PA metabolite plays
an important role in driving monocytic differ-
entiation. Phosphatidic acid phosphohydrolase
(PAPH) converts PA into DAG. PAPH activity
increases during the DMSO-induced differen-
tiation of U937 promyelocytic cells, and the
PLD-PAPH pathway is the major source of
DAG in these cells [Hsu et al., 2000]. The
10,25(0OH);Ds-stimulated increase in STS activ-
ity in HL60 cells is blocked by PAPH inhibitors
(propranolol and chlorpromazine). Therefore,
generation of DAG via the PLD-PAPH pathway
plays an important role in the 1¢,25(0H);Ds-
stimulated increase in STS activity in HL60
cells.

The most studied DAG targets are the
calcium dependent, DAG-dependent conven-
tional protein kinase C (PKC) isoforms (a, BI,
BII and y) and the calcium-independent, DAG-
dependent novel PKC (nPKC) isoforms (5, ¢, m,
0) [Yang and Kazanietz, 2003]. HL60 cells
express most of the known PKC isoforms
[Miguel et al., 2000]. Translocation of DAG-
sensitive PKC isoforms to the plasma mem-
brane or the nucleus is essential for 10,25
(OH)3D3-mediated monocytic differentiation of
myeloid leukaemic cell lines [MacFarlane and
Manzel, 1994; Berry et al., 1996; Pan et al.,
1997; Slosberg et al., 2000]. The pan PKC
activator TPA produced a transient increase in

STS activity in HL60 cells. Thymelaeatoxin, a
specific activator of PKCa had a small stimula-
tory effect on STS activity and potentiated
the 10,25(0OH);D;-stimulated increase in STS
activity in HL60 cells. Activation of PKCp or
PKCs, with bistratene A and DOPPA respec-
tively, had no effect on basal or 10,25(0H)sD5-
stimulated STS activity. Downregulation of
PKC, by prolonged incubation with TPA,
and wide specificity inhibitors blocked
10,,25(0H)sDs-stimulated STS activity. Phar-
macological inhibitors of PKCa, but not of PKCp
or PKCd, abrogate the 1u,25(0OH)y;D3-stimu-
lated increase in ST'S activity in HL60 cells.
PKCu is one of the major inputs required for
activation of the RAF kinase family [Kolch,
2000]. Members of the RAF family are MAP
kinase kinase kinases (MAP3K), which phos-
phorylate the MAP kinase kinase MEK which,
in turn, activates the MAP kinase ERK1/2
[Kolch, 2000; Pearson et al., 2000]. PA facil-
itates the association of RAF with the plasma
membrane associations and increases RAF
kinase activity. Studzinski et al. [2005] have
recently shown that RAF-1 is phosphorylated
when HL60 cells are stimulated with
12,,25(0H)3D3. Furthermore, phosphorylation
of RAF-1 is essential to both the activation of
the ERK-MAP kinase cascade and for the
successful monocytic differentiation of HL60
cells [Studzinski et al., 2005]. We have not dire-
ctly assessed PKCa-mediated phosphorylation
of RAF, but Figure 8a shows that inhibition of
protein kinase Ca, but not the PKCp or PKC3,
abrogates the 10,25(0H);D3-stimulated increa-
se in ERK-MAPK activity. This corroborates
earlier findings that activation of PKCa by
10,25(0H);D3 is essential for stimulation
of ERK-MAP kinase activity in HL60 cells
[Marcinkowska et al., 1997] and rat smooth
muscle cells [Buitrago et al., 2003]. Association
with RAS at the plasma membrane is also
necessary for the activation of RAF [Kolch,
2000]. To this end, the 10,25(0OH)sD3-stimu-
lated increase in ERK-MAPK activity was
inhibited by agents which interfere with the
membrane localisation of RAS (manumycin A)
or that physically block the interaction of RAS
with RAF (sulindac sulphide and RAS inhibi-
tory peptide). That RAF inhibitors (GW5074,
choloroquine) block and the RAF activator
ZM336372 augment, the 10,25(0H);D3-stimu-
lated increase in ERK-MAP kinase and STS
activity in HL60 cells highlights the importance



612 Hughes and Brown

of RAF. Similarly, pharmacological or antisense
inhibition of ERK-MAP kinase activity blocks
the 10,25(0H)sD3s-stimulated increase in ERK-
MAP kinase and STS activity in HL60 cells.
The data demonstrating that VDR, .., but not
RXR, antagonists blocks the 10,25(0H)sDs-
stimulated increase in ERK-MAP kinase activ-
ity implies a direct role for VDR, monomer in
activating ERK-MAP kinase, thereby adding
to the growing list of non-genomic signalling
pathways that are switched on by VDR, .. For
example the VDR, has been shown to associ-
ate with and/or activate RAF [Studzinski et al.,
2005], the serine/threonine protein phospha-
tases PP1c and PP2Ac[Bettoun et al., 2004], p70
S6 kinase [Bettoun et al., 2004], and phospha-
tidylinositol 3-kinase [Hmama et al., 1999] in
myeloid leukaemic cell lines and the tyrosine
kinase Src [Buitrago et al., 2003; Capiati et al.,
2004; Rossi et al., 2004; Vertino et al., 2005], and
guanylate cyclase [Barsony and McKoy, 1992]
in other cell types. A model has been developed
in the Norman laboratory, which suggests that
when liganded the VDR, can adopt multiple
conformations depending on the nature of
the ligand. When the VDR, is liganded by
10,25(0H)3D3 in its 6-s-cis configuration the
receptor adopts a conformation allowing it to
couple to molecules regulating the activation of
non-genomic signalling pathways [Norman
et al., 2004]. It is likely that when the VDR,
is liganded by ZK159222 or ZK168281, it adopts
an alternate conformation that does not allow it
to couple to the intracellular signalling path-
ways. Free unliganded VDR,,. is largely
cytoplasmic but when liganded rapidly redis-
tributes about the cell, predominately to the
nucleus [Racz and Barsony, 1999]. However,
significant quantities of liganded-VDR,,,,. have
been found associated with either the endoplas-
mic reticulum or the plasma membrane in a
osteoclast cell line [Kim et al., 1996]. In more
recent studies, the translocation of a small
fraction of the cellular VDR, from the nucleus
to the plasma membrane has been reported in
both avian skeletal muscle cells [Capiati et al.,
2002] and the MCF-7 breast cancer cell line
following 10,25(0H)sD3 stimulation [Capiati
et al., 2004]. An intact microtubular system is
required for the nuclear-plasma membrane
translocation of the VDR,,. [Capiati et al.,
2002, 2004]. More specifically VDR,,. has
been reported to localise to a cholesterol rich
membrane fraction (CMF) in the plasma mem-

brane of chick, rat and mouse intestinal cells,
mouse lung and kidney cells, a rat osteoblast-
like cell line [Norman et al., 2002; Huhtakangas
et al., 2004; Bula et al., 2005] and, of particular
relevance to this study, the NB4 human myeloid
leukaemic cell line [Huhtakangas et al., 2004].
Cholesterol-rich microdomains are highly spe-
cialised areas of the plasma membranes since
the adaptor, scaffolding or effector molecules
required for coupling receptors to intracellular
signalling pathways are localised in CMF.
Therefore, in theory the VDR, could be located
close to the machinery it requires to activate
non-genomic signalling pathways. Studies are
underway to confirm this possibility.

We have previously shown that 10,25
(OH)3D3 increases expression of the mRNA
encoding STS in HL60 cells [Hughes et al.,
2001]. The 10,25(0H);Ds-stimulated increase
in ST'S activity is blocked by the RXR antagonist
VTP195393 [Hughes et al., 2005], suggesting
the involvement of a VDR,,/RXR component.
However, this does not necessarily mean that
the STS gene is a direct 10,25(0H),D3 target.
Microarray experiments have shown that
10,25(0H)3D3 stimulates the expression of
>900 genes in SCC25 human oral squamous
carcinoma cells. Only 65% of these genes have a
functional VDRE in their promoter [Wanget al.,
2005]. The promoter region of the ST'S gene has
been identified [Li et al., 1996] and it does not
contain a canonical VDRE [data not shown].

Stimulation of STS activity/expression by
10,,25(0H)2D3 in HL60 and other myeloid cells
may well be independent of VDRE-mediated
events and may well be driven 10,25(0H)2Ds/
VDR, .-mediated activation of non-genomic
signalling pathways such as the ERK-MAP
kinase cascade. It is well established that MAP
kinase pathways play important roles in reg-
ulating eukaryotic gene expression in response
to extracellular stimuli by acting as (i) struc-
tural adaptors allowing the proper formation of
transcription factor/activator complexes and
(i) enzymatic activators of the transcription
machinery [Edmunds and Mahadevan, 2004].
In particular, it has been shown that ERK-MAP
kinase stimulates both the DNA binding ability
and the transcriptional activity of the NF-xB
and C/EBP transcription factors. 1,25 (OH);D3
stimulates an increase in the DNA binding
and transcriptional activity of both C/EBPJ
[Christakos et al., 2003; Ji and Studzinski,
2004; Studzinski et al., 2005] and NF-xB [Berry
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et al., 2002; Kim et al., 2002] in myeloid cells. C/
EBPB DNA binding capacity and transcrip-
tional activity is increased by phosphorylation
by ERK-MAP kinase or p90 Rsk kinase in
myeloid and other cell types [Cieslik et al.,
2005; Studzinski et al., 2005; Tang et al., 2005;
Wang et al., 2005]. In fact, activation of the
ERK-MAP kinase-p90 Rsk kinase-C/EBPj
signalling cassette is essential to the 10,25
(OH)2Ds-stimulated increase in the expression
of CD14 in HL60 cells [Studzinski et al., 2005].
One possible mechanism for the activation of
the p65 subunit of NF-«B is phosphorylation by
members of ERK-MAP kinase/MSK1/p90 Rsk
kinase signalling complex [Kim et al., 2001;
Vermeulen et al., 2002]. Computer analysis has
identified several potential NF-kB and C/EBPfJ
binding sites in the STS promoter [data not
shown]. Stimulation of the ERK-MAP kinase
activated pathways by 1¢,25(0H);D3 could
contribute to the increase in steroid sulphates
activity by activating C/EBPf and/or NF-«B.
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