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The hydrolysis of steroid sulphates, by steroid sulphatase, is an important source of oestrogenic
steroids (oestrone, oestradiol and 5-androstene-38,178-diol) which are found in tumours. In the
present study, we have examined the effect of dehydroepiandrosterone-3-O -methylthiophosphonate
(DHA-3-MTP), pregnenolone-3-O -methylthiophosphonate (pregnenolone-3-MTP) and cholesterol-
3-O-methylthiophosphonate (cholesterol-3-MTP) on the inhibition of oestrone sulphatase as well as
DHA sulphatase activities in intact MCF-7 breast cancer cells and in placental microsomes. All three
methylthiophosphonates significantly (P < 0.01) inhibited the hydrolysis of oestrone sulphate (E,S)
in intact MCF-7 cells (31-85% inhibition at 1 uM and 53-979%, inhibition at 10 uM). Significant
inhibition of DHA sulphatase was also achieved. At a concentration of 50 uM, all three compounds
inhibited the hydrolysis of dehydroepiandrosterone sulphate (DHAS) by >959%. Using human
placental microsomes, the K,, and V,,, of E;S were determined to be 8.1 uM and 43 nmol/h/mg
protein. The corresponding K; values for DHA-3-MTP, pregnenolone-3-MTP and cholesterol-3-
MTP were found to be 4.5, 1.4 and 6.2 uM, respectively. Such inhibitors which are resistant to
metabolism may have considerable potential as therapeutic agents and may have additional
advantage over aromatase inhibitors in also reducing tumour concentrations of the oestrogenic
steroid, S-androstene-3p,17f-diol, by inhibiting the hydrolysis of DHAS.
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INTRODUCTION fluid collected from women with gross cystic breast
disease, a condition which may be associated with an
increased risk for the development of breast cancer [7].
The half-life of steroid sulphates is much longer (7.5 h)
than that of the unconjugated steroids (30 min), thus
making steroid sulphates a potential circulating reser-
voir for the formation of active steroid hormones [8, 9].
In vitro steroid sulphatase activity is 1000 times or
more higher than aromatase activity in most breast
tissues [10, 11]. Together, these findings suggest that
steroid sulphatase may have a key role in regulating the

in situ formation of the oestrogenic steroids oestrone
!evels of E,S and‘DHAS at 1 nM and 1 uM, Tespect- (g ), oestradiol (E,) and 5-androstene-38,178-diol
ively, are much higher than those of the unconjugated

forms of these steroids [4, 5]. Significant concentrations
of E; S and DHAS have also been detected in breast
tumours [5, 6]. In addition, extremely high concen-
trations of steroid sulphates are present in breast cyst

Until recently, steroid sulphates were thought to
represent the inactive end products of steroid metab-
olism. It is now generally accepted that sulphate conju-
gates of steroids are important intermediates in the
synthesis and action of steroid hormones [1-3]). Many
breast tumours are hormone dependent and the poten-
tial role that steroid sulphates, in particular oestrone
sulphate (E,S) and dehydroepiandrosterone sulphate
(DHAS), may have in supporting the growth of such
tumours is increasingly becoming evident. Serum

(ADIOL) from existing sulphated precursors.

To reduce tissue exposure to oestrogen, efforts
have been mainly concentrated in the development of
specific inhibitors of the aromatase enzyme. While
compounds such as aminoglutethimide and 4-hydroxy-
*Correspondence to A. Purohit. androstenedione greatly reduce peripheral aromatase
Received 23 July 1993; accepted 10 Dec. 1993. activity, plasma E,; and E;S concentrations are only
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reduced by about 509, [12, 13]. Recent interest in the
development of steroid sulphatase inhibitors has also
arisen because (i) aromatase inhibitors act distal to the
hydrolysis of DHAS; hence, such inhibitors would not
be expected to reduce levels of the oestrogenic steroid,
ADIOL, and (ii) steroid sulphates of E, and DHA have
been shown to be biologically active in vitro as well as
in vivo. Using MCF-7 breast cancer cells which possess
steroid sulphatase activity, Vignon et al.[2] demon-
strated that E;S stimulated the synthesis of well
characterized oestrogen-induced proteins. Recently,
Santner et al.[14] confirmed these findings and re-
ported that physiological concentrations (0.1 nM) of
E,S stimulated cell proliferation. Using the NMU-
induced mammary cancer model in rats, Santner
et al. [15] showed that administration of E,;S resulted
in a dose-dependent stimulation of the NMU-induced
tumour, suggesting that E;S is biologically active
in vivo, presumably after hydrolysis of E; catalyzed by
steroid sulphatase. Similarly, the oestrogenic effects
of physiological concentrations of ADIOL, which is
produced from DHAS via DHA, has been shown
in vitro in MCF-7 human breast cancer cells [16] as
well as i vivo in the DMBA-induced rat mammary
tumours [17].

Previously we have reported the ability of oestrone-
3-O-methylthiophosphonate (E;-3-MTP) to effi-
ciently inhibit the hydrolysis of E; S in MCF-7 breast
cancer cells and in placental and breast tumour prep-
arations [18, 19]. In the present study, we report the
synthesis and potent steroid sulphatase inhibitory
activity of the 3-O-methylthiophosphonates of DHA,
pregnenolone and cholesterol.

EXPERIMENTAL
Chemical and reagents

[6,7-°*H]E,S (sp. act. 48 Ci/mmol), [7-°*H]DHAS
(sp. act. 48 Ci/mmol), [4-'*C]E, (sp. act. 52 mCi/mmol)
and [4-"“C]DHA (sp. act. 51 mCi/mmol) were pur-
chased from NEN-Dupont (Germany). Unlabelled
steroids were purchased from Sigma Chemical Co.
(Poole, England). Non-polar contaminants were
removed from [PH]E,;S and [PH]JDHAS before use
by extraction with toluene. All organic solvents were
of A.R. grade and were supplied by BDH Ltd
(U.K.). Falcon 25 cm? tissue culture flasks were bought
from Marathon Ltd (U.K.). Reagents for cell culture
were purchased from Flow Labs (Irvine, Scotland).
The ER + ve MCF-7 human breast cancer cell line was
a gift from Dr M. Lippman (Georgetown University,
Washington, U.S.A.). This cell line was maintained
in culture free of mycoplasma contamination and
was routinely tested for mycoplasms (GenProbe Inc.,
U.S.A)).

'H, BC, 3P NMR spectra were run on a
JEOL FX90Q and GX270 NMR spectrometers. *'P
resonances were referenced to external 859% H;PO,;
chemical shifts are positive when downfield from this
reference. Melting points were determined on a

A. Purohit et al.

Reichert-Jung Thermo Galen Kofler block and are
uncorrected. Mass spectra were recorded by the Mass
Spectrometry Service, University of Bath. TLC
was performed on silica gel 60F (Merck) plates with
detection by UV light or with methanolic phospho-
molybdic acid.

Synthesis of DHA-, pregnenolone- and cholesterol-3-
MTP

Steroid methylthiophosphonates were essentially
synthesized as described previously for E,-3-MTP
[18, 19]. Briefly, an excess of methanethiophosphonic
dichloride was added dropwise to a solution of dried
steroid in anhydrous pyridine at 0°C under nitrogen.
The reaction was followed by TLC (ethyl acetate)
and after it had gone to completion (ca 24 h) the
intermediate steroid methylthiophosphonochloridate
was quenched with an excess of dried 2-cyanoethanol.
After warming to room temperature overnight the
reaction mixture was poured into water and the product
was extracted with ethyl acetate, dried and purified by
flash column chromatography. The neutral methylthio-
phosphonate diester was then treated with aqueous
ammonia at 65°C to remove the cyanoethyl group,
the solvent evaporated and the product decolourized
using activated charcoal to afford the ammonium
salt of the steroid 3-O-methylthiophosphonate. All
compounds exhibited satisfactory spectroscopic data
in accord with their structure. Full details will be
published elsewhere.

Cell culture

MCF-7 human breast cancer cells were maintained
in Minimal Essential Medium (MEM) containing
20mM HEPES, 59, fetal bovine serum, 2mM
glutamine, non-essential amino acids and 10mM
sodium bicarbonate. For experiments, up to 40 repli-
cate 25 cm? tissue culture flasks were seeded with about
1 x 10° cells/flask. For testing the effect of DHA-3-
MTP, pregnenolone-3-MTP and cholesterol-3-MTP
on in vitro steroid sulphatase activity, the cells were
allowed to grow to 809, confluency. The medium was
changed on every third day.

In vitro E, sulphatase assay on cell monolayers

Intact monolayers of MCF-7 cells in triplicate
25 cm? tissue culture flasks were incubated for 20 h at
37°C with [*H]E,S (5 pmol, 7 x 10°dpm) in serum-
free MEM (2.5ml) with or without steroidal 3-O-
methylthiophosphonates (2.5-25 nmol). Products were
extracted from the medium (1 ml) with toluene (5 ml).
[*C]E, (7 x 10> dpm) was used to monitor procedural
losses. The *H and C content in the toluene was
determined by scintillation spectrometry. Each batch
of experiments included flasks without cells (to assess
apparent nonenzymic hydrolysis of the substrate). The
number of cell nuclei per flask was determined using
a Coulter Counter after treating the cell monolayers
with Zaponin. Unless otherwise stated, the results are
expressed as the means + SD of the total product
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(E, + E,) formed during the incubation period (20 h)
and calculated for 10° cells.

Unpaired Student’s ¢z test was used to test the
statistical significance of our findings. One flask in each
batch was used to assess cell membrane status and
viability using the trypan blue exclusion method.

In vitro DHA sulphatase assay on cell monolayers

The method used was as described above for E,
sulphatase except [PH]JDHAS (1 nmol, 7 x 10° dpm,
2.5ml) was used as substrate and [“C]DHA
(7 x 10° dpm) was used for assessing procedural losses.
Inhibitor concentrations varied from 1-50 u M.

Tissue preparation

Microsomes from a sulphatase-positive human
placenta from a normal term pregnancy were prepared
as described previously [20]. Protein concentration was
determined by the method of Lowry et al. [21].

Inlubition of E, sulphatase activity in placental micro-
somes by steroidal 3-O-methylthiophosphonates

Incubations (1 ml) were carried out using a protein
concentration of 200 pg/ml, four substrate concen-
trations varying from 2-20 uM, and an incubation
time of 30 min. Each of the four substrate concen-
trations was tested at inhibitor concentrations of 0, 10
and 50 uM. Regression lines for the corresponding
Lineweaver—Burk plot were drawn according to a least-
squares fit.

RESULTS

Steroid sulphatase activity in MCF-7 human breast
cancer cells has been well characterized by us[22]
and others [23]. Apparent non-enzymic hydrolysis of
the substrates (blanks) was found to be <0.01%,. At
the end of the incubation period, 95-989%, of the cells
were found to be viable by the trypan blue exclusion
method.

Dose-dependent inhibition of E, sulphatase activity in
intact MCF-7 cells by steroidal 3-O-methylthiophos -
phonates

3-O-Methylthiophosphonates of all three steroids
(DHA, pregnenolone and cholesterol) inhibited E,
sulphatase activity in vitro in MCF-7 breast cancer
cells in a dose-dependent manner (Fig. 1). Significant
(P < 0.001) inhibition of E,; sulphatase was obtained
at a concentration of 1 yM of DHA-3-MTP, preg-
nenolone-3-MTP and cholesterol-3-MTP (85, 51 and
319, inhibition, respectively). At 10 uM, the com-
pounds inhibited the hydrolysis of E; S by 97, 89 and
539, respectively.

Dose-dependent inhibition of DHA sulphatase activity
in intact MCF-7 cells by steroidal 3-O -methylthiophos -
phonates

Hydrolysis of DHAS to DHA was inhibited in
dose-dependent manner by all three compounds
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Fig. 1. Concentration-dependent inhibition of E, sulphatase

activity in intact MCF-7 cells. Monolayers of MCF-7 cells in

25 cm? flasks were incubated for 20 h at 37°C with [*H]E,S

(2 nM) and steroid methylthiophosphonates at 1 and 10 p M.

E, sulphatase activity was determined by measuring the total

amount of tritium-labelled E, and E, formed. Error bars, SD
of triplicate determinations; n = 3.

(Fig. 2). Significant inhibition of DHA sulphatase
activity was obtained at a concentration of 1 uM of the
three methylthiophosphonate. At this concentration,
cholesterol-3-MTDP was the weakest inhibitor (28%,
inhibition) whereas DHA-3-MTP and pregnenolone-
3-MTP produced 77 and 549, inhibition, respectively.
At a concentration of 50 uM, all three compounds
inhibited the hydrolysis of DHAS by >959%,.

Inhibition of placental microsomal E, sulphatase activity

The extent of hydrolysis of E, S by placental micro-
somes was directly proportional to incubation time,
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Fig. 2. Concentration-dependent inhibition of DHA

sulphatase activity in intact MCF-7 cells. Monolayers of

MCEF-7 cells in 25 cm? flasks were incubated for 20 h at 37°C

with PH]DHAS (1 gM) and inhibitors at varying concen-

trations of 1 to 50 uM. DHA sulphatase activity was deter-

mined by measuring the total amount of tritium-labelled

unconjugated products formed. Error bars, SD of triplate
determinations; n = 3.
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Fig. 3. (A) Inhibition of placental microsomal E, sulphatase activity with 3-methylthiophosphonate

derivatives of DHA, pregnenolone and cholesterol. E; S (2-20 uM) was incubated with placental microsomes

(200 ug protein) in the presence and absence of DHA-3-MTP, pregnenolone-3-MTP and cholesterol-3-MTP

(10 and 50 uM) for 30 min at 37°C. Symbols are described in (B). (B) Lineweaver-Burk plot of data from (A)
for the inhibition of placental E, sulphatase activity. K,, = 8.1 uM, V., =43 nmol/h/mg protein.

protein concentration and substrate concentration
within the limits assessed (data not shown). Apparent
K, and V_, values for E;S determined using the
Lineweaver—Burk plot were 8.1 uM and 43 nmol/h/mg
protein (Fig. 3B). The inhibition plots (Figs 3A and
3B) suggested competitive inhibition by the three ster-
oidal 3-O-methylthiophosphonates. The K; values for
each of the three compounds, obtained from a plot of
the slope of the Lineweaver—Burk plot as a function
of inhibitor concentration were 4.5 uM for DHA-3-
MTP, 1.4 uM for pregnenolone-3-MTP and 6.2 uM
for cholesterol-3-MTP.

DISCUSSION

The central role that E; S and E, sulphatase may have
in regulating the supply of E, to breast tumours has
been suggested by several studies [6, 11]. Although E,
and DHA sulphatase activities are considerably higher
than aromatase activity in breast tumours, the develop-

ment of inhibitors of steroid sulphatase activity has
attracted little attention [24]. Because such an inhibitor
would be of potential value as a therapeutic agent,
to add to the endocrine therapies available for the
treatment of hormone-dependent cancers of the breast,
endometrium and prostate, we recently reported
the potent inhibitory effect of E;-3-MTP on E,
sulphatase [18, 19]. The present study extends the
inhibitory profile of steroidal 3-O-methylthiophospho-
nate. MTP derivatives of DHA, pregnenolone and
cholesterol all show inhibition of E, sulphatase as well
as DHA sulphatase. In intact MCF-7 breast cancer
cells, the order of potency is DHA-3-MTP > E,-3-
MTP > pregnenolone-3-MTP > cholesterol-3-MTP.
The K; values are in the same order of magnitude and
comparable to that of E,;-3-MTDP [18]. Whether there
is one sulphatase hydrolysing the different steroid
sulphates or separate sulphatase enzymes under
common genetic control is controversial [25]. The fact
that both pregnenolone- and cholesterol-3-MTP are
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successful in inhibiting the hydrolysis of E;S and
DHAS, suggests a single sulphatase enzyme common
to all four substrates.

Although the stability of steroid-3-O-methylthio-
phosphonates n vivo needs to be established, these
compounds are much more resistant to metabolism
than naturally occurring steroid sulphates such as
E, S [18]. Furthermore, in contrast to naturally occur-
ring steroid sulphates, sulphatase inhibitors such as
steroid-3-O-methylthiophosphonates, which are not
alternative substrates and therefore resistant to sul-
phatase action, should inhibit the hydrolysis of E, S and
DHAS n vivo.

The importance of inhibiting the hydrolysis of
DHAS has not been adequately emphasized. Action of
sulphatase on DHAS results in the formation of the
oestrogenic steroid, ADIOL, via DHA. ADIOL can
compete with E, for the cytoplasmic receptor and can
invoke a biological response characteristic to oestrogen,
i.e. increase in uterine weight and in progesterone
receptors [16]. ADIOL and DHA are potent stimuli
in vivo of DMBA-induced rat mammary tumour
growth [17]. The levels of DHA and ADIOL are
higher in breast tumours than in normal breast
tissue [3]. Hence, inhibition of DHA sulphatase
activity is vital in limiting this source of an oestrogenic
stimulus. Whereas specific aromatase inhibitors avail-
able for the treatment of breast cancer fail to reduce the
levels of ADIOL [17], we have demonstrated that
steroidal methylthiophosphonates are potent inhibitors
of DHA sulphatase activity in vitro. They should
therefore be of further therapeutic value by reducing
ADIOL levels. Evaluation of these inhibitors iz vivo as
well as the synthesis of analogues of steroid 3-O-
methylthiophosphonates is in progress.

Acknowledgements—This study was supported by a grant from
Imperial College Exploitation Ltd. B.V.L.P. is a Lister Institute
Fellow. We thank Miss E. Rodgers for assistance with the synthesis
of cholesterol 3-O -methyithiophosphonate.

REFERENCES

1. Purdy R. H,, Engel L. L. and Oncley J. L.: The characterisation
of oestrone sulphate from human plasma. ¥. Biol. Chem. 236
(1961) 1043-1050.

2. Vignon F., Terqui M., Westley B., Derocq D. and Rochefort H.:
Effects of plasma oestrogen sulphates in mammary cancer cells.
Endocrinology 106 (1980) 1079-1086.

3. Bonney R. C., Scanlon M. J., Reed M. ]., Jones D. L.,
Beranek P. A. and James V. H. T.: Adrenal androgen concen-
trations in breast tumours and in normal breast tissue. The
relationship to oestradiol metabolism. ¥. Steroid Biochem. 20
(1984) 501-504.

4. Prost O., Turrel M. O., Dahan N., Craveur C. and Adessi G. L.:
Oestrone and dehydroepiandrosterone sulphatase activities and
plasma oestrone sulphate levels in human breast carcinoma.
Cancer Res. 44 (1984) 661-664.

5. Vermeulen A., Deslypere J. P., Pavidaens R., Leclercq G., Roy
F. and Henson J. C.: Aromatase, 17f-hydroxysteroid dehydro-
genase and intratissular sex hormone concentrations in cancerous
and normal breast tissue in postmenopausal women. Eur. ¥.
Cancer Clin. Oncol. 26 (1986) 515-525.

527

6. Pasqualini J., Getty C., Nguyen B-L. and Vella C.: Importance
of oestrogen sulphates in breast cancer. ¥. Steroid Biochem. 34
(1989) 155-163.

7. Bradlow H. L., Rosenfeld R. S., Kream J., Fleisher M.,
O’Connor J. and Schwartz M. K.: Steroid hormone accumu-
lation in human breast cyst fluid. Cancer Res. 41 (1981) 105-107.

8. Lonning P. E., Johannessen D. C. and Thorsen T.: Alterations
in the production and clearance rate of oestrone and oestrone
sulphate in breast cancer patients treated with aminog-
lutethimide. Br. ¥. Cancer 60 (1989) 107-111.

9. Longcope C., Layne D. S. and Tait J. F.: Metabolic clearance
rates and interconversions of oestrone and oestradiol in normal
males and females. J. Clin. Invest. 47 (1968) 93-106.

10. James V. H. T., McNeill J. M., Lai L. C., Newton C. J.,
Ghilchik M. W. and Reed M. J.: Aromatase activity in normal
breast and breast tumour tissues: i vivo and in vitro studies.
Steroids 50 (1987) 269-279.

11. Santen R. J., Leszczynski D., Tilson-Mallet N., Feil P. D,,
Wright C., Manni A. and Santner S. J.: Enzymatic control of
oestrogen production in human breast cancer: relative signifi-
cance of aromatase versus sulphatase pathways. Ann. N. Y.
Acad. Sci. 464 (1986) 126-137.

12. Santen R. J., Santner S. J., Davis B., Veldhuis J., Samojlik E.
and Ruby E.: Aminoglutethimide inhibits extraglandular oestro-
gen production in postmenopausal women with breast carci-
noma. J. Clin. Endocr. Metab. 47 (1978) 1257-1265.

13. Dowsett M., Goss P. E., Powles T. J., Hutchinson G., Brodie
A. M., Jeffcoate S. L. and Coombes R. C.: Use of the aromatase
inhibitor 4-hydroxyandrostendione in postmenopausal women
breast cancer: optimisation of therapeutic dose and route. Cancer
Res. 47 (1987) 1957-1961.

14. Santner S. J., Ohlsson-Wilhelm B. and Santen R. J.: Oestrone
sulphate promotes human breast cancer cell replication and
nuclear uptake of oestradiol in MCF-7 cell cultures. Int. ¥.
Cancer 54 (1993) 119-124.

15. Santner S. J., Levin M. C. and Santen R. J.: Oestrone sulphate
stimulates growth of nitrosomethylurea-induced breast carci-
noma in vivo in the rat. Int. J. Cancer 46 (1990) 73-78.

16. Adams J., Garcia M. and Rochefort H.: Oestrogenic effects of
physiological concentrations of 5-androstene-34,17f-diol and its
metabolism in MCF-7 human breast cancer cells. Cancer Res. 41
(1981) 4720-4726.

17. Dauvois S. and Labrie F.: Androstenedione and androst-5-ene-
38,178-diol stimulate DMBA-induced rat mammary tumour—
role of aromatase. Breast Cancer Res. Treat. 13 (1989) 61-69.

18. Duncan L., Purohit A., Howarth N. M., Potter B. V. L. and
Reed M. ].: Inhibition of estrone sulphatase activity by oestrone-
3-methylthiophosphonate: A potential therapeutic agent in
breast cancer. Cancer Res. 53 (1993) 298-303.

19. Howarth N. M., Cooper G., Purohit A., Duncan L., Reed
M. J. and Potter B. V. L.: Phosphonates and thiophosphonates
as sulphate surrogates: Synthesis of oestrone-3-methylthio-
phosphonate, a potent inhibitor of oestrone sulphatase. Bioorg.
Med. Chem. Lett. 3 (1993) 313-318.

20. Purohit A. and Oakey R. E.. Evidence for separate sites for
aromatisation of androstenedione and 16a-hydroxyandrostene-
dione in human placental microsomes. ¥. Steroid Biochem. 33
(1989) 439-448.

21. Lowry O. H., Rosebrough N. J., Farr A. L.. and Randall R. J.:
Protein measurement with the Folin phenol reagent. ¥. Biol.
Chem. 193 (1951) 265-275.

22. Purohit A. and Reed M. ].: Oestrogen sulphatase activity
in hormone-dependent and hormone-independent breast cancer
cells: Modulation by steroidal and non-steroidal therapeutic
agents. Int. J. Cancer 50 (1992) 901-905.

23. Maclndoe J. H., Woods G., Jeffries L. and Hinkhouse M.: The
hydrolysis of oestrone sulphate and dehydroepiandrosterone
sulphate by MCF-7 human breast cancer cells. Endocrinology
123 (1988) 1281-1287.

24, Reed M. J. and Purohit A.: Inhibition of steroid sulphatases.
In Design of Enzyme Inhibitors as Drugs (Edited by M. Sandler
and J. Smith). Oxford University Press, Oxford, Vol. II (1994)
In press.

25. Hobkirk R.: Steroid sulphotransferases and steroid sulphate
sulphatases: characteristics and biological roles. Can. §. Biochem.
Cell Biol. 63 (1985) 1127-1144,



