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The Vitamin D Receptor-Mediated Activation of
Phosphatidylinositol 3-Kinase (PI3Ka) Plays a Role
in the 1a,25-Dihydroxyvitamin D3-Stimulated Increase
in Steroid Sulphatase Activity in Myeloid Leukaemic
Cell Lines
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Abstract In this article we show that 1a,25-dihydroxyvitamin D3 (1a,25(OH)2D3) stimulates the activity of the class
IA phosphatidylinositol 3-kinase PI3Ka and its downstream target Akt in HL60, U937 and THP-1 myeloid leukaemic cell
lines. Furthermore, we show that the classical nuclear vitamin D receptor (VDRnuc) is involved in this activation of the
PI3K/Akt signalling in these cell lines. We have previously shown that the activity of steroid sulphatase is stimulated in
HL60, U937 and THP-1 myeloid leukaemic cell lines by 1a,25(OH)2D3 (Hughes et al., [2001] Biochem J 355:361–371;
Hughes et al. [2005] J Cell Biochem 94:1175–1189; Hughes and Brown [2006] J Cell Biochem 98:590–617). In this article
we show that the 1a,25(OH)2D3-stimulated increase in signalling via the PI3K/Akt pathway plays a role in the increase in
steroid sulphatase activity in the HL60 U937 and THP-1 cell lines. We used a variety of pharmacological and biochemical
approaches to show that activation of PI3Kamediates the 1a,25(OH)2D3-stimulated increase in steroid sulphatase activity
in myeloid leukaemic cells. We also show that the PI3K/Akt dependent activation of NF-kB plays a role in the
1a,25(OH)2D3-stimulated increase in steroid sulphatase activity in myeloid leukaemic cells. J. Cell. Biochem. 103:
1551–1572, 2008. � 2007 Wiley-Liss, Inc.
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Recently, we have shown that the activity/
expression of the microsomal membrane-bound
enzyme steroid sulphatase (often called arylsul-
phatase C, EC 3.1.6.2) is increased by 1a,25-
dihydroxyvitamin D3 (1a,25(OH)2D3) in several

myeloid leukaemic cell lines [Hughes et al.,
2005]. Steroid sulphatase converts the ‘inactive’
estrogen and androgen pre-cursors estrone
sulphate (E1S) and dehydroepiandrosterone
sulphate (DHEAS) into ‘active’ steroids within
cells [Reed et al., 2005].

It is generally assumed that 1a,25(OH)2D3

associates with its cognate nuclear receptor
(VDRnuc) in the nucleus to generate its bio-
logical effects. In this scenario, the ligan-
ded VDRnuc dimerises with the retinoid
receptor-X (RXR) in the nuclear cytoplasm.
This heterodimer binds to vitamin D response
elements (VDRE) in the promoter regions
of 1a,25(OH)2D3-responsive genes to initiate
an exchange of transcriptional repressors
for transcriptional activators and drive the
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transcription of responsive genes [Jones et al.,
1998]. These ‘direct genomic’ responses are slow
and may take hours or days to become apparent.
Recent evidence suggests that the classical
model of nuclear receptor activation cannot
account for all the observed biological actions
of 1a,25(OH)2D3. For example, there are a large
number of 1a,25(OH)2D3-responsive genes that
do not have a discernible VDRE in their
promoter regions [Wang et al., 2006]. Further-
more, it has become increasingly accepted
that, like other steroid hormones, some of
1a,25(OH)2D3 biological effects are mediated
by the activation of rapid non-genomic signal-
ling pathways [Norman, 2006]. These rapid
‘non-genomic’ responses to 1a,25(OH)2D3 occur
within minutes of stimulation and are initiated
at the level of the cell membrane. There is
considerable debate whether a small pool of
classical VDRnuc in the cytoplasm which trans-
locates to the plasma membrane upon ligation
[Norman, 2006] or an alternate plasma mem-
brane-associated 1a,25(OH)2D3-binding pro-
tein (1,25D3-MARRS), recently identified as
ERp57 [Khanal and Nemere, 2007], drive
1a,25(OH)2D3-stimulated rapid non-genomic
signals.

Non-genomic signals appear to play an
important role in the 1a,25(OH)2D3-stimulated
increase in steroid sulphatase activity in mye-
loid leukaemic cells. We have shown that
VDRnuc-mediated activation of the Ras/RAF/
ERK-MAP kinase pathway plays an important
role in the 1a,25(OH)2D3-stimulated increase in
steroid sulphatase activity in myeloid leukae-
mic cell lines [Hughes and Brown, 2006]. Recent
evidence suggest that the phosphatidylinositol
3-kinase (PI3K) non-genomic signalling system
is also activated by 1a,25(OH)2D3 in myeloid
cells. 1a,25(OH)2D3-mediated stimulation of
PI3K appears to be essential for the monocytic
differentiation of both HL60 cells [Tse et al.,
2007] and THP-1 [Lee et al., 2004] myeloid
leukaemic cell lines and prevents apoptosis of
HL60 cells [Zhang et al., 2006]. In these myeloid
cell lines, the 1a,25(OH)2D3-stimulated PI3K
activity has been associated with an augmenta-
tion in Akt activity [Tse et al., 2007] and an
increase NF-kB DNA binding and gene tran-
scription [Tse et al., 2007] We have recently
demonstrated a role for the PI3K/Akt/NF-kB
signalling pathway in the retinoid-stimulated
increase in steroid sulphatase activity in mye-
loid cells [Hughes et al., 2005]. In this study, we

have used a combination of pharmacological
inhibitors and genetic interference approaches
to show that 1a,25(OH)2D3, acting via VDRnuc,
stimulates PI3Ka activity in myeloid leukaemic
cells and demonstrate that increased signalling
via the PI3Ka/Akt/NF-kB signalling cascade
is essential for the 1a,25(OH)2D3-stimulated
increase in steroid sulphatase activity.

EXPERIMENTAL PROCEDURES

Chemicals

1a,25(OH)2D3 was a gift from Dr. Lise Bind-
erup (Leo Pharmaceutical Products, Ballerup,
Denmark). The VDRnuc antagonists ZK159222
and ZK168281 were gifts from Dr. Andreas
Steinmeyer (Medicinal Chemistry III, Scher-
ing-Plough AB, Berlin, Germany). The non-
genomic VDR agonist 1a,25-dihydlumisterol3
and the antagonist 1b,25-dihydroxyvitamin D3

were a gift from Prof. Anthony Norman (Depart-
ment of Biochemistry, University of California
at Riverside, CA). All radiolabelled compounds
were purchased from Perkin-Elmer Life
Science Products-UK, Ltd (Cambridge, UK).
The non-specific PI3K inhibitors wortmannin,
LY294004, the PI3Ka specific inhibitor PX-866
and the PI3Kd inhibitor caffeine, the mTOR
inhibitor rapamycin, the IKK inhibitor thalido-
mide and the heterotrimeric G-protein inhibitor
pertussis toxin were purchased from the
Sigma Chemical Co. (Poole Dorset, UK). The
PIKa specific inhibitor 3-[4-(4-morpholinyl)th-
ioeno[3,2-d]pyrimidin-2-yl]-phenol (compound
15e), the PI3Kb inhibitor TGX-221 and PI3Kg
inhibitor AS-252424 were purchased from
Alexis Bichemicals. The Akt inhibitors 1-L-6-
hydroxymethyl-chiro-inositol-2I-2-O-methyl-3-
O-octadecyl-carbonate (Akt inhibitor I), SH-5
(Akt inhibitor II) and Tat-Akt-in Akt inhibitory
15-mer peptide (NH2-AVTDHPDRLWWEKF-
COOH, AKT inhibitor VII), the ‘non-specific’
tyrosine kinase inhibitor herbimycin A and
the Src tyrosine kinase inhibitor PP1 were
purchased from Calbiochem (Nottingham,
England, UK). The p85 blocking peptide
N-acetyl-Asp-Tyr(2-malonyl)-Val-Pro-Met-leu-
NH2 (PI3K-SH2-OMT) and the IKK inhibitor
wedelolactone were purchased from BIOMOL
International LP (Exeter, Devon, UK). Specific
antibodies directed against epitopes in the SH2-
containing N-termini of either p110a (clone B-9,
catalogue number sc-1637), p100b (clone H-198,

1552 Hughes et al.



catalogue number sc-7175) catalytic subunits
of PI3K and the VDRnuc antibody (sc-1008)
were purchased from Insight Biotechnology
(London, UK). The AKT FaceTM Elisa kit and
the ChariotTM protein transfection reagent
were purchased from Active Motif (Rixensart,
Belgium).

Cell Culture

HL60, U937 and THP-1 acute myeloid leu-
kaemia cell lines were grown in RPMI 1640
medium supplemented with 10% foetal calf
serum, penicillin (100 U/ml) and streptomycin
(100 mg/ml) in 95% air/5% CO2 at 378C. Cells
were seeded at 2.5� 105 cells per ml as 10 ml
cultures in 25 cm2 flasks and differentiation was
induced with 0.1–100 nM 1a,25(OH)2D3 for
3 days unless otherwise stated.

A subline of the promyelocyte cell line U937
(U937:Dp85-p18 cells) that contains a dominant
negative truncated PI3K p85 subunit (Dp85)
under the control of an IPTG/PMA/ZnCl2-
sensitive CMV driven promoter was obtained
from Dr. Phillip Hawkins (Inositide Signalling
Laboratory, Babraham Institute, Cambridge,
UK). Stock cultures of U937:Dp85-p18 cells were
established in antibiotic- and FBS-supplemented
RPMI 1640 medium 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.
These inducing agents were removed just before
cells were stimulated. This cell line has pre-
viously been used to show that a tyrosine
kinase-linked PI3Ks are involved in FcgR1-
mediated endocytosis of immune complexes
[Gillooly et al., 1999] and FcgR1-mediated acti-
vation of phospolipase Cg1 and PKC [Melendez
et al., 1999].

The role of PI3Ka in 1a,25(OH)2D3-stimu-
lated increase in PI3K activity was also inves-
tigated in a THP-1 cell line (THP-1:HR-p110a3)
in which expression of the p110a catalytic
subunit of PI3K was silenced by RNA interfer-
ence (RNAi). A short hairpin RNA targeting the
p110a catalytic subunit of PI3K was delivered
using a lentiviral-vector exactly as described in
Lee et al. [2004]. Expression of p110a was
abrogated whilst the levels of expression of
p110b and p110d, or the p85a regulatory
subunit were unchanged [Lee et al., 2004]. A
mock transfected cell line (THP-1:HR-mock)

was used as a control. Cells were grown as
described in Lee et al. [2004].

Transfection of THP-1 Cells With p110
Phosphatidylinositol 3-Kinase Catalytic

Subunit-Specific Antibodies Using the ChariotTM

Protein Delivery Reagent

THP-1 cells were loaded with antibodies
directed against the p110a, p110b or p110d
catalytic subunits of PI3K using the ChariotTM

protein transfection kit (Active Motif) essen-
tially as described by the manufacturer. In
brief, 5mg of antibody and 1mg ofb-galactosidase
were dissolved in 100ml of 2� sterile phosphate-
buffered saline (PBS) and mixed with 6 ml of
sonicated Chariot transfection reagent (sus-
pended in 100 ml sterile H2O). This mixture
was incubated at room temperature for 30 min
to form the transfection complex reagent. THP-
1 cells (5� 105) were washed twice with pre-
warmed serum-free RPMI 1640 and the final
cell pellet was mixed with the antibody/Chariot
mixture and incubated at 378C in a tissue
culture incubator. After 30 min a further
400 ml of serum free RPMI 1640 were added
to the cells to achieve the final transfection
concentration. The THP-1 cells were incubated
at 378C for a further 5 h to allow internalisation
of the antibody. Control cells were treated with
the Chariot reagent alone (6 mg in 200 ml of
sterile PBS). After antibody loading the cells
were washed twice in RPMI 1640 containing
10% FBS and re-suspended in a volume of 1 ml
and aliquoted into individual wells in a 24 well
tissue culture plate. As a second control at this
point 2 mg of the appropriate antibody was
added to aliquots of THP-1 cells that had been
‘mock’ transfected with PBS. At the end of the
incubation period a 100 ml aliquot of cells was
removed, fixed and stained for b-galactosidase
expression as described in the manufacturers
instructions to assess transfection efficiency.
The remainder of the cells were spilt into two
portions. One aliquot was used for to determine
the effect of 100 nM 1a,25(OH)2D3 on PI3K
activity. The other aliquot was stimulated with
100 nM 1a,25(OH)2D3 for 24 h and steroid
sulphatase activity was measured as described
below. Using this antibody loading protocol
THP-1 cells remained >90% viable for at least
96 h after transfection. However, significant
toxicity was observed in both HL60 and U937
cells within 48 h of protein transfection, so the
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effect of p110 antibody loading was not pursued
in these cell lines.

Measurement of Steroid Sulphatase
Activity in Cell Fractions

Cells were collected by centrifugation and re-
suspended in 1 ml of hypotonic homogenisation
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 48C for 60 min. The pellet was re-
suspended in 0.5 ml of the same buffer by
sonication and its protein concentration was
measured (Bio-Rad kit, Hemel Hempstead,
Herts, UK). Steroid sulphatase activity was
assayed at 378C in 0.02 M Tris-HCl (pH 7.5)
containing 20 mM E1S (spiked with �100,000
dpm of [3H]-E1S) in a final volume of 100 ml.
Reactions were started with 30–80 mg protein
and were quenched after 60 min with 900 ml of
ice-cold 0.1 M sodium bicarbonate containing
5,000 dpm of [14C]-E1 to determine the recovery
of the extraction process. Nine hundred and fifty
microlitres of the resulting mixture were
extracted with 3 ml of toluene and the organic
and aqueous layers were separated. Eight
millilitres of Emulsifier Safe scintillant (Can-
berra 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 substrate into the
organic layer determined in blank incubations
without cell protein.

In Vivo Labelling of Polyphosphoinositides,
Lipid Extraction, and Separation by

Thin-Layer Chromatography

Myeloid leukaemic cells were cultured over-
night in RPMI 1640 containing 0.5% FBS and
then washed twice in phosphate-free RPMI/
0.5% dialysed FBS and finally re-suspended in
the same medium containing carrier-free [32P]-
orthophosphate (2.0 mCi/ml) and incubated at
378C for 3 h. The cells were washed twice in
phosphate-free RPMI 1640/0.5% FBS/antibiot-
ics and re-suspended at a cell density of 2� 107

cells per ml. The cells were incubated at 378C for
30 min. In some experiments cells were treated
during this incubation period with the vitamin
D receptor antagonists ZK159222 (500 nM) and
ZK168281 (500 nM), 1b,25-dihydroxyvitamin
D3 (500 nM), an antagonist of non-genomic
vitamin D signalling, tyrosine kinase inhibitors

genistein (100 mM) or PP1 (25 mM) or the
G-protein inhibitors suramin (100 mM) or
pertussis toxin (2 mg ml�1). Cells were stimu-
lated with 100 nM 1a,25(OH)2D3 for 5 min in a
final reaction volume was 400 ml. Reactions
were terminated by the addition of 1.5 ml
ice cold chloroform/methanol (1:2 v/v) contain-
ing butylated hydroxytoluene (1 mg ml�1) and
10 ml of a freshly prepared 1:1:1 mixture of
PtdIns/PtdIns(4)P/PtdIns(4,5)P2 in chloroform
(1 mg ml�1 of each lipid) was added as carrier.
Lipids were extracted by standard methods and
32P-phosphoinositides were separated by tlc
using oxalate-impregnated silica gel plates with
chloroform/acetone/methanol/acetic acid/water
(80:30:26:24:14 v/v) as the mobile phase. The
position of the 32P-labelled phosphoinositides
was compared with migration of unlabel-
ed standards [PtdIns(4)P, PtdIns(4,5)P2 and
PtdIns(3,4,5)P3]. The spot corresponding to
32P-PtdIns(3,4,5)P3 was scraped and counted
by liquid scintillation spectrometry. Due to the
inherent variability of degree of 32P-labelling in
each experiment all results are expressed as the
fold change from unstimulated cells.

Measurement of In Vivo AKT Activity
in Myeloid Cells

1a,25(OH)2D3-stimulated AKT activity was
measured using the FACETM AKT chemilumi-
nescent Elisa assay kit (Actif Motif Europe,
Rixensart, Belgium). The assay measures both
total AKT and phosphorylated AKT (Ser473
phosphorylation) levels using sensitive primary
antibodies and an HRP-conjugated secondary
antibody. Myeloid cells were harvested by
centrifugation and re-suspended at a concen-
tration of 106 cells per ml in pre-warmed serum
free RPMI 1640. After a 2 h equilibration period,
the cell suspension was stimulated with 100 nM
1a,25(OH)2D3 for up to 24 h. One hundred
microlitres of the cell suspension was removed
and was labelled with crystal violet (100 ml) for
30 min. The cells were lysed by sonication and
absorbance was measured at 595 nM. This was
done to ensure that equal numbers of cells were
assayed and to normalise data from the AKT
assay. A duplicate 100 ml sample was taken
and centrifuged at 30,000g for 60 s at 48C to
terminate the reaction. The supernatant was
aspirated and cells were immediately fixed with
100 ml of 8% (v/v) formaldehyde in PBS for
30 min at room temperature. The samples
were then processed as per the manufacturers
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recommendations except that each reaction was
carried out in a 1.5 ml eppendorf tube which was
centrifuged for 30 s at 30,000g between each
washing or labelling step. The final supernatant
was transferred to a polycarbonate LP4 tube
and chemiluminescence was measured in a
Berthold LB 953 luminometer.

Statistical Analysis

The statistical significance between groups of
data were analysed 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 SPSS (ver-
sion.13.0) or the SigmaStatTM statistical soft-
ware 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 Sigma-
plotTM (version 8.0) graphical software package.

RESULTS

1a,25-Dihydroxyvitamin D3 Stimulates Tyrosine
Kinase-Activated, but not Heterotrimeric

G-Protein-Coupled, Phosphatidylinositol 3-Kinase
Isoforms in HL60, U937 and THP-1 Myeloid

Leukaemic Cells Lines

Figure 1A shows that 100 nM 1a,25(OH)2D3

simulated a biphasic increase in PI3K activ-
ity (as measured by an increase in 32P-
PtdIns(3,4,5)P3) in serum-deprived 32P-labelled
HL60, U937 and THP-1 myeloid leukaemic cell
lines. An increase in 32P-PtdIns(3,4,5)P3 con-
tent became apparent in each cell line within
1 min of stimulation and peaked �4- to 8-fold
over basal within 5–10 min of stimulation. The
level of 32P-PtdIns(3,4,5)P3 gradually began to
wain reaching a nadir some 60–120 min after
stimulation followed by a second smaller rise in
32P-PtdIns(3,4,5)P3 levels that was still appa-
rent 24 h after 1a,25(OH)2D3 addition (Fig. 1A).
The 1a,25(OH)2D3-stimulated accumulation of
32P-PtdIns(3,4,5)P3 was blocked in all three
myeloid leukaemic cell lines by >70% by pre-
treatment with wortmannin (100 nM) and
LY294002 (10 mM; data not shown). This early
rise in PI3K activity produced by 1a,25(OH)2D3-
stimulation was not blocked by pre-treating
the cells with cycloheximide, indicating that
this effect of 1a,25(OH)2D3 is mediated by pre-
existing proteins (data not shown).

The Nuclear Vitamin D Receptor Is Involved in
the 1a,25-Dihydroxyvitamin D3-Stimulation of

Phosphatidylinositol 3-Kinase Activity

Figure 1B shows that both 1a,25(OH)2D3

(100 nM) and 1a,25-dihydroxylumisterol3
(100 nM) stimulated PI3K activity in HL60
cells. The maximum response produced by
1a,25-dihydroxylumisterol3 was only �60 %
of that produced by 1a,25(OH)2D3. 1b,25-
Dihydroxyvitamin D3 (1b,25(OH)2D3) is a spe-
cific antagonist of the activation of non-genomic
signalling by 1a,25(OH)2D3. Figure 1B also
shows that the 1a,25(OH)2D3- and the 1a,25-
dihydroxylumisterol3-stimulated increases in
PI3K activity in HL60 cells were reduced by a
five-fold excess of the non-genomic antagonist
1b,25(OH)2D3. The vitamin D analogues
ZK159222 and ZK168281 bind to the VDRnuc

with high affinity but have very low agonist
activity and antagonise VDRnuc-mediated trans-
activation [Herdick et al., 2000; Ociai et al.,
2005]. Figure 1B shows that the 1a,25(OH)2D3

and 1a ,25-dihydroxylumisterol3 -stimulated
increases in PI3K activity were blocked by a
fivefold excesses of ZK159222 and ZK16821. Pre-
treatment with the RXR antagonist VTP195393
or the PPARg antagonist GW9662 failed to have
any effect on the 1a,25(OH)2D3-stimulated
increase in PI3K activity in HL60, cells (data
not shown). Similar results were obtained using
U937 and THP-1 cells (data not shown).

1a,25-Dihydroxy Vitamin D3 Preferentially
Activates PI3Ka in Myeloid Leukaemic Cells

Myeloid cells express multiple PI3K isoforms,
each of which has a distinct role in cellular
proliferation, differentiation and chemotaxis.
The three members of the class IA PI3K
subfamily are heterodimers comprising of a
unique catalytic subunit (p110a, p110b or
p110d) and a tightly associated regulatory
subunit (p85). Convention has it that the class
IA isoforms are activated downstream of tyro-
sine kinase coupled receptors. Perhaps the most
abundant PI3K isoform in leucocytes is the class
IB family member PI3Kg, which is activated by
receptors coupled to heterotrimeric G-proteins
[Hawkins et al., 2006]. Depending on the cell
type studied, 1a,25(OH)2D3 signals via tyrosine
kinase- [Boland et al., 2005] or heterotrimeric
G-protein activated-signalling pathways [Le
Mellay et al., 1999]. Therefore, in theory
1a,25(OH)2D3 could activate any of the class
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IA PI3K isoforms and/or PI3Kg in myeloid
leukaemic cells. We compared the properties of
the 1a,25(OH)2D3-stimulated activation of
PI3K in myeloid leukaemic cells with agents
that activate PI3K via the tyrosine kinase or the
heterotrimeric G-protein routes. HL60 and
other myeloid cells express insulin receptors
[Lord et al., 1988], which are coupled to the
PI3K/Akt signalling pathway [Liu et al., 1998].
In most cell types, insulin and IGF-1 activate

multiple class IA PI3K isoforms (usually pre-
dominately PI3Ka with varying contributions
PI3Kb or PI3Kd), in a tyrosine kinase depend-
ent manner [Chaussade et al., 2007]. In con-
trast, the nucleotide ATP potentially activates
the class IA PI3Kb isoform and class IB PI3Kg
via heterotrimeric G-protein coupled P2Y puri-
noceptors [Cosemans et al., 2006]. To inves-
tigate which class of PI3K is activated by
1a,25(OH)2D3 and other activators of PI3K,

Fig. 1. 1a,25-Dihydroxyvitamin D3 stimulates tyrosine kinase-
activated, but not heterotrimeric G-protein-coupled, phosphati-
dylinositol 3-kinase isoforms in HL60, U937 and THP-1 myeloid
leukaemic cells lines. Panel A shows the time course of the
increase in PI3K activity in HL60 (*), U937 (!) and THP-1 (&)
cells after stimulation with 100 nM 1a,25(OH)2D3. Panel B: The
1a,25(OH)2D3- (100 nM, black column) or 1,25-dihydroxylu-
misterol3- (100 nM, hatched column) stimulated increase in
phosphatidylinositol 3-kinase activity in serum-starved HL60
cells was inhibited by the genomic antagonists ZK159222
(500 nM) or ZK168281 (500 nM) and the non-genomic
antagonist 1b,25(OH)2D3 (500 nM). Cells were treated with the
antagonist for 30 min prior to agonist stimulation. Cells were then
stimulated with the agonist under test for a further 15 min. Panel C
shows the effects of the general tyrosine kinase inhibitor

herbimycin A (50 mM), the Src family tyrosine kinase inhibitor
PP1 (25 mM) or the heterotrimeric G-proteins inhibitors pertussis
toxin (2 mg ml�1) or suramin (100 mM) on 1a,25(OH)2D3-,
insulin- and ATP-stimulated increase in phosphatidylinositol 3-
kinase activity in serum-starved HL60 myeloid leukaemic cells.
The cells were treated with the inhibitors for 1 h prior to
stimulation. Cells were then stimulated with the agonist under
test for a further 15 min. In each set of experiments the cells were
labelled with 32P and phosphoinositides were extracted,
separated and quantitated as described in the Experimental
Procedures Section. The data are presented as the mean� s.e.m.
of the fold increase in 32P-PtdIns(3,4,5)P3 production over
control and were obtained in three experiments each performed
in duplicate.
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myeloid leukaemic cell lines were treated with
the general tyrosine kinase inhibitor herbimy-
cin A (50 mM), the Src family tyrosine kinase
inhibitor PP1 (25 mM) or the heterotrimeric
G-proteins inhibitors pertussis toxin (2 mg ml�1)
or suramin (100 mM) for 1 h prior to stimulation.

Figure 1C shows that exposure of 32P-labelled
HL60 cells to 100 nM 1a,25(OH)2D3 produced a
sixfold increase in the level of PtdIns(3,4,5)P3

within 10 min of challenge. This increase was
blocked by both herbimycin A and PP1, but was
not significantly affected by suramin or pertus-
sis toxin. ATP (1 mM) stimulated a �4-fold
increase in PI3K activity in HL60 cells that was
blocked by pre-treatment with pertussis toxin
and suramin, but was unaffected by herbimycin
A (Fig. 1C). The insulin (5 mg/ml)-stimulated
increase in PI3K activity in HL60 cells was
completely blocked by herbimycin A and was
unaffected by inhibitors of heterotrimeric G-
protein signalling (Fig. 1C). Similar results
were obtained using U937 and THP-1 cells
(data not shown).

The p85 regulatory subunit of PI3K interacts,
via its SH2 domain, with phosphotyrosine
motifs on activated receptor tyrosine kinases
or other accessory proteins, such as IRS-1
[Songyang et al., 1993]. The cell permeant
peptide N-acetyl-Asp-Tyr(2-malonyl)-Val-Pro-
Met-leu-NH2 (PI3K-SH2-OMT) mimics these
tyrosine phosphorylated binding targets of
p85 and prevents activation of PI3K by
agonists whose receptors are either directly or
indirectly linked to tyrosine kinases [Ye et al.,
1995]. Figure 2A shows that PI3K-SH2-OMT
(25 mM) blocked the early increase in PI3K
activity in 32P-labelled HL60, U937 and THP-1
cells stimulated by 100 nM 1a,25(OH)2D3.
Similarly, the insulin-stimulated increases in
PI3K activity in HL60, U937 and THP-1 cells
were blocked by PI3K-SH2-OMT. However,
PI3K-SH2-OMT failed to have any effect on
ATP-stimulated PI3K activity in each of
the myeloid leukaemic cell lines. As an
alternate approach we used U937 cells
(U937:Dp85-clone18 cells) which when treated
with TPA/Zn2þ/IPTG over-express a truncated
dominant negative p85 subunit (data not
shown). In uninduced U937:Dp85-clone18 cells,
1a,25(OH)2D3 (100 nM), insulin (5 mg/ml) and
ATP (1 mM) all produced a modest two- to
fivefold increases in PI3K activity (Fig. 2B).
When expression of the dominant negative p85
subunit (Dp85) was induced, the increases in

PI3K activity induced by 1a,25(OH)2D3 and
insulin were severely blunted, whilst the
response to ATP was essentially unaffected
(Fig. 2B).

The 1a,25(OH)2D3-stimulated increase in
steroid sulphatase activity was blocked by
>60% (p< 0.05) by treating each of the myeloid
leukaemic cells with 25 mM PI3K-SH2-OMT
(Fig. 2C). Similarly, Figure 2D shows that
the 1a,25(OH)2D3-stimulated increase in ste-
roid sulphatase activity was inhibited by >75%
(n¼ 16, P> 0.00001) following induction of
expression of the dominant negative p85 sub-
unit. Therefore, blockade of the association of
the p85 with its tyrosine phosphorylated target
proteins is sufficient to significantly impair the
ability of 1a,25(OH)2D3 to stimulate an increase
in steroid sulphatase activity. These results
are consistent with the involvement of one of
the class IA PI3K isoforms.

To identify the p110 catalytic subunit
recruited to p85a THP-1 cells were loaded with
an antibody specific for either p110a, p110b or
p110d using the ChariotTM protein transfection
reagent. THP-1 cells were used in this experi-
ment because the transfection efficiency was
low (consistently below 40%) in HL60 or U937
and <10–20% of these cells survived the trans-
fection process. Antibody loaded THP-1 cells
were then labelled with 32P and stimulated
with 1a,25(OH)2D3. Figure 3A shows that in
the sham-loaded cells 100 nM 1a,25(OH)2D3

increased PI3K activity by 4.1� 0.32-fold over
basal (*, n¼ 3, P¼ 0.002). There was a great
deal of variation in the degree of 1a,25(OH)2D3-
stimulated increase in PI3K activity in p110a
antibody loaded cells, ranging from 1.27 to 3.42
fold over basal (!, mean¼ 2.23� 0.25, n¼ 7,
P¼ 0.0002). The variability of the response is
related to the efficiency of transfection because
if the fold increase in 1a,25(OH)2D3-stimulated
PI3K activity is plotted against the efficiency of
transfection a clear inverse correlation emerges
(r2¼ 0.88, Fig. 3B). In p110b antibody-loaded
cell samples only a modest decrease in
1a,25(OH)2D3-stimulated PI3K activity (&,
3.27� 0.12-fold, n¼ 4, P¼ 0.055, Fig. 3B) was
seen, even though transfection efficiency
was greater than 60% in each sample.
The 1a,25(OH)2D3-stimulated PI3K activity
was unaltered in p110d antibody loaded cells
(}, 3.78� 0.18-fold, n¼ 4, P¼ 0.72, Fig. 3A).
These data show that 1a,25(OH)2D3-mediated
activation of PI3Ka generates the bulk of the

PI3Ka Mediates the Vitamin D3-Stimulated Increase in Steroid Sulphatase Activity 1557



early rise in Ptds(3,4,5)P3 levels in THP-1 cells.
A minor contribution is made by PI3Kb and
there is none at all from PI3Kd.

The role of PI3Ka in 1a,25(OH)2D3-stimu-
lated increase in PI3K activity was confirmed
in a THP-1 cell line (THP-1:HR-p110a3) in
which expression of the p110a catalytic subunit
of PI3K was silenced by RNAi. Figure 3C shows

that an increase in PI3K activity was induced
in THP-1:HR-mock cell line by 1a,25(OH)2D3,
insulin and ATP. In the silenced THP-1:HR-
p110a3 cell line only ATP produced the
expected increase in PI3K activity and both
the 1a,25(OH)2D3- and insulin-stimulated
increases in PI3K activity were reduced
by >70%.

Fig. 2. 1a,25-Dihydroxyvitamin D3 preferentially activates a
tyrosine-kinase activated phosphatidylinositol 3-kinase in mye-
loid leukaemic cells. Panel A shows that the cell permeable
peptide N-acetyl-Asp-Tyr(2-malonyl)-Val-Pro-Met-leu-NH2

(PI3K-SH2-OMT) blocks 1a,25(OH)2D3—and insulin—but not
ATP-stimulated PI3K activity in HL60 cells. HL60 cells were
incubated with 25 mM PI3K-SH2-OMT for 60 min prior to
stimulation with 100 nM 1a,25(OH)2D3, 5 mg/ml insulin or 1 mM
ATP for 15 min. Panel B shows that 1a,25(OH)2D3 and insulin but
not ATP failed to stimulate PI3K activity in induced U937:Dp85-
clone 18 cells. When 20 mM IPTG, 1 nM PMA and 100 mM ZnCl2
for 16 h U937:Dp85-clone 18 cells over-express a truncated
dominant-negative p85 subunit (Dp85). Inducing agents were
removed just before cells were stimulated with 100 nM
1a,25(OH)2D3, 5 mg/ml insulin or 1 mM ATP for 15 min. For the
experiments shown in panels A and B the cells were labelled with
32P and phosphoinositides were extracted, separated and
quantitated as described in the Experimental Procedures Section.
In each experiment the data are presented as the mean� s.e.m. of
the fold increase in 32P-PtdIns(3,4,5)P3 production over control
and was obtained in four experiments performed in triplicate.

Panel C shows that the cell permeable peptide N-acetyl-Asp-
Tyr(2-malonyl)-Val-Pro-Met-leu-NH2 (PI3K-SH2-OMT) blocks
1a,25(OH)2D3—and insulin—but not ATP-stimulated increase
in steroid sulphatase activity in HL60 cells, U937 and THP-1
myeloid leukaemic cells. Cells were incubated with 25 mM PI3K-
SH2-OMT for 60 min prior to stimulation with 100 nM
1a,25(OH)2D3, 5 mg/ml insulin or 1 mM ATP for 72 h. Panel D
shows that failed to stimulate an increase in steroid sulphatase
activity in Dp85 induced U937:Dp85-clone 18 cells. The
expression of Dp85 was induced in U937:Dp85-clone 18 cells
as described in panel A. Aliquots of induced and uninduced
U937:Dp85-clone 18 cells were stimulated with 100 nM
1a,25(OH)2D3 for 72 min. Panels C and D show the steroid
sulphatase activity recovered from the microsomal fraction and
was measured as described in the Experimental Procedures
Section. Results are shown as the mean� s.e.m. steroid
sulphatase activity expressed as the nmoles of E1 formed per hr
per mg of protein. The data shown in panel C was obtained in
three experiments performed in triplicate. The data shown in
panel D was obtained in 16 experiments performed in triplicate.
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1a,25-Dihydroxyvitamin D3-Stimulated PI3Ka
Increases Phosphorylation of AKT in HL60 Cells

Figure 4A shows that the ratio of activated
Akt phosphorylated on (serine-473) to total
cellular following stimulation of HL60 cells
with 100 nM 1a,25(OH)2D3. Akt activity was
increased following stimulation of HL60
cells with 1a,25(OH)2D3, becoming significant
within 15 min of the addition of the secosteroid
and persisted for at least 96 h after stimulation.
Zhang et al. [2006] have recently shown that
1a,25(OH)2D3 causes a similar persistent acti-
vation of Akt in HL60 cells. 1a,25(OH)2D3-
stimulated increased in AKT phosphorylation
(measured 60 min after stimulation) was
dose responsive with an IC50 of �0.9 nM and
was blocked by the non-specific PI3K inhibi-
tor LY294002 (Fig. 4B). Furthermore, the
1a,25(OH)2D3-stimulated increase in Akt phos-
phorylation was also significantly reduced
by the genomic antagonist ZK159222 (IC50¼
130� 34 nM) and the non-genomic antago-
nist 1b,25(OH)2D3 (IC50� 900 nM, Fig. 4C).
Figure 4D shows that 1a,25(OH)2D3 and insulin
stimulated an increase in Akt phosphorylation
(measured 60 min after stimulation) in the
THP-1:HR-mock cell line but not in the silenced
THP-1:HR-p110a3 cell line.

PI3Ka Is Involved in the 1a,25-Dihydroxyvitamin
D3-Stimulated Increase in Steroid Sulphatase
Activity in HL60, U937 and THP-1 Myeloid

Leukaemic Cells Lines

To investigate whether an increase in PI3K
activity plays a role in the 1a,25(OH)2D3-
stimulated increase in steroid sulphatase activ-
ity in myeloid cells HL60 cells were treated
with small molecule inhibitors of PI3K, some
of which show limited selectivity between
PI3K isoforms, before 1a,25(OH)2D3-stimula-
tion. Figure 5A shows that both wortmannin
and LY294002 produced a dose responsive
inhibition of 1a,25(OH)2D3-stimulated steroid
sulphatase activity. These data reveal that
PI3K is playing a role in the 1a,25(OH)2D3-
stimulated in steroid sulphatase activity in
myeloid leukaemic cells. However, neither
wortmannin nor LY294002 are selective for
individual PI3K isoforms and these experi-
ments do not identify the particular class of
PI3K that is involved in mediating this effect.
Compounds that selectively inhibit individual
p110 isoforms are becoming available [Hawkins

Fig. 3. 1a,25-dihydroxy vitamin D3 preferentially activates
PI3Ka in myeloid leukaemic cells. Panel A: THP-1 cells (5�105)
were loaded with p110a (!), p110b (&) and p110d (})
antibodies (5 mg) and b-galactosidase (1 mg) using the ChariotTM

protein delivery reagent as described in the Experimental
Procedures Section. The antibody loaded cells were labelled
with 32P, stimulated with 100 nM 1a,25(OH)2D3 for 15 min.
Phosphoinositides were extracted, separated and quantitated as
described in the Experimental Procedures Section. The data are
presented as the mean fold increase in 32P-PtdIns(3,4,5)P3

production over control, each experiment was performed in
duplicate. Panel B shows a plot of the mean fold increase in 32P-
PtdIns(3,4,5)P3 production over control produced by stimulating
p110a antibody loaded-THP-1 cells stimulated with 100 nM
1a,25(OH)2D3 versus the efficiency antibody loading. Trans-
fection efficiency was assessed by estimating the number of cells
expressingb-galactosidase activity and was measured essentially
as described in the manufacturers recommendations. Panel C
shows the mean fold increase in 32P-PtdIns(3,4,5)P3 production
over control produced by stimulating THP-1:HR-p110a3 cells
(black columns) in which expression of the p110a catalytic
subunit of PI3K was silenced by RNAi [Lee et al., 2004] or THP-
1:HR-mock cells (hatched columns) with either 100 nM
1a,25(OH)2D3, ATP (1 mM) or insulin (5 mg/ml). Cells were then
stimulated with the agonist under test for 15 min. The cells were
labelled with 32P and phosphoinositides were extracted,
separated and quantitated as described in the Experimental
Procedures Section. The data are presented as the mean� s.e.m.
of the fold increase in 32P-PtdIns(3,4,5)P3 production over
control and was obtained in four experiments performed in
duplicate.
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et al., 2006]. For example, PX-866 [Ihle et al.,
2005] and 3-[4-(4-morpholinyl)thioeno[3,2-
d]pyrimidin-2-yl]-phenol (compound 15e) [Hay-
akawa et al., 2006] have recently been shown to
be relatively specific PI3Ka inhibitors [Hawkins
et al., 2006]. Figure 5A also shows that the

1a,25(OH)2D3-stimulated increase in steroid
sulphatase activity in the HL60 cell line
was inhibited by >75% by 10 mM PX-866 or
1 mM 3-[4-(4-morpholinyl)thioeno[3,2-d]pyrimi-
din-2-yl]-phenol. Similarly, at concentrations
below 1 mM TGX-221 has been used as specific

Fig. 4. 1a,25-Dihydroxyvitamin D3 stimulated PI3Ka increases
phosphorylation of AKT in HL60 cells. Panel A shows the time
course of activation of Akt in HL60 cells stimulated with 100 nM
1a,25(OH)2D3. Data are shown as the ratio of activated (serine-
473 phosphorylated) Akt (pAkt) to total cellular Akt. The
normalised levels of pAkt and Akt were measured using the
FACETM AKT chemiluminescent Elisa assay kit (Actif Motif
Europe, Rixensart, Belgium) essentially as described in the
Experimental Procedures Section. The data are presented as the
mean� s.e.m. of the ration of pAkt/total Akt and was obtained in
three experiments performed in triplicate. Panel B shows that the
1a,25(OH)2D3-stimulated Akt phosphorylation in HL60 cells
was blocked by with the non-selective PI3K inhibitor LY294002.
Cells were pre-treated with 25 mM LY294002 for 30 min prior to
60 min stimulation with 100 nM 1a,25(OH)2D3. The normalised
levels of pAkt and Akt were measured essentially as described
above. The data are presented as the mean� s.e.m. of the ratio of
pAkt/total Akt and was obtained in two experiments performed in
triplicate. Panel C shows that 1a,25(OH)2D3-stimulated Akt

phosphorylation in HL60 cells was blocked by both the genomic
antagonist ZK159222 (*) or the non-genomic antagonist
1b,25(OH)2D3(&). HL60 cells were pre-treated with 10–
1,000 nM ZK159222 or 10–1,000 nM 1b,25(OH)2D3 for
30 min prior to 60 min stimulation with 100 nM 1a,25(OH)2D3.
The normalised levels of pAkt and Akt were measured essentially
as described above. The data are presented as the mean� s.e.m.
of the ratio of pAkt/total Akt and was obtained in three
experiments performed in triplicate. Panel D shows the effect
of 1a,25(OH)2D3 or insulin on the activation of Akt in THP-1:HR-
p110a3 cells (black columns) or THP-1:HR-mock cells (hatched
columns). Cells were stimulated with either 100 nM
1a,25(OH)2D3, or insulin (5 mg/ml) for 60 min. The normalised
levels of pAkt and Akt were measured using the FACETM AKT
chemiluminescent Elisa assay kit (Actif Motif Europe, Rixensart,
Belgium) essentially as described in the Experimental Procedures
Section. The data are presented as the mean� s.e.m. of the ratio
of pAkt/total Akt and was obtained in four experiments performed
in triplicate.
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PI3Kb inhibitor in several haematopoietic cell
systems [Condliffe et al., 2005; Jackson et al.,
2005]. Figure 5A shows that the 1a,25(OH)2D3-
stimulated increase in steroid sulphatase activ-
ity in the HL60 cell line was inhibited by �15%
by 500 nM TGX-221. There are no commercially
available high potency PI3Kd specific inhibitors
but the methylxanthine caffeine has been
shown to be relatively specific inhibitor of PI3Kd
[IC50� 500 mM vs. PI3Kd compared with 10 mM
vs. PI3Ka or PI3Kb, Foukas et al., 2002].
Figure 5A shows that 1 mM caffeine inhibited
1a,25(OH)2D3-stimulated steroid sulphatase
activity in the HL60 cell line by �10%. AS-
252424 (up to 1 mM) has been shown to be a
specific inhibitor PI3Kg activation in intact
myeloid leukaemic cells [Pomel et al., 2006].
Figure 5A shows that the 1a,25(OH)2D3-stimu-
lated increase in steroid sulphatase activity in
the HL60 cell line was essentially unaffected by
pre-treatment with 5 mM AS-252424.

To confirm that PI3Ka plays a role in the
1a,25(OH)2D3-stimulated increase in steroid
sulphatase activity we used THP-1 cells loaded
with specific p110 isoform specific blocking
antibodies. In this experiments aliquots of cells
were selected so>60–70% of the cells contained
the blocking antibody under test prior to
stimulation with 1a,25(OH)2D3. Figure 5B
shows that loading THP-1 cells with a p110a
antibody reduced the 1a,25(OH)2D3-stimulated
increase in steroid sulphatase activity by �70%
(n¼ 3, P< 0.01). The 1a,25(OH)2D3-stimulated
increase in steroid sulphatase activity was only
marginally reduced in p110b- (�25% inhibition,
n¼ 3, P¼ 0.12) and was essentially unaffected
in p110d-loaded cells (�10% inhibition, n¼ 3,
P¼ 0.77).

Figure 5C shows that 100 nM 1a,25(OH)2D3

produced an �5-fold increase in steroid sulpha-
tase activity in the sham transfected THP-
1:HR-mock cell line whilst in transfected
THP-1:HR-p110a3 cells steroid sulphatase
activity was stimulated� by less than 60% by
100 nM 1a,25(OH)2D3 (n¼ 40, P< 0.0000005).
Similarly, the increases in steroid sulphatase
activity stimulated by insulin and IGF-1 or SCF
were severely attenuated in the THP-1:HR-
p110a3 cell line when compared to the mock
transfected control cell line (n¼ 12, P< 0.0003
and <0.0000005 respectively, Fig. 5D).

Taken together these observations show that
1a,25(OH)2D3-mediated activation of PI3Ka,
rather than PI3Kb or PI3Kd, is involved in

the secosteroid-stimulated increase in steroid
sulphatase activity in myeloid cells.

The Effect of AKT Inhibitors on the
1a,25-Dihydroxyvitamin D3-Stimulated Increase
in Steroid Sulphatase Activity in HL60, U937 and

THP-1 Myeloid Leukaemic Cells Lines

Several non-phosphorylatable phosphatidylino-
sitol ether lipid analogues (e.g. 1-L-6-hydroxy-
methyl-chiro-inositol-2I-2-O-methyl-3-O-octadecyl-
carbonate (HIMO, Akt inhibitor I), SH-5 (Akt
inhibitor II)) have been developed that act as
either competitive inhibitors of the PI3K by
mimicking the substrate PtdIns(4,5)P2, or as
competitive Akt inhibitors that prevent the
membrane association of Akt by binding to its
PH domain [Hu et al., 2000; Kozikowski et al.,
2003]. Inhibitory cell-permeant 15-mer peptide
TAT-Akt-in (Akt inhibitor VII) has also been
developed that binds directly to the Akt PH
domain [Hiromura et al., 2004]. Figure 6A
shows that the 1a,25(OH)2D3-stimulated
increase in Akt phosphorylation (measured 2 h
after stimulation) was inhibited by >85% by
10 mM HIMO, 10 mM SH5 and 30 mM TAT-Akt-
in. Matkovic et al. [2006] have shown that the
retinoid-stimulated increase in Akt phosphor-
ylation is inhibited by similar concentrations
of these Akt inhibitors. Prolonged incubation
(>48 h) of myeloid leukaemic cell lines with the
Akt inhibitors produced unacceptably high
levels of cytotoxicity (data not shown). There-
fore, to assess the effects of the Akt inhibitors on
the 1a,25(OH)2D3-stimulated increase in ste-
roid sulphatase activity, the myeloid cell lines
were incubated with increasing concentrations
of Akt inhibitor for 60 min prior to stimulation
with 100 nM 1a,25(OH)2D3. Steroid sulphatase
activity was measured 24 h later. Using this
protocol, the cell preparations were still �90–
95% viable at the time when steroid sulphatase
activity was evaluated. In each of the myeloid
leukaemic cell lines the Akt inhibitors
blocked the 1a,25(OH)2D3-stimulated increase
in steroid sulphatase activity in a dose respon-
sive fashion (HIMO, IC50� 0.5–5 mM (Fig. 6B),
SH5, IC50� 2–5 mM (Fig. 6C), TAT-Akt-in,
IC50� 10–50 mM, Fig. 6D). It must be noted
that the inhibition of the 1a,25(OH)2D3-stimu-
lated increase in steroid sulphatase activity
achieved by each inhibitor was approximately
80% of the maximum stimulation.

These data show that the PI3Ka-activated
Akt plays an important role in the
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1a,25(OH)2D3-mediated stimulation of steroid
sulphatase activity in myeloid leukaemic cell
lines. A small fraction of the total 1a,25(OH)2D3-
stimulated increase in steroid sulphatase activ-
ity was insensitive to both PI3K and Akt
inhibitors, even at concentrations that com-

pletely blocked PI3K and Akt activation. Thus,
other PI3K/Akt independent factors (e.g. the
MAP kinase cascade [Hughes and Brown,
2006]) are also involved in the 1a,25(OH)2D3-
mediated augmentation of steroid sulphatase
activity.

Fig. 5. PI3Ka mediates the 1a,25-dihydroxyvitamin D3-stimu-
lated increase in steroid sulphatase activity in myeloid leukaemic
cells. Panel A the 1a,25(OH)2D3-stimulated increase in steroid
sulphatase activity was abrogated in Hl60 cells by pharmaco-
logical inhibition of PI3K HL60 cells were incubated with the
inhibitor under test for 60 min prior to stimulation with 100 nM
1a,25(OH)2D3. Microsomal steroid sulphatase activity was
measured 72 h after stimulation as described in the Experimental
Procedures Section. Results are presented as the mean� s.e.m.
steroid sulphatase activity expressed as the nmoles of E1 formed
per hr per mg of protein. The data were obtained in 3–9
experiments each performed in triplicate. Panel B shows that the
1a,25(OH)2D3-stimulated increase in steroid sulphatase activity
was abrogated in THP-1 cells loaded with p110a antibody. THP-
1 cells (5�105) were loaded 5 mg of either p110a (!,!), p110b
(&,&) or p110d (},^) antibodies and 1 mg b-galactosidase using
the ChariotTM protein delivery reagent as described in the
Experimental Procedures Section. Three aliquots of cells were
selected in which the transfection efficiency was greater 70%.
These cell aliquots were stimulated with 100 nM 1a,25(OH)2D3

(filled symbols) or vehicle (open symbols) for 72 h. Microsomal
steroid sulphatase activity was measured as described in the

Experimental Procedures Section. Results are expressed as the
mean steroid sulphatase activity expressed as the nmoles of E1

formed per hr per mg of protein. The data were obtained in three
cell aliquots and each determination was performed in triplicate.
Panel C shows the increase in steroid sulphatase activity in THP-
1:HR-p110a3 cells or THP-1:HR-mock cells (hatched columns)
stimulated with 100 nM 1a,25(OH)2D3 (hatched columns) for
72 h. Microsomal steroid sulphatase activity was measured as
described in the Experimental Procedures Section. Results are
presented as the mean� s.e.m. steroid sulphatase activity
expressed as the nmoles of E1 formed per hr per mg of protein.
The data were obtained in 40 experiments each performed in
triplicate. Panel D shows the increase in steroid sulphatase
activity in THP-1:HR-p110a3 cells or THP-1:HR-mock cells
(hatched columns) stimulated with insulin (5 mg/ml), IGF-1
(10 mg/ml) and rh-SCF (100 ng/ml) for 72 h. Microsomal steroid
sulphatase activity was measured as described in the Exper-
imental Procedures Section. The data are shown as the mean -
� s.e.m. steroid sulphatase activity expressed as the nmoles of E1

formed per hr per mg of protein. The data were obtained in 12
experiments each performed in triplicate.
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A number of downstream targets of Akt have
been identified and validated in myeloid leu-
kaemic cell lines. In HL60 cells the phosphor-
ylation of glycogen synthase kinase-3b (GSK3b)
is stimulated by 1a,25(OH)2D3 in a PI3K/Akt-
dependent manner [Zhang et al., 2006]. The
kinase activity of GSK3b is inactivated by
phosphorylation. However, inhibition of GSK3b
with the monovalent cation lithium chloride

(2 mM) or indirubin-30-monoximine (1 mM)
failed to have any effect on either basal or the
1a,25(OH)2D3-mediated stimulation of ster-
oid sulphatase activity in either HL60, U937
and THP-1 cells (data not shown). The anti-
mycobacterial activity of 1a,25(OH)2D3 in
human monocytic cells involves the generat-
ion of reactive oxygen species (ROS) by the
PI3Ka/Akt-dependent activation of phagocytic

Fig. 6. Akt inhibitors abrogate the 1a,25-dihydroxyvitamin D3-
stimulated increase in steroid sulphatase activity in myeloid
leukaemic cells. Panel A shows that the 1a,25(OH)2D3-
stimulated increase in Akt phosphorylation in HL60 cells was
blocked by HIMO (10 mM), SH5 (10 mM) and TAT-Akt-in peptide
(30 mM). HL60 cells were pre-treated with the Akt inhibitors for
30 min prior to 60 min stimulation with 100 nM 1a,25(OH)2D3.
The normalised levels of pAkt and Akt were measured essentially
as described in the Experimental Procedures Section. The data
are presented as the mean� s.e.m. of the ratio of pAkt/total Akt
and was obtained in three experiments each performed in
triplicate. HL60 cells (&), U937 cells (*) or THP-1 cells (~)
were treated with HIMO (0.01–20 mM, panel B), SH5 (0.05–

25 mM, panel C), or TAT-Akt-in peptide (0.5–30 mM, panel D) for
30 min prior to stimulation with 100 nM 1a,25(OH)2D3. After
72 h microsomal steroid sulphatase activity was measured as
described in the Experimental Procedures Section. Results are
expressed as the mean� s.e.m. inhibition of the increase in
steroid sulphatase activity stimulated by 100 nM 1a,25(OH)2D3

alone. The data were obtained in six experiments each performed
in triplicate. Inhibitory dose response curves were fitted to a
sigmoidal dose-response curve (unrestricted Hill slope mode)
and the IC50’s and respective errors were calculated using the
‘pharmacology’ module of the SigmaplotTM (version 9.0) graph-
ical software package.
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NADPH-dependent oxidase [Sly et al., 2001].
Pre-treatment of cells with H2O2 did not have
any effect on either basal or 1a,25(OH)2D3-
stimulated steroid sulphatase activity in HL60,
U937 or THP-1 cells (data not shown). Preven-
tion of the generation of ROS by the specific
NADPH-dependent oxidase inhibitor dipheny-
leneiodonium chloride (5 mM), the specific
xanthine oxidase inhibitor allopurinol (5 mM)
or rotenone (10 mM), an inhibitor of mitochon-
drial ROS production, did not have any effect
on either basal or 1a,25(OH)2D3-stimulated
steroid sulphatase activity in HL60, U937 or
THP-1 cells (data not shown). Similarly,
decreasing ROS accumulation with the antiox-
idant N-acetyl-L-cysteine (10 mM) had no effect
on either basal or 1a,25(OH)2D3-stimulated
steroid sulphatase activity in HL60, U937 or
THP-1 cells (data not shown). The PI3K/Akt
pathway has also been implicated in the
induction and activation of nitric oxide syn-
thases (NOS) in myeloid cells. Neither the nitric
oxide donor nitroso-N-acetyl-L,D-penicillamine
nor the NOS inhibitor NG-nitro-L-arginine
methyl ester had any effect on either basal or
1a,25(OH)2D3-stimulated steroid sulphatase
activity in HL60, U937 or THP-1 cells (data
not shown). In HL60 cells, p70S6K is phos-
phorylated in a PI3K/Akt-dependent fashion
following 1a,25(OH)2D3 stimulation [Zhang
et al., 2006]. 1a,25(OH)2D3-stimulated phos-
phorylation of p70S6K can be blocked by pre-
treating HL60 cells with the macrolide immu-
nosuppressant rapamycin [Zhang et al., 2006].
Rapamycin (500–2,500 nM) had no effect on
basal steroid sulphatase activity but did have
a moderate inhibitory effect (<35%) on the
1a,25(OH)2D3-stimulated increase in steroid
sulphatase in HL60 cells (data not shown).
Therefore, an increase in translational effi-
ciency appears to play a small role in the
1a,25(OH)2D3-stimulated increase in steroid
sulphatase in myeloid cells.

Depending on the cell type investigated
1a,25(OH)2D3 is able to either stimulate or
inhibit nuclear factor-kB (NF-kB) activity. Tse
et al. [2007] have reported that 1a,25(OH)2D3

transiently inhibits NF-kB signalling in HL-60
cells; this is followed by a delayed prolonged
period of activation. The late rise in NF-kB
activity is paralleled by an increase in IkB
kinase (IKK) activity, phosphorylation of the
IkBa inhibitory subunit (i.e. leading to its
inactivation following degradation in the pro-

teosome), phosphorylation and nuclear trans-
location of the NF-kB p65(relA) subunit and p65
recruitment to the NF-kB/vitamin D responsive
element promoters. NF-kB is a bona-fide PI3K/
Akt target in HL60 cells since PI3K/Akt antag-
onists suppressed 1a,25(OH)2D3-stimulated
IkBa phosphorylation as well as the expression
of NF-kB-controlled genes. Figure 7 shows that
pre-treatment of HL60 cells with the IKK
inhibitors wedelolactone (20 mM) [Kobari et al.,
2004; Tse et al., 2007], parthenolide (20 mM)
[Hehner et al., 1999] and thalidomide (10 mM)
[Keifer et al., 2001] blocked the 1a,25(OH)2D3-
stimulated increase in steroid sulphatase in
HL60, U937 and THP-1 cells by >90%. Sim-
ilarly, Figure 7A also shows that preventing the
proteosomal degradation of IkBa with the
proteosome inhibitor MG-132 (10 mM) [Guzman
et al., 2001] inhibited the 1a,25(OH)2D3-stimu-
lated increase in steroid sulphatase activity in
each myeloid leukaemic cell line by >75%.
Finally, pre-treatment of the myeloid leukaemic
cells with the cell permeable peptide SN50
(25 mM), which prevents translocation of the
activated NF-kB complex into the nucleus [Lin
et al., 1995], inhibited the 1a,25(OH)2D3-stimu-
lated increase in steroid sulphatase activity in
each myeloid leukaemic cell line by >80%
(Fig. 7A).

High concentrations of dimethylsulphoxide
(DMSO) induce granulocytic differentiation of
HL60 cells [Chang et al., 2006]. At these ‘differ-
entiating’ concentrations DMSO increase
PI3K activity [Ai et al., 1995; Cataldi et al.,
2006] and stimulate NF-kB-mediated trans-
activation in HL60 cells [Lee et al., 2005b]. In
neuronal cells, SCF activates NF-kB by a PI3K/
Akt-driven mechanism [Dhandapani et al.,
2005]. The PI3Ka/Akt/NF-kB signalling cas-
sette is stimulated by insulin and related
compounds in a variety of haematopoietic cells
[Jimenez Del Rio and Velez-Pardo, 2006].
Therefore, activation of the PI3K/Akt/NF-kB
signalling cassette appears to be a common
element in 1a,25(OH)2D3-, insulin-, stem cell
factor- and DMSO-mediated signalling in HL60
cells. Figure 7B shows that steroid sulphatase
activity was increased by two- to fivefold in
HL60 cells following 72 h exposure to either
insulin (5 mg/ml), recombinant human stem cell
factor (100 ng/ml) or DMSO (1.5% (V/V)). The
increase in steroid sulphatase activity produced
by each agent was significantly reduced by pre-
treatment with the non-specific PI3K inhibitor
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LY294002 (25 mM), the Akt inhibitor HIMO
(20 mM) or the NF-kB inhibitor parthenolide
(10 mM).

DISCUSSION

There is increasing evidence that the bio-
logical effects of nuclear hormones are mediated
by a complex mix of directly controlled gene
expression (genomic effects) and the parallel
activation of cell signalling/phosphorylation

cascades (i.e. non-genomic or extra-nuclear
actions). The nature of the hormone receptors
that mediate these direct transcription-inde-
pendent membrane-initiated-signalling effects
is currently the subject of much debate. It has
been widely reported that the ‘non-genomic’
PI3K/Akt signalling cascade is activated by
hormones, such as 17b-estradiol, thyroid hor-
mone, all-trans-retinoic acid and testosterone,
in a variety of cell types [Simoncini et al., 2000;
Sun et al., 2003; Baron et al., 2004; Cao et al.,

Fig. 7. NF-kB inhibitors abrogate the 1a,25-dihydroxyvitamin
D3-stimulated increase in steroid sulphatase activity in myeloid
leukaemic cells. A shows that inhibitors of NF-kB signalling
block the 1a,25(OH)2D3 stimulated increase in steroid sulpha-
tase activity in HL60 cells. HL60 cells were treated with the IKK
inhibitors (wedelolactone (20 mM), parthenolide (20 mM) and
thalidomide (10 mM)), the proteosome inhibitor MG-132 (10 mM)
of the cell permeable peptide SN50 (25 mM) for 60 min prior to
stimulation with 100 nM 1a,25(OH)2D3. After 72 h microsomal
steroid sulphatase activity was measured as described in
the Experimental Procedures Section. Results are shown as
the mean� s.e.m. steroid sulphatase activity expressed as the
nmoles of E1 formed per hr per mg of protein. The data were
obtained in 3–9 experiments each performed in triplicate.

B shows that inhibition of the PI3K/Akt/NF-kB signalling cassette
blocks insulin, stem cell factor and DMSO stimulated increase in
steroid sulphatase activity in HL60 cells. HL60 cells were
stimulated with insulin (5 mg/ml, top panel), recombinant human
stem cell factor (100 ng/ml; middle panel) or DMSO (1.5% (V/V),
bottom panel) for 72 h. Cells were incubated with either 25 mM
LY294002, 20 mM PX-866, 20 mM HIMO or 10 mM parthenolide
for 60 min prior to stimulation. Microsomal steroid sulphatase
activity was measured as described in the Experimental
Procedures Section. Results are shown as the mean� s.e.m.
steroid sulphatase activity expressed as the nmoles of E1 formed
per hr per mg of protein. The data were obtained in four
experiments each performed in triplicate.
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2005; Furuya et al., 2006, 2007; Greger et al.,
2007; Kim et al., 2007; Masiá et al., 2007].
Consequently, a mechanistic consensus is start-
ing to emerge whereby a small pool of the
nuclear receptor is either (1) permanently
inserted into a cholesterol rich micro-domain
(caveolae) in the plasma membrane, or (2)
rapidly translocates to the plasma membrane
upon binding its cognate ligand. At the mem-
brane, the liganded nuclear receptors can
associate with the p85 regulatory and p110
catalytic subunits of a member of the class IA
PI3Ks family, effector molecules (such as the
tyrosine kinase c-SRC) and scaffolding/adaptor
proteins (e.g. MNAR, Grb2) to form a multi-
meric membrane-associated ‘signalosome’.

In this article we shown that in HL60 cells
the VDRnuc plays a central role in the
1a,25(OH)2D3-mediated increase in PI3K activ-
ity. In HL60, and most other cell types, the bulk
of the unliganded VDRnuc is found in the cytosol.
Following cell stimulation with 1a,25(OH)2D3

the VDRnuc slowly translocates to the nucleus
[Barsony and Prufer, 2002; Gocek et al., 2007;
Klopot et al., 2006; Wu-Wong et al., 2006],
where it is found in either discrete foci in the
nuclear matrix or in distinct clusters in the
nuclear membrane [Kivineva et al., 1998].
However, it has been estimated that 1–3% of
cellular VDRnuc is located in or around choles-
terol-rich micro-domains of the plasma mem-
brane in several cell types [Kim et al., 1996;
Capiati et al., 2002; Huhtakangas et al., 2004].
In NB4 cells a small fraction of the total cellular
VDRnuc can be recovered from caveolae-rich
membrane fraction [Huhtakangas et al., 2004],
whilst in HL60 and other primary myeloid
leukaemic cells a small pool of liganded VDRnuc,
associates with the F-actin cytoskeleton in close
proximity to the plasma membrane [Gocek
et al., 2007]. In myeloid cells components of
the PI3K/Akt signalling cascade are found in
the cytoplasm, cholesterol-rich microdomains
in the plasma membrane [Seveau et al., 2001;
Gomez-Mouton et al., 2004; Van Keymeulen
et al., 2006], nuclear membrane and in nuclear
speckles [Bertagnolo et al., 2004; Martelli et al.,
2006; Matkovic et al., 2006]. Therefore, the
classical VDRnuc is found in the same cellular
compartments as components of the PI3K/Akt
signalling pathway in myeloid cells.

Experiments showing that the ‘genomic’
agonist ZK159222 blocks the 1a,25(OH)2D3-
stimulated increase in PI3K activity suggest

the involvement of VDRnuc. There is some direct
evidence that the VDRnuc is involved in the
activation of PI3K. Vertino et al. [2005] have
used a variety of VDRnuc truncation mutant
proteins to show that an intact central ligand
binding domain is necessary and sufficient for
1a,25(OH)2D3-mediated activation of PI3K in
osteocytes. Preliminary experiments in HL60
cells have shown that following 1a,25(OH)2D3-
stimulation PI3K activity can be recovered in
VDRnuc-immunoprecipitates (data not shown).
The VDRnuc and 1a,25(OH)2D3 are both con-
formationally flexible molecules. This confor-
mational flexibility of both ligand and its
receptor may explain why the liganded VDRnuc

can activate both genomic and non-genomic
signalling pathways. A model developed in the
Norman lab (Conformation ensemble model)
suggests that the liganded-VDRnuc can adopt
separate conformations which can ‘engage
productively’ with components of either the
genomic or the non-genomic signalling path-
ways, [Norman et al., 2004; Norman, 2006]. To
stimulate non-genomic signalling pathways,
1a,25(OH)2D3 must bind to the VDRnuc in a
‘basket-like’ 6-s-cis configuration [Norman
et al., 2004]. We show that both 1a,25(OH)2D3

and its ‘6-s-cis locked’ analogue 1a,25-dihydrox-
ylumisterol3 can activate the PI3K signalling
pathway in HL60 cells. The 1a,25(OH)2D3- and
1a,25-dihydroxylumisterol3-stimulated increases
in PI3K activity were blocked by the ‘genomic
antagonist’ ZK159222 and the ‘non-genomic
antagonist’ 1b,25(OH)2D3. Trypsin digestion
experiments have shown that the ZK159222
bound-VDRnuc adopts a unique conformation
[Castillo et al., 2006] and appears that this
‘antagonistic’ configuration of the receptor is
unable to couple with essential components
of both genomic and non-genomic signalling
pathways. The non-genomic antagonist 1b,25
(OH)2D3 competes with 1a,25(OH)2D3 (in their
6-s-cis conformations) and 1a,25-dihydroxylu-
misterol3 for access to the non-genomic signal-
ling pocket.

Which PI3K isoform(s) is/are stimulated by
1a,25(OH)2D3 in myeloid cells? In other cell
types 1a,25(OH)2D3 signals via tyrosine kinase-
[Boland et al., 2005] or heterotrimeric G-protein
activated-signalling pathways [Le Mellay et al.,
1999]. The heterotrimeric G-protein-activated
class IB PI3Kg is the most abundant PI3K
isoform found in myeloid cells. However, both
pertussis toxin treatment or transfection with a

1566 Hughes et al.



p110g blocking antibody failed to have any
effect of the 1a,25(OH)2D3-stimulated increase
in PI3K activity in myeloid cells. Myeloid cells
also express all three tyrosine kinase activated
class IA PI3Ks. The recruitment of the tyrosine
kinase c-Src to the nascent signalosome appears
to be a common feature in the activation of PI3K
by nuclear hormone receptors. Activated c-Src
then phosphorylates either the steroid hormone
receptor itself or one of the other signalosome
components (e.g. MNAR). This allows recruit-
ment of the p85 regulatory subunit of PI3K
which binds via an SH2 domain in its
C-terminus, and activation of the p110 catalytic
subunit. The VDRnuc is found in a complex
with c-Src in several 1a,25(OH)2D3-stimulated
cell types [Buitrago et al., 2000]. In osteocytes
small molecule inhibitors of c-Src block the
1a,25(OH)2D3-stimulated VDRnuc-mediated in-
crease in PI3K activity [Vertino et al., 2005]. We
have shown that: (i) inhibition of Src family
tyrosine kinases blocked 1a,25(OH)2D3-medi-
ated activation of PI3K and Akt in myeloid
cells (ii) treatment of cells with a cell permeant
peptide N-PI3K-SH2-OMT, which competes
with the SH2 domain of p85, blocked
1a,25(OH)2D3-mediated activation of PI3K
and Akt in myeloid cells and, (iii) no increase
in PI3K or Akt activity was observed in
1a,25(OH)2D3-stimulated U937:Dp85-clone18
cells once the expression of a truncated p85
subunit that competitively binds to phosphotyr-
osine target proteins and prevents activation of
the catalytic subunit of PI3K was induced.
These observations are consistent with the
notion that one or more components of the
VDRnuc containing signalosome needs to con-
tain a motif that can be phosphorylated by the
Src tyrosine kinase thereby creating a domain
that can be recognised by the SH2 domain
of p85. Furthermore in THP-1 cells, the
1a,25(OH)2D3-stimulated increase in PI3K
activity was inhibited in cells in which expres-
sion of the p110a catalytic subunit of PI3K was
silenced by RNAi or by transfecting cells with
blocking antibodies directed against PI3Ka but
not PI3Kb or d.

Activation of PI3Ka and Akt by 1a,25(OH)2D3

has important functions in myeloid cells.
Pharmacological inhibition of 1a,25(OH)2D3-
stimulated PI3Ka activity block phagosome
maturation and NADPH-dependent anti-myco-
bacterial activity in maturing myeloid leukae-
mic cell lines [Sly et al., 2001; Hmama et al.,

2004]. Furthermore, activation of PI3K and Akt
are essential to 1a,25(OH)2D3-driven myeloid
differentiation and prevention of apoptosis.
Here the use of pharmacological, biochemical
and immunological tools have shown that an
increase in PI3Ka and in Akt activities are
required for the 1a,25(OH)2D3-stimulated
increase in steroid sulphatase activity in mye-
loid cells. Of the downstream Akt targets
examined, only the NF-kB signalling pathway
played a significant role in the 1a,25(OH)2D3-
stimulated increase in steroid sulphatase activ-
ity. Akt increases the nuclear accumulation of
NF-kB and stimulates its transcriptional activ-
ity in a variety of cell types [Manning and
Cantley, 2007]. It has been suggested that that
the mechanism of activation involves direct
phosphorylation of the amino acid residue T23
on IkB kinase a (IKKa) [Ozes et al., 1999].
Several lines of evidence suggest that PI3K/Akt
cascade stimulates NF-kB in HL60 cells. An
HL60 cell subline that is resistant to pro-
apoptotic stimuli has constitutive expression
of activated Akt1, NF-kB is persistently trans-
located to the nucleus, and expression of several
NF-kB-controlled pro-survival genes are up-
regulated [Bortul et al., 2003]. In the related
NB4 cell line, 1a,25(OH)2D3-stimulates the
phosphorylation of the IkBa regulatory subunit
and translocation of the active NF-kB tran-
scription factor complex to the nucleus [Berry
et al., 2002]. This process is necessary for
monocytic differentiation of these cells.

In HL60 cells, the effect of 1a,25(OH)2D3

on NF-kB activity is more complicated. During
the first 4–8 h after 1a,25(OH)2D3 stimulat-
ion NF-kB activity is transiently inhibited,
due to increased expression of the regulatory
IkBa subunit. Around 12 h after addition
of 1a,25(OH)2D3 NF-kB activity begins to
increase. This is dependent on Akt-dependent
IKK-mediated phosphorylation and degrada-
tion of the regulatory IkB [Tse et al., 2007]. This
study, and others, show that in 1a,25(OH)2D3-
stimulated HL60 cells Akt activation is slow to
start but lasts for many h. This is consistent
with the time course of NF-kB activation in
HL60 cells [This paper, Zhang et al., 2006; Tse
et al., 2007]. Furthermore, we have previously
shown in HL60 cells that there is a 12–16 h
delay after 1a,25(OH)2D3 stimulation before
any increase in steroid sulphatase activity is
observed [Hughes et al., 2001]. Again, the time
course of the increase in steroid sulphatase
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activity is consistent with the kinetics of
1a,25(OH)2D3-stimulated Akt-mediated NF-kB
activation in HL60 cells. Consistent with these
observations, we have shown that inhibition
of IKK activity, IkB degradation of p50/p65
nuclear translocation NF-kB in HL60 and other
myeloid cell lines had an inhibitory effect on
1a,25(OH)2D3-stimulated steroid sulphatase
activity.

We have previously shown that the retinoid-
stimulated increase in steroid sulphatase activ-
ity/expression in HL60 cells is partially depend-
ent on PI3K/Akt activation of the NF-kB
[Hughes et al., 2005]. A role for NF-kB in the
regulation of steroid sulphatase activity/expres-
sion can also inferred from the following
observations. Steroid sulphatase activity/
expression is higher in the malignant, highly
metastatic breast cancer MDA-MB-231 cell line
when compared with the less aggressive MCF-7
cell line [Hughes, unpublished work; Purohit
and Reed, 1992; Selcer et al., 1997; Ng et al.,
2000; Chong et al., 2006; Selcer et al., 2007].
Both constitutive and agonist stimulated PI3K/
Akt and NF-kB pathways are constitutively
activated in MDA-MB-231 cells relative to
MCF-7 cells. [Monks and Pardee, 2006; Nak-
shatri et al., 1997; Sliva et al., 2002; Upadhyay
et al., 2006]. Preliminary experiments have
shown that pharmacological blockade of NF-kB
signalling reduces steroid sulphatase activity/
expression in MDA-MB-231 cells (Hughes and
Brown, manuscript in preparation). Recently,
Gareus et al. [2007] generated a mouse in which
IKKa activity has been specifically knocked-out
in keratinocytes. Basal steroid sulphatase
activity and expression in the keratinocytes is
much reduced in mice in keratinocytes from
these mice [Gareus et al., 2007].

In conclusion, we shown that: (i)
1a,25(OH)2D3, acting via the VDRnuc, stimu-
lates PI3Ka and Akt activity in myeloid cells,
and (ii) activation of the PI3Ka/Akt/NF-kB
signalling pathway makes a significant contri-
bution to the 1a,25(OH)2D3-stimulated increase
in steroid sulphatase activity. The latter obser-
vation may be pertinent to the development of
some hormone-dependent cancers. PI3Ka [Fou-
kas et al., 2006; Perez-Tenorio et al., 2007] and
NF-kB signalling [Zhou et al., 2005] pathways
are often activated in many breast cancers. It is
tempting to speculate that this may contribute
to the elevated steroid sulphatase activity
observed in many breast tumours. An elevated

steroid sulphatase activity/expression has been
observed in patients with endometriosis [Yanai-
hara et al., 2005], adenomyosis [Kitawaki,
2006], as well as ovarian and endometrial
[Tanaka et al., 2003; Utsunomiya et al., 2004;
Smuc et al., 2005] and breast [Suzuki et al.,
2005; Chong et al., 2006; Sasano et al., 2006;
Tsunoda et al., 2006] cancers. There is a strong
correlation between steroid sulphatase activity/
expression and the prognosis of post-meno-
pausal women with breast cancer [Suzuki
et al., 2005; Chong et al., 2006; Sasano et al.,
2006; Tsunoda et al., 2006]. A recent phase I
clinical trial has shown that bioactive estrogen
production within breast tumours and stabil-
ises disease progression in post-menopausal
patients with estrogen-dependent tumours
was reduced by pharmacological inhibition of
steroid sulphatase activity [Stanway et al.,
2006]. An increased understanding of how the
PI3Ka/Akt/NF-kB signalling pathway controls
the expression/activity of steroid sulphatase
activity may provide novel approaches to the
diagnosis and treatment of estrogen/androgen-
dependent tumours of many tissues.
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