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ABSTRACT

Estrogen levels in breast tumors of postmenopausal women are as much
as 10 times higher than estrogenlevelsin plasma,presumably due to in
situ formation of estrogen. The major source of estrogen in breast cancer
cells may be the conversion of estrone sulfate to estrone by the enzyme
estrone sulfatase. Thus, inhibitors of estrone sulfatase have potential for
the treatment of estrogen-dependent breast cancers. Several steroidal
agents have been developed that are potent estrone sulfatase inhibitors,

most notably estrone-3-O-sulfamate. However, these compounds may be
metabolized to forms that have undesired actions, including estrogenicity.
To avoid the problems associated with a potentially active steroid nucleus,
we designed and synthesized a series of (p-O-sulfamoyl)-N-alkanoyltyra
mines as nonsteroidal estrone sulfatase inhibitors. These nine compounds
differ in the length of their alkanoyl chains. We tested the ability of the
(p-O-sulfamoyl)-N-alkanoyl tyramines to inhibit: (a) estrone sulfatase ac
tivity in intact cultures of human breast cancer cells (MDA-MB-231); and
(b) the growth of estrogen-dependent human breast cancer cells (MCF-7).
All of thetestcompounds(1 @tM)inhibitedtheestronesulfataseactivityof
intact MDA-MB-231 cells; however, compounds with a longer alkanoyl
chain were more effective than those with a shorter chain. Dose-response
analysis indicated an IC@ of 350 nM for (p-O-sulfamoyl)-N-tetradecanoyl
tyramine for the inhibition of MDA-MB-231 estrone sulfatase activity.
The inhibition of MDA-MB-231 cell estrone sulfatase activity by this
compound was found to be irreversible. Cell proliferation assays involved
the treatment of estrogen-deprived MCF-7 cells with test compounds (10
ELM) in the presence of estrone sulfate (1 LM) as the only source of

estrogen. All compounds inhibited cell proliferation to some extent, but
the longer-chain analogues again were more effective. Dose-response anal
ysis indicated an IC@ of 38 nas for (p-O-sulfamoyl)-N-tetradecanoyl tyra
mine for the inhibition of MCF-7 cell proliferation. Our data indicate the
utility of (p-O-sulfamoyl)-N-alkanoyl tyramines for the inhibition of breast
cancer cell estrone sulfatase activity. Furthermore, our data support the
concept that nonsteroidal estrone sulfatase inhibitors may be useful as
therapeutic agents for estrogen-dependent breast cancers.

INTRODUCTION

Estrogen-dependent breast cancers are prevalent in postmenopausal
women, despite low circulating estrogen levels at this time. One
explanation is that the breast tumors are themselves producing estro
gens from circulating precursors (1, 2). This concept is supported by
the observation that estrogen levels are 10 times higher in breast
tumors of postmenopausal women than in plasma from the same
individuals (3, 4). Estrogens may be formed in breast tumors by one
of two pathways, the aromatase pathway and the sulfatase pathway.
The aromatasepathway involves the conversion of andrÃ stenedioneor
testosteroneto estroneor estradiol, respectively, by a cytochrome P450
aromatase enzyme complex. The sulfatase pathway involves the re
moval of the sulfate group from conjugated steroids by the enzyme
estrone sulfatase (steryl-sulfatase, EC 3.1.6.2). The estrone sulfatase
pathway may be quantitatively the more important of the two for
estrogen production in breast tumors (5).

The potential role of estrone sulfate as a source of estrogens for
hormone-dependent cancers has led researchers to investigate the
feasibility of using inhibitors of estrone sulfatase as agents to treat
estrogen-dependent breast cancers (6). Recently, several groups of
compounds have been designed to inhibit estrone sulfatase, most of
which are synthetic steroid analogues that mimic the substrate estrone
sulfate. Reed and coworkers have reported on the sulfatase inhibitory
activities of estrone-3-O-methylthiophosphonate and related ana
logues (7â€”9)and on estrone-3-O-sulfamates (10, 11). Our laboratories
have reported on the synthesis and estrone sulfatase inhibitory activ
ities of estrone-3-amino and estrone-3-thiol derivatives (12â€”16).A
number of these steroidal compounds have proven to be effective
inhibitors of estrone sulfatase activity, the most potent of these being
estrone-3-O-sulfamate (10, 11). This compound was found to have an
IC50 of 80 nM in human placental microsomes (10) and 100 n@iin an
MCF-7 cell proliferationassay(16). Estrone-3-O-sulfamateis classi
fled as an active site-directed, irreversible inhibitor of estrone sulfat
ase (11).

Despite the potency of estrone-3-O-sulfamate as an estrone sulfat
ase inhibitor, there are problems with using this compound as a
therapeutic agent for hormone-dependent cancers. Recent evidence
indicates that estrone-3-O-sulfamate is highly estrogenic (17), pre
sumably due to the release of the estrogenic steroid nucleus. The
problems associatedwith a potentially active steroid nucleus have led
researchers to seek nonsteroidal estrone sulfatase inhibitors as poten
tial agents for the treatment of estrogen-dependent breast cancers.
Thus, Woo et a!. (18) reported on coumarmnsulfamate derivatives.
These compounds inhibit estrone sulfatase activity, but they are not as
effective as estrone-3-O-sulfamate.

Our laboratory has recently designed and synthesized a series of
(p-O-sulfamoyl)-N-alkanoyl tyramine derivatives as potential nonste
roidal estrone sulfatase inhibitors (19). Several of these compounds
were found to be potent inhibitors of human placental microsome
estrone sulfatase activity, with IC50 values reaching 60 ni@tfor the
most effective derivatives. Herein, we further test the effectiveness of
these compounds by assessing their ability to inhibit the estrone
sulfatase activity of human breast cancer cells.

We used two approachesto test the efficacy of the (p-O-sulfamoyl)
N-alkanoyl tyramine derivatives in the inhibition of estrone sulfatase:
(a) we tested the ability of the compounds to inhibit the estrone

sulfatase activity of intact MDA-MB-23l cells, which contain high
levels of estrone sulfatase activity; and (b) we tested whether the
compounds could inhibit proliferation of the estrogen-dependenthu
man breast cancer cell line MCF-7 under conditions in which estrone
sulfate was the only available potential source of estrogen. Both
methods indicate that the new (p-O-sulfamoyl)-N-alkanoyl tyramines
are effective inhibitors of estrone sulfatase in human breast cancer
cells.

MATERIALS AND METHODS

Synthesis of (p-O-Sulfamoyl)-N-alkanoyl Tyramines. Compounds were
synthesizedaccordingto thepublishedprocedure(19).Structuresareshownin
Fig.1.

Chemicals and Reagents. [3H]Estronesulfate (estrone sulfate, ammonium
salt, [6,7-3H(N)J-; 49 Cilmmol) was obtained from DuPont New England
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in growth medium overnight. Then the medium was changed to serum-free
medium containing [3H]estrone sulfate (75,000 dpm/ml), and cells were incu
bated for 18 h. Estrone sulfatase activity was determined as indicated above.
To evaluate the effect of time, MDA-MB-231 cells (1 X 106cells/well) were
platedinto 6-well platesand incubatedin growthmediumfor 18 h. Then the
medium was changed to serum-freemedium containing [3H]estronesulfate
(75,000 dpm/ml), and the cells were incubated for different time intervals (0,
4, 10, and 24 h) before determination of estrone sulfatase activity.

Test for Reversibility of Estrone Sulfatase InhibItion. MDA-MB-231
cells were plated into 6-well plates (100,000 cells/well) in growth medium and
incubatedovernight.Medium was then changedto serum-freemediumcon
taming inhibitors (1 @M)and incubated at 37Â°Cfor 6 h, after which the medium
was removed and assayed for the presence of 3H-labeled unconjugated steroids

as described above. Then the cell monolayers were washed three times with
PBS (2 ml) and incubatedwith serum-freemediumcontaining[3H]estrone
sulfate without inhibitors. After 18 h, medium was removed and assayed for
the presence of 3H-labeled unconjugated steroids.

MTT2@ for Cell Counting. We used a MiT (Sigma Chemical Co.)
assay to count cells at the termination of cell proliferation experiments. This

assay allowed cells grown in 96-well plates to be countedusing ii microtiter
plate reader.The assay depends on the metabolic activity of the cells and
therefore counts living, intact cells. Twenty @.tlof MU solution (5 mg/mI in
phenol red-freeRPM! 1640)were addedto each well of a 96-well plate
containing cells and then incubated for 3 h at 37Â°C.At the end of the
incubationperiod, the medium was removed, and the converted dye was
solubilizedwith 100 p@lof acidic isopropanol(0.05N HCIin absoluteisopro
panol). The absorbance of the converted dye was measured at a wavelength of
570 nm with background subtraction at 690 nm using a Bio-Rad model 3550
microtiterplatereader.To generatea standardcurve,MCF-7cellswereplated
at knowndensities andallowed to adhereovernightbefore countingby MTT
assay. The absorbanceof the converted dye correspondedlinearly to the
number of cells.

MCF-7 Cell Proliferation Assay. The cell proliferationassay tested the
abilityof compoundsto inhibittheproliferationof estrogen-dependentMCF-7
cells in the presence of estrone sulfate as the only potential source of estrogen.
MCF-7 cells wereseededinto 96-well platesin growth medium(5000cells/
well). The growth medium was necessary for the cells to adhere properly to the

plates.After24 h, the mediumwas changedto estrogen-freemedium,andthe
cells were incubated for 5 days, with medium changed once. This step allowed
for estrogen depletion from the cells. After the 5-day period, the medium was
changed to estrogen-free medium and 1 @LMestrone sulfate, with or without the
experimentalcompounds.The cells were incubatedfor 7 days, with the
medium being changed once. The inhibitors were initially tested at a 10 @LM
concentration. Selected inhibitors were tested over a range of concentrations
(1 nM to 10 p@M)to evaluate the dose-response and to generate IC50 values.
Two setsof controlwells wereincludedin eachexperiment.Negativecontrol
wells were the same as experimentalwells, except thatafterday 5 they were
continued on estrogen-free medium. These wells represented the number of
cells in the absenceof estronesulfatestimulationof cell proliferation.Positive
control wells were the same as experimental wells, except that they lacked
estronesulfataseinhibitors.Thesewells representedmaximalestronesulfate
stimulationof cell proliferation.On the lastdayof theexperiment,cellswere
counted using the MIT assay.

Cell proliferation was determined as the number of cells in the experimental
wells minusthenumberof cells in thenegativecontrolwells. Cell proliferation
dataareusuallyexpressedasa percentageof thecontrol,which is calculated
as follows:

I cellproliferationinthepresenceofinhibitors\
I JX100.
\ cell proliferation for the positive control /

Statistical Analysis. Student's t test was used to compare estrone sulfatase
activity between the cell lines. Linear regression analysis was used to examine
the relationshipsbetweenintactMDA-MB-231 cell estronesulfataseactivity
and cell density and incubation time. Linear regression analysis was also used
to evaluate the dose-responsiveness of C14 inhibition of both MDA-MB-23l

2 The abbreviations used are: MiT, 3-4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo

hum bromide; df, degrees of freedom.
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Fig. I. Chemical structure of (p-O-sulfamoyl)-N-alkanoyl tyramines.

Nuclear (Boston, MA). Radioinert steroids were obtained from Sigma Chem
ical Co. (St. Louis, MO). The liquid scintillationmixturewasEcolume(ICN
Biomedical,CostaMesa,CA).

Cell CUltUreMethods. The effectiveness of estrone sulfatase inhibitors
was assessed using the human breast cancer cell lines MDA-MB-231 and
MCF-7. MDA-MB-231 (estrogen-independent) cells were used to test the
effect of potential estrone sulfatase inhibitors on estrone sulfatase activity in
intactcultures.MCF-7 (estrogen-dependent)cellswereusedto testtheeffect
of potential inhibitors on estrone sulfate-stimulated breast cancer cell growth.
MCF-7 andMDA-MB-23l humanbreastcancercellswereobtainedfrom the
American Type Culture Collection (Rockville, MD).

All cell culture media and reagents were purchased from Sigma Chemical
Co. Growth medium, used for routine growth of breast cancer cells, was RPMI
1640containing0.2%(v/v) sodiumbicarbonate,5% heat-inactivatedFCS,10
mg/migentamicin,1%(v/v) antibiotic/antimycotic,and5 mg/miamphotericin
B. Serum-freemediumcontainedall of the componentsmentionedabove
except FCS. Estrogen-free medium contained RPM! 1640 phenol red-free
medium,5%dextran-coatedcharcoal-strippedFCS,0.5nmiL-glutamine,0.2%
(vlv) sodiumbicarbonate,10 mg/mi gentamicin,1% (v/v) antibiotic/antimy
cotic, and 5 mg/mi amphotericin B.

Intact Breast Cancer Cell Estrone Sulfatase Assay. The ability of po
tential estrone sulfatase inhibitors to block the hydrolysis of estrone sulfate was

examined using intact monolayers of MDA-MB-23 1 cells. These cells were
chosen based on experiments that showed them to have greater levels of
estrone sulfatase activity than MCF-7 cells.

MDA-MB-231 cells were seeded into 6-well plates and incubated in growth

medium overnight to allow them to adhere. After incubation, the medium was
replaced with 2 ml of serum-free medium containing [3H]estrone sulfate
(75,000 dpm/ml) with or without experimental compounds (1 nisi to 10 LM).
After 18 h of incubation, the plates were cooled, and 0.5 ml of medium was
pipetted into each of two 16 X 100-mm tubes. Three ml of toluene were added
to each tube for the extraction of unconjugated steroids. The mixture was
vortexed for 1 mm and then centrifuged for 5 mm to separate the aqueous and

organic phases. One ml of organic phase (containing 3H-labeled unconjugated
steroids)wastransferredto ascintillationvial, and5 ml of scintillationmixture
were added.Radioactivity was countedin a PackardTri-carb scintillation
counter at 50% efficiency for 3H. Product formation for samples containing
inhibitors was compared to that of the control samples (no inhibitor). Data are
typically expressed as a percentage of the control.

Effect of Cell Density and Incubation Time on Estrone Sulfatase Ac
tivity. To test the effect of cell density,MDA-MB-23l cells wereplatedat
different numbers (1.25â€”10X 106cells/well) into 6-well plates and incubated
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compounds tested, with estrone sulfatase activity reduced to 17.7% of
the control values. Compounds C12, C13, and C15 each reduced
estrone sulfatase activity to less than 30% of the control, whereas
compounds â€”C1showed activities varying from 92% to 39% of
control values.

Dose-Response Inhibition of Estrone Sulfatase Activity by (p
O-Sulfamoyl)-N-tetradecanoyl Tyramine (C14). Fig. 3 shows the
dose-responserelationship between the concentration of C14 and the
inhibition of estrone sulfatase activity. Enzyme activity decreased
linearly as inhibitor concentration increased from 1 nti to 10 @LM
(,2 0.97; 34 df; P < 0.001). C14 showed more than 90% inhibition

100
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C@C.) 50-
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@ 25-

.@
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b

Cl C8 C9 ClO Cli C12 C13 C14 C15

Treatment
Fig. 2. Inhibition of estronesulfataseactivity by (p-O-sulfamoyl)-N-alkanoyltyra

mines in intact MDA-MB-23 1 cell cultures. Cells (1 X 106) were incubated in serum-free
medium containing [3H]estrone sulfate (75,000 dpm/ml) and inhibitors (1 @sM)for 18 h,
after which 3H-labeled unconjugated steroids were extracted from the medium and
measured by liquid scintillation counting (see â€œMaterialsand Methodsâ€•).Data represent
the average of three experiments, each run in duplicate. Bars, means Â±1 SE. Significant
differences between means are indicated by different letters (P < 0.05).

however, the inhibition varied from compound to compound. In

general, the longer-chain compounds were more effective inhibitors
than the shorter-chain derivatives. C14 was the most potent of the nine

d

C

estronesulfataseactivity and MCF-7 cell proliferation.For all experiments
involving multiple treatment groups, the differences between means were
evaluatedusingone-way ANOVA. Individualcomparisonsbetweentreatment
groupmeanswere madeusing Fisher's least significantdifferencetest. P less
than0.05 wasconsideredsignificant.

RESULTS

Estrone Sulfatase Assay on Intact MDA-MB-231 Cells. In pre
liminary experiments, the estrone sulfatase activity of MDA-MB-231
cells averaged 7-fold higher than that of MCF-7 cells. MDA-MB-231
cells averaged 98.3 Â±28.8 (SE) fmolJlO6 cells/18 h compared to
13.2 Â±2.6 (SE) fmolJlO6 cells/l8 h for MCF-7 cells. The difference
in enzyme activity between the two cell lines was significant
(t = 3.17; 15 df; P < 0.01). MDA-MB-23l cells were therefore used

for subsequent estrone sulfatase inhibition assays on intact cell cul
tures.

Estrone sulfatase activity was measured at various cell densities to

test whether the hydrolysis of [3H]estrone sulfate was correlated with
the MDA-MB-23l cell number. Estrone sulfatase activity increased

linearly with the increase in cell number (r@ 0.98; 17 df;

P < 0.001). Overall, estrone sulfatase activity increased by 477%,
with an increase in cell density from 1.25 X 106 to 10 x 106.

The effect of incubation time on estrone sulfatase activity was also
tested using MDA-MB-23 1 cells. Hydrolysis of [3H]estrone sulfate to
unconjugated steroids was negligible at 0 h and then increased linearly

with an increase in incubation time up to 24 h. The extent of the
hydrolysis of estrone sulfate was directly proportional to the incuba
tion time (,2 0.97; 29 df; P < 0.001).

Inhibition of Estrone Sulfatase Activity by (p-O-Sulfamoyl)-N
alkanoyl Tyramines. Fig. 2 shows the percentage of inhibition of
estrone sulfatase activity in the presence of a 1.0 ,.LMconcentration of

the nine different (p-O-sulfamoyl)-N-alkanoyl derivatives (C7â€”C15).
All compounds inhibited estrone sulfatase activity to some extent;

0-@@ I I I
0.001 0.01 0.1 1 10

Concentration(jiM)
Fig. 3. Dose-response curve for inhibition of estrone sulfatase activity by (p-O

sulfarnoyl)-N-tetradecanoyltyramine(C14)in intact MDA-MB-231 cell cultures.Cells
(1 X 106) were incubated in serum-free medium containing [3H]estrone sulfate (75,000
dpm/ml) and inhibitor (10 @.tMto 1 nM)for 18 h, after which 3H-labeledunconjugated
steroidswereextractedfrom the mediumandmeasuredby liquid scintillation counting
(see â€œMaterialsand Methodsâ€•). Each data point represents the average of eight wells.
Significantdifferencesbetweenmeansareindicatedby different letters(P < 0.05).

__.@
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Post -wash (18h)

Fig. 4. Testing for the reversibility of estrone sulfatase inhibition by C14and estrone
3-O-sulfamatein intact MDA-MB-231 cell cultures.Cells (100,000)were incubatedin
serum-free medium containing [3Hjestrone sulfate (75,000 dpm/ml) and inhibitor (1 @M)
for 6 h (prewash), after which 3H-labeled unconjugated steroids were extracted from the
mediumand measuredby liquid scintillation counting (seeâ€œMaterialsand Methodsâ€•).
Then the monolayers were washed three times with PBS (2 ml) and incubated for 18 h
with serum-free medium containing [3H]estrone sulfate alone (postwash), after which
3H-labeled unconjugated steroids were again measured. Data represent the average of
three separate experiments, each run in duplicate. Bars, means Â± 1 SE; nd., not
detectable.
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INHIBITION OF BREASTCANCER ESTRONESULFATASE

linearly (r2 = 0.53; 158 df; P < 0.001) as the concentration of C14
increased from 1 nM to 10 @.tM.The IC50 was calculated to be 38.7 nr@i.

DISCUSSION

There is increasing evidence that conversion of the conjugated
steroid estrone sulfate by the intracellular enzyme estrone sulfatase
representsa major source of estrogen for breast tumors (1, 2). Inhib
itors of estrone sulfatase could block this pathway of estrogen syn
thesis and therefore may be useful as therapeutic agents for the
treatment of estrogen-dependentbreast cancers (6). Several steroidal
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Fig. 5. Stimulationof MCF-7 cell proliferationby estronesulfate.Cells wereplated
into96-wellplatesandincubatedin estrogen-freemediumfor5 daysandthenincubated
in estrogen-freemediumand estronesulfate(0.1, 1.0, and 10 @LM)for 7 days. See
â€œMaterialsandMethodsâ€•for determinationof cell proliferation.Datarepresentthe
averageof 16wells.Bars,meansÂ±1SE.*, significantlydifferentfrom negativecontrol
values(P < 0.05).

at the 10 @.&I41concentration and less than 5% inhibition at the 1 nai
concentration. The IC50 for C14 inhibition of MDA-MB-23l cell
estrone sulfatase activity was calculated to be 350 nt@i.

Test for Reversibility of Estrone Sulfatase Inhibition. We tested
Cl4 to determine if its effect on enzyme activity was reversible (Fig.

4). C14 was compared with estrone-3-O-sulfamate, which has been
previously shown to be an irreversible inhibitor (10). After 6 h of
incubation, both C14 and estrone-3-O-sulfamate substantially inhib
ited estrone sulfatase activity compared to the control group. For both
treatments, enzyme activity remained very low after the cells were
extensively washed and incubated for an additional 18 h in medium
containing only [3H]estrone sulfate. These data indicate that both C14
and estrone-3-O-sulfamate are irreversible inhibitors of the estrone
sulfatase enzyme.

Estrone Sulfate Stimulation of MCF-7 Cell Proliferation. The
proliferation of MCF-7 cells in the presence of different concentra
tions of estrone sulfate was tested to confirm that the MCF-7 cells
obtained from the American Type Culture Collection were estrogen
dependent and capable of using estrone sulfate as substrate for estro
gen. Cells incubated in estrogen-free medium alone served as the
negative control. There was a significant increase in cell proliferation
asestrone sulfate concentration increasedbeyond 1.0 ,LM(Fig. 5). For
this reason,a 1.0 @LMconcentration was usedfor stimulation of MCF-7
cell proliferation in the subsequent inhibition experiments.

Inhibition of MCF-7 Cell Proliferation by (p-O-Sulfamoyl)-N
alkanoyl Tyramines@ The inhibitory effect of all nine compounds
(C7â€”C15)on estrone sulfate-stimulated MCF-7 cell proliferation was
compared at a 10 p@Mconcentration of inhibitors (Fig. 6). Inhibition
varied among the analogues, but there was again a trend toward
longer-chain compounds being more effective. C13 was the most
potent inhibitor of MCF-7 cell proliferation, at 19.8% of control
values. C1l@15 all showed a reduction of proliferation to less than
27% of the control, whereas C7â€”C10showed an inhibition of cell
proliferation ranging from 40â€”58%of the control values.

Dose-responsive Inhibition of MCF-7 Cell Proliferation by (p
O-Sulfamoyl)-N-tetradecanoyl Tyramine (C14). Fig. 7 shows the
dose-response relationship between the concentration of C14 and the
inhibition ofMCF-7 cell proliferation. Cell proliferation was inhibited

I 1@@I I I I I I I

Cl @8 C9 dO Cli C12 C13 C14 C15

Treatment
Fig. 6. Inhibition of estronesulfate-stimulatedMCF-7 cell proliferation by (p-O

sulfamoyl)-N-alkanoyl tyramines. Cells were incubated in estrogen-free medium for 5
daysandthenincubatedin estrogen-freemedium,estronesulfate(1 @.&M),and inhibitors
(10 JLM)for 7 days.Seeâ€œMaterialsandMethodsâ€•for determinationof cell proliferation.
Data representthe averageof 16 wells. Bars, meansÂ±1 SE. Significant differences
between means are indicated by different letters (P < 0.05).

11
Fig. 7. Dose-dependent inhibition of estrone sulfate-stimulated MCF-7 cell prolifera

tion by (p-O-sulfamoyl)-N-tetradecanoyl tyramine (C14). Cells were incubated in estro
gen-freemediumfor 5 daysandthenincubatedin estrogen-freemedium,estronesulfate
(1 @.u.i),and C14 (1 nM to 10 pM) for 7 days. See â€œMaterialsand Methodsâ€•for
determinationof cell proliferation. Data representthe averageof 32 wells. Bars,
meansÂ±1 SE.Significantdifferencesbetweenmeansare indicatedby different letters
(P < 0.05).
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compounds have recently been developed that are effective estrone
sulfatase inhibitors (7â€”16);however, the steroid nucleus of these
agents may present complications. Indeed, the most potent of the

steroidal estrone sulfatase inhibitors, estrone-3-O-sulfamate (10, 11),
has been found to be estrogenic (17). Thus, there remains a need for
potent estrone sulfatase inhibitors that are not metabolized to an active
form. Inhibitors based on a nonsteroidal structure may prove to be
most effective because such compounds are less likely to be converted
to active metabolites.

We have developed and synthesized a series of nonsteroidal com
pounds termed (p-O-sulfamoyl)-N-alkanoyl tyramines as potential
estrone sulfatase inhibitors. These compounds have a phenyl sulfa
mate group that presumably mimics the A ring of estrone-3-O-sulfa
mate. The alkanoyl side chain is thought to provide hydrophobic bulk
mimicking the B, C, and D rings of steroid substrates,such as estrone
sulfate. The various (p-O-sulfamoyl)-N-alkanoyl tyramine analogues
differ in the length of the alkanoyl side chain. We have previously
shown that these compounds are effective inhibitors of estrone sul
fatase activity in human placental microsomes (19), with the two most

potent compounds, (p-O-sulfamoyl)-N-tridecanoyl tyramine and (p
O-sulfamoyl)-N-tetradecanoyl tyramine, having IC50 values around
60 nr@i.In the present study, we show that the (p-O-sulfamoyl)-N
alkanoyl tyramine analogues are also effective inhibitors of estrone
sulfatase activity in human breast cancer cells.

We used intact MDA-MB-23l human breast cancer cells to test the
effectiveness of the (p-O-sulfamoyl)-N-alkanoyl tyramines at inhibit
ing estrone sulfatase activity. We chose the estrogen-independent
MDA-MB-23 1 cell line becauseit showed substantially higher levels
of estrone sulfatase activity compared to the estrogen-dependent
MCF-7 cells.PurohitandReed(20) alsofoundhigherlevelsof
estrone sulfatase activity in MDA-MB-23l cells, using similar meth
odology. The intact cell assay differs from the placental microsome
assay we used previously (19) in two important ways: (a) human
breast tissue is used rather than human placental tissue; and (b) the
inhibitor must cross the plasma membrane in the intact cell assay to
reach the estrone sulfatase enzyme, whereas the inhibitor presumably
has direct contact with the enzyme in the placental microsome assay.

Thus, the intact breast cancer cell estrone sulfatase inhibition assay
provides different information than the placental microsome assay.
Using the intact MDA-MB-23l cell assay, we found that all nine of

the (p-O-sulfamoyl)-N-alkanoyl tyramine analogues inhibited breast
cancer cell estrone sulfatase activity to some extent, but that the
longer-chain derivatives were more effective than the shorter chain
compounds.

One of the (p-O-sulfamoyl)-N-alkanoyl tyramine analogues (C13)
was previously found to be an irreversible inhibitor of estrone sulfat
ase in human placental microsomes (19). In the present study, the
MDA-MB-231 cell assay was used to determine if another of the
analogues (C 14) was an irreversible inhibitor of breast cancer cell
estrone sulfatase. Howarth et a!. (10) previously found that estrone
3-O-sulfamate was an irreversible inhibitor of MCF-7 cell estrone
sulfatase, using a similar intact cell assay. For this reason, we included
estrone-3-O-sulfamate as a positive control. We found that both
(p-O-sulfamoyl)-N-tetradecanoyl tyramine and estrone-3-O-sulfamate

were irreversible inhibitors of MDA-MB-23l estrone sulfatase. The
irreversible inhibition of estrone sulfatase seems to be due to the
sulfamate group. In human placental microsomes, precursors of the

(p-O-sulfamoyl)-N-alkanoyl tyramine compounds that lack the sulfa

mate group did not cause irreversible inhibition of estrone sulfatase

(19). Furthermore, substitutions to the sulfamate group of estrone-3-
O-sulfamate result in a switch to a reversible inhibitor. The mecha
nism of inactivation of estrone sulfatase by the sulfamate group is

unknown, although it has been suggested that estrone-3-O-sulfamate
may cause irreversible sulfamoylation of the enzyme (10).

The cell proliferation assay tested for the inhibition of estrone
sulfate-dependent growth of the estrogen-dependent MCF-7 human
breast cancer cell line. We recently used this assayfor the assessment
of estrone sulfatase inhibition by estrone-3-amino derivatives and
estrone-3-O-sulfamate (16). We found that the various estrone sul
fatase inhibitors were effective at retarding MCF-7 cell proliferation
in the presence of estrone sulfate as the only source of estrogen.
Furthermore, the level of inhibition of cell proliferation was positively
correlated with the potency of the compounds determined by the
human placental microsome assay, indicating that the reduction in
MCF-7 cell proliferation was attributable to the inhibition of estrone
sulfatase. In the present study, all nine of the (p-O-sulfamoyl)-N
alkanoyl tyramine analogues (10 @LM)caused an inhibition of MCF-7
cell proliferation in the presenceof 1.0 p.Mestrone sulfate. Again, the
longer-chain compounds were more effective than the shorter-chain
derivatives.

In both the intact cell assay and the cell proliferation assay, the
different (p-O-sulfamoyl)-N-alkanoyl tyramine analogues inhibited
estrone sulfatase activity to different degrees, with compounds pos
sessing a longer alkanoyl chain proving to be more effective than
those with a shorter chain. Similar results were found with the human
placental microsome assay (19). Indeed, using data from all nine
compounds, the percentage of inhibition of intact MDA-MB-231 cell
estrone sulfatase activity was positively correlated with the IC50
values reported for the inhibition of placental microsome estrone
sulfataseactivity (r = 0.99; 7 df; P < 0.05). This relationship between
the effectiveness of the estrone sulfatase inhibition and the length of
the alkanoyl chain has therefore been confirmed by three distinct
types of assays. The improved estrone sulfatase inhibition of the
longer-chain compounds may be due to the greater hydrophobicity of
this region of the molecule, better mimicking the B, C, and D rings of
the natural substrate, and presumably improving the interaction with
a hydrophobic binding site existing in the enzyme.

In summary, a new series of nonsteroidal compounds has been
developed that are potent inhibitors of the enzyme estrone sulfatase
in human placental microsomes and in intact human breast cancer
cells and that can block estrone sulfate-stimulated growth of es
trogen-dependent human breast cancer cells. Our data indicate that
the p-O-sulfamoyl-N-alkanoyl tyramines may be useful as thera
peutic agents for estrogen-dependent cancers. However, several
important aspects of the action of these compounds need to be
established before they can be evaluated in humans. The structure
of the p-O-sulfamoyl-N-alkanoyl tyramines suggests that they will
not be estrogenic, and we have found (data not shown) that
p-O-sulfamoyl-N-tetradecanoyl tyramine (C14) does not stimulate
the growth of MCF-7 cells in vitro. However, the estrogenicity of
this group of compounds needs to be tested in an in vivo system.

Also, the effectiveness of p-O-sulfamoyl-N-alkanoyl tyramines in
the inhibition of estrone sulfatase remains to be established in vivo.
Nevertheless, these compounds should be considered as potential
therapeutic agents for treatment of estrogen-dependent breast can
cers and other hormone-dependent tumors.
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