
R

S
p

J
a

b

c

d

a

A
R
R
A

K
3
S
B
M
E

C

T

0
d

Journal of Steroid Biochemistry & Molecular Biology 125 (2011) 57–65

Contents lists available at ScienceDirect

Journal of Steroid Biochemistry and Molecular Biology

journa l homepage: www.e lsev ier .com/ locate / j sbmb

eview

elective inhibition of human 3�-hydroxysteroid dehydrogenase type 1 as a
otential treatment for breast cancer

ames L. Thomasa,b,∗, Kevin M. Bucholtzd, Balint Kacsoha,c

Division of Basic Medical Sciences, Mercer University School of Medicine, 1550 College St, Macon, GA 31207, USA
Department of Ob-Gyn, Mercer University School of Medicine, 1550 College St, Macon, GA 31207, USA
Department of Pediatrics, Mercer University School of Medicine, 1550 College St, Macon, GA 31207, USA
Department of Chemistry, Mercer University, Macon, GA, USA

r t i c l e i n f o

rticle history:
eceived 18 May 2010
eceived in revised form 2 July 2010
ccepted 12 August 2010

eywords:
�-Hydroxysteroid dehydrogenase
hort-chain dehydrogenase/reductase
reast cancer
CF-7 tumor cell

nzyme inhibitor

a b s t r a c t

Human 3�-hydroxysteroid dehydrogenase/isomerase type 1 (3�-HSD1) is a critical enzyme in the con-
version of DHEA to estradiol in breast tumors and may be a target enzyme for inhibition in the treatment
of breast cancer in postmenopausal women. Human 3�-HSD2 participates in the production of corti-
sol and aldosterone in the human adrenal gland in this population. In our recombinant human breast
tumor MCF-7 Tet-off cells that express either 3�-HSD1 or 3�-HSD2, trilostane and epostane inhibit the
DHEA-induced proliferation of MCF-7 3�-HSD1 cells with 12–16-fold lower IC50 values compared to the
MCF-7 3�-HSD2 cells. Trilostane and epostane also competitively inhibit purified human 3�-HSD1 with
12–16-fold lower Ki values compared to the noncompetitive Ki values measured for human 3�-HSD2.
Using our structural model of 3�-HSD1, trilostane was docked in the active site of 3�-HSD1, and Arg195
in 3�-HSD1 or Pro195 in 3�-HSD2 was identified as a potentially critical residue. The R195P-1 mutant of
3�-HSD1 and the P195R-2 mutant of 3�-HSD2 were created, expressed and purified. Kinetic analyses of
enzyme inhibition suggest that the high-affinity, competitive inhibition of 3�-HSD1 by trilostane may be
related to the presence of Arg195 in 3�-HSD1 versus Pro195 in 3�-HSD2. In addition, His156 in 3�-HSD1

may play a role in the higher affinity of 3�-HSD1 for substrates and inhibitors compared to 3�-HSD2
containing Try156. Structural modeling of the 3�-HSD1 dimer identified a possible interaction between
His156 on one subunit and Gln105 on the other. Kinetic analyses of the H156Y-1, Q105M-1 and Q105M-2
support subunit interactions that contribute to the higher affinity of 3�-HSD1 for the inhibitor, epostane,
compared to 3�-HSD2.

Article from the Special issue on Targeted Inhibitors.

© 2010 Elsevier Ltd. All rights reserved.
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. Introduction

Human 3�-hydroxysteroid dehydrogenase/Delta 5 → 4-
somerase type 1 (3�-HSD1; short-chain dehydrogenase/reductase
SDR) nomenclature: 3BHS1 HUMAN or SDR11E1) and 3�-
ydroxysteroid dehydrogenase/Delta 5 → 4-isomerase type 2
3�-HSD2; SDR nomenclature: 3BHS2 HUMAN or SDR11E2)
re encoded by two distinct genes which are expressed in

tissue-specific pattern [1,2]. Both isoforms of the enzyme
atalyze the conversion of 3�-hydroxy-5-ene-steroids (dehy-
roepiandrosterone, 17�-hydroxypregnenolone, pregnenolone)
o 3-keto-4-ene-steroids (androstenedione, 17�-hydroxy-
rogestrone, progesterone) on a single, dimeric protein con-
aining both enzyme activities [3]. During human pregnancy,
he placental enzyme catalyzes the conversion of pregnenolone
o progesterone, which maintains the uterus in a quiescent
tate. Near term, however, the fetal zone adrenal gland produces
arge amounts (200 mg/day) of dehydroepiandrosterone (DHEA).
ecause the fetal adrenal lacks significant 3�-HSD/isomerase
ctivity, the placental type 1 enzyme converts the fetal dehy-
roepiandrosterone to androstenedione. Androstenedione is
onverted by placental aromatase and 17�-hydroxysteroid dehy-
rogenase to estradiol, which participates in the cascade of events
hat initiates labor in humans [4]. In human breast cancer, circu-

gland tissue to produce estradiol-17� (Fig. 1). In addition, estrone-
sulfate is converted to estradiol-17� by steroid sulfatase and
17�-HSDs [5–8]. Inhibitors specific for 3�-HSD1 in mammary
gland and breast tumors may inhibit tumor cell growth without
affecting the activity of 3�-HSD2 in the adrenal gland [9–11].
To test that hypothesis, we have developed two recombinant
(genetically engineered) human breast tumor MCF-7 cell lines
that express either human 3�-HSD1 or 3�-HSD2 plus the other
enzymes required for the biosynthesis of estradiol from DHEA-S.
The 3�-HSD inhibitors, trilostane and epostane, competitively
inhibit purified human 3�-HSD1 with 12–16-fold higher affinities
compared to the noncompetitive inhibition of human 3�-HSD2 by
these compounds [11–13]. The efficacies of inhibitors of 3�-HSD1
and aromatase have been compared as blockers of MCF-7 cell
proliferation. The introduction of aromatase inhibitors (anastro-
zole, letrozole) has improved the prognosis of many breast cancer
patients [14,15].

Another aim of our study has been to determine the func-
tional significance of key non-identical amino acids of the two
isoenzymes—Arg195 and His156 in 3�-HSD1 versus Pro195 and
Tyr156 in 3�-HSD2 (two of 23 non-identical residues in the two
isoenzymes). Docking studies of trilostane with our structural
model of human 3�-HSD1 suggests that the 17�-hydroxyl group
of the 3�-HSD inhibitor, trilostane (2�-cyano-4�,5�-epoxy-17�-
ating dehydroepiandrosterone-sulfate (DHEA-S) from the adrenal
land is converted by steroid sulfatase, 3�-HSD1, aromatase and
7�-HSD in the tumors and the surrounding normal mammary

ig. 1. Human 3�-hydroxysteroid dehydrogenase is expressed as two tissue-specific isofo
hat produce estradiol, testosterone, cortisol and aldosterone. The enzymes that particip
nterpretation of the references to color in this figure legend, the reader is referred to the
rms (3�-HSD1 and 3�-HSD2) as a key enzyme in the steroid biosynthetic pathways
ate in the conversion of DHEA-S to 17�-estradiol in breast tumors are in red. (For
web version of the article.)

ol-androstane-3-one), may interact with the Arg195 residue of
3�-HSD1 but not with Pro195 in 3�-HSD2. The R195P-1 mutant
of 3�-HSD1 and the P195R-2 mutant of 3�-HSD2 were cre-
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Table 1
Levels of 3�-HSD1, 3�-HSD2 and aromatase mRNA in our genetically engineered
human breast tumor MCF-7 Tet-off cells.

MCF-7 cells 3�-HSD1a 3�-HSD2 Aromatase

MCF-7 Tet-off (untransfected) 27 2 2
MCF-7 Tet-off 3�-HSD1 150,219 11 1
MCF-7 Tet-off 3�-HSD1 aromatase 108,804 3 43,186
MCF-7 Tet-off 3�-HSD1 aromatase dox 5780 3 43,405
MCF-7 Tet-off 3�-HSD2 35 138,511 2
MCF-7 Tet-off 3�-HSD2 aromatase 9 220,804 40,098
MCF-7 Tet-off 3�-HSD2 aromatase dox 30 2693 40,693

a Primers and probes specific for human 3�-HSD1, 3�-HSD2 and aromatase were
used in these qRT-PCR studies. All data was normalized to 18s attomoles/�g RNA. All
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dimensional graphics of 3�-HSD1 or the R195P-1 mutant docked
RT-PCR measurements were performed in triplicate using the Applied Biosystems
300 Real-time PCR system.

ted, expressed, purified and characterized kinetically to test this
ypothesis [16]. In addition, we have reported [12] that His156

n 3�-HSD1 contributes to the 11–16-fold higher affinities that
�-HSD1 exhibits for substrate (DHEA) and inhibitor (epostane)
teroids compared to 3�-HSD2 with Tyr156 in the otherwise iden-
ical catalytic domains (Tyr154-Pro-His156/Tyr156-Ser-Lys158).
ecause our structural model localizes His156/Tyr156 in the sub-
nit interface of 3�-HSD, the structural basis for the differences in
�-HSD1 and 3�-HSD2 have been investigated using site-directed
utagenesis to determine if subunit interactions between Gln105

nd His156 or Tyr156 are involved [11].

. Methods and materials

.1. Chemicals

Dehydroepiandrosterone (DHEA) was purchased from Sigma
hemical Co. (St. Louis, MO); reagent grade salts, chemicals and
nalytical grade solvents from Fisher Scientific Co. (Pittsburg, PA).
he cDNA encoding human 3�-HSD1, 3�-HSD2 and aromatase was
btained from J. Ian Mason, Ph.D., Univeristy of Edinburgh, Scot-
and. Trilostane was obtained as gift from Gavin P. Vinson, DSc PhD,
chool of Biological Sciences, Queen Mary University of London.
postane was obtained from Sterling-Winthrop Research Institute
Rensselaer, NY). Letrozole was obtained from Novartis Pharma AG
Basel, Switzerland). Glass distilled, deionized water was used for
ll aqueous solutions.

.2. Real-time PCR (qRT-PCR) of the recombinant MCF-7 cells

Total RNA was isolated from the untransfected and recom-
inant MCF-7 Tet-off cell lines using the RNeasy Mini Kit,
ollowed by Deoxyribonuclease I treatment (Qiagen, Valencia, CA).
ingle-strand cDNA was prepared from 2 �g of total RNA using
igh-Capacity cDNA Reverse Transcription Kit (Applied Biosys-

ems, Foster City, CA). 3�-HSD1 and 3�-HSD2 primers and probes
ere used because of 93% sequence homology. Primers and probes

pecific for human 3�-HSD1, 3�-HSD2 and aromatase used in these
RT-PCR studies were described previously [13]. 3�-HSD1, 3�-
SD2 and 18s rRNA quantification were performed using Applied
iosystems TaqMan Gene Expression Master Mix. For aromatase
uantification, SYBR Green I was used with Applied Biosystems
ower SYBR Green PCR Master Mix. The cDNA product from 40 ng
otal RNA was used as template according to our published pro-
edure [13]. Each gene mRNA expression level was calculated
sing the formula: ((attograms of gene mRNA measured by qRT-

CR relative to the cDNA standard curve)/(gene mRNA molecular
eight))/(�g of control 18s rRNA) = attomoles of gene mRNA per
g 18s rRNA in Table 1.
y & Molecular Biology 125 (2011) 57–65 59

2.3. Proliferation assays using the MCF-7 cells

The Clontech MCF-7 Tet-off cells transfected with the Tet-Off
expression vector allows controlled expression of the human 3�-
HSD1 or 3�-HSD2. The Clontech response plasmid, pTRE2hyg,
containing cDNA encoding 3�-HSD1 or 3�-HSD2 was transfected
into the MCF-7 Tet-off cells, and transfected clones were selected
by incubation with hygromycin. In this stably transfected expres-
sion system, human 3�-HSD1 or 3�-HSD2 is produced in the MCF-7
cells, and the levels of 3�-HSD1 or 3�-HSD2 expression are maxi-
mal in the absence of doxycycline. In addition, the cDNA encoding
human aromatase was cloned into the pCMVzeo mammalian
expression vector, and the MCF-7 3�-HSD1 or 3�-HSD2 cells
were stably tranfected with the aromatase gene, and transfected
clones were selected by incubation with zeocin. These recombi-
nant MCF-7 cells are plated in 96-well dishes (2000 cells/well) using
RPMI medium without phenol red containing 10% charcoal dextran
stripped FBS (Gemini Bio-Products, West Sacramento, CA).

To measure inhibition of 3�-HSD on the growth of our recom-
binant MCF-7 Tet-off 3�-HSD1 and 3�-HSD2 aromatase cells, the
substrate, DHEA (5.0 nM, EC50), and the 3�-HSD inhibitor, trilostane
(0–2.5 �M) are added to the cultures in the presence (dox) and
absence (no dox) of doxycycline (10 ng/ml). To measure inhibition
of aromatase, the substrate steroid, DHEA (5.0 nM), and the aro-
matase inhibitor (letrozole, 0–20.0 nM) are added to the cultures in
the presence (dox) and absence (no dox) of doxycycline (10 ng/ml).
For each of these procedures, the hormones are introduced 48 h
after the plates are seeded with the cells. After 4 days, the treat-
ments and media are refreshed. On day 10 after cell plating, the MTT
dye is added to measure a viable cell count by colorimetric assay
(absorbance at 595 nm). Our standard curves determined that an
increase or decrease in 0.1 absorbance units at 595 nm measures
an increase or decrease of 8000 MCF-7 cells in each well of the 96-
well plate that hold 20,000 MCF-7 cells at confluency. Each value
reported is the mean of 4 independent determinations ± SD.

2.4. Bioinformatics/computational biochemistry/graphics

As described previously [17], a three-dimensional model of
human 3�-HSD1 has been developed based upon the X-ray
structures of two related SDR enzymes: the ternary complex of
Escherichia coli UDP-galactose 4-epimerase (UDPGE) with NAD+

cofactor and substrate (PDB AC: 1NAH) [18] and the ternary
complex of human 17�-hydroxysteroid dehydrogenase type 1
(17�-HSD1) with NADP and androstenedione (PDB AC: 1QYX)
[19]. In this spliced model, the 153 residue N-terminal sequence
comprising the NAD+ binding site of 3�-HSD1 better matches
that of UDPGE (52% homology). The substrate portion of the
3�-HSD1 active site (residues 154–255) better matches that of
17�-HSD1 (55% homology), which shares steroid ligand specificity
and hydroxysteroid dehydrogenase function with 3�-HSD1 [17].
Amino acid sequence alignments were performed using CLUSTAL
W (1.81) multiple sequence alignment [20].

This PDB file for 3�-HSD1 was used in Autodock 3.0 (The Scripps
Research Institute, http://autodock.scripps.edu) [21] after the 17�-
HSD product steroid was removed, leaving the NAD+ cofactor in
the binding site. All docking experiments were carried out using
Autodock 3.0 using the Genetic Algorithm with Local Searching.
Independent runs (256) were carried out and the docking results
were then analyzed by a ranked cluster analysis. Compounds were
identified that had the lowest overall binding energy. The three-
with trilostane were created using the DeepView Swiss-PdbViewer
(http://www.exspasy.org/spdbv/) for the protein with ligands and
using Adobe Photoshop Elements (San Jose, CA) for text labeling.

http://autodock.scripps.edu/
http://www.exspasy.org/spdbv/
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.5. Site-directed mutagenesis

Using the Advantage cDNA PCR kit (BD Biosciences Clon-
ech, Palo Alto, CA) and pGEM-3�HSD1 or pGEM-3�HSD2 as
emplate, double-stranded PCR-based mutagenesis produced the

utant cDNA for the 3�-HSD mutants, R195P-1, P195R-2, H156Y-
, Q105M-1 and Q105M-2, as described previously [11,12,16]. The
resence of the mutated codon and integrity of the entire mutant
�-HSD cDNA were verified by automated dideoxynucleotide DNA
equencing using the Big Dye Terminator Cycle Sequencing Ready
eaction kit (Applied Biosystems, Foster City, CA).

.6. Expression and purification of the mutant and wild-type
nzymes

The mutant R195P-1, P195R-2, H156Y-1, Q105M-1, Q105M-2,
ild-type 3�-HSD1 or 3�-HSD2 cDNA was introduced into bac-
lovirus and expressed in Sf9 cells as previously described [22].
ecombinant baculovirus was added to 1.5 × 109 Sf9 cells (1 L)
t a multiplicity of infection of 10 for expression of each mutant
nzyme. The expressed mutant and wild-type enzymes were sep-
rated by SDS-polyacrylamide (12%) gel electrophoresis, probed
ith anti-3�-HSD polyclonal antibody (Novus Biologicals, Littleton,
O) and detected using the ECL western blotting system with anti-
oat, peroxidase-linked secondary antibody (Amersham Pharmacia
iotech, Piscataway, NJ). Each expressed enzyme was purified from
he 100,000 × g pellet of the Sf9 cells (4 L) by our published method
3] using Igepal CO 720 (Rhodia, Inc., Cranbury, NJ) instead of
he discontinued Emulgen 913 detergent (Kao Corp, Tokyo). Each
xpressed, purified mutant and wild-type enzyme produced a sin-
le major protein band (42.0 kDa) on SDS-polyacrylamide (12%)
el electrophoresis that co-migrated with the purified human 3�-
SD1 control enzyme. Protein concentrations were determined by

he Bradford method using bovine serum albumin as the standard
23].

.7. Kinetic studies

Michaelis–Menten kinetic constants for the 3�-HSD sub-
trate were determined for the purified mutant and wild-
ype enzymes in incubations containing dehydroepiandrosterone
DHEA, 2–100 �M) plus NAD+ (0.2 mM) and purified enzyme
0.03 mg) at 27 ◦C in 0.02 M potassium phosphate, pH 7.4. The
lope of the initial linear increase in absorbance at 340 nm
er min (due to NADH production) was used to determine
�-HSD1 activity. Kinetic constants for the isomerase substrate
ere determined at 27 ◦C in incubations of 5-androstene-3,17-
ione (20–100 �M), with NADH (0.05 mM) and purified enzyme
0.02 mg) in 0.02 M potassium phosphate buffer, pH 7.4. Iso-

erase activity was measured by the initial absorbance increase at
41 nm (due to androstenedione formation) as a function of time.
lank assays (zero-enzyme, zero-substrate) assured that specific

somerase activity was measured as opposed to non-enzymatic,
spontaneous” isomerization (Thomas et al. [3]). Changes in
bsorbance were measured with a Varian (Sugar Land, TX) Cary
00 recording spectrophotometer. The Michaelis–Menten con-
tants (Km, Vmax) were calculated from Lineweaver–Burke (1/S
ersus 1/V) plots and verified by Hanes–Woolf (S versus S/V) plots.
he kcat values (min−1) were calculated from the Vmax values
nmol/min/mg) and represent the maximal turnover rate (nmol
roduct formed/min/nmol enzyme dimer).

Inhibition constants (Ki) were determined for the inhibition of

he 3�-HSD1, 3�-HSD2, H156Y-1, Q105M-1, Q105M-2, R195P-1
nd R195P-2 activities by trilostane or epostane using condi-
ions that were appropriate for each enzyme species based on
ubstrate Km values. For 3�-HSD1, the incubations at 27 ◦C con-
y & Molecular Biology 125 (2011) 57–65

tained sub-saturating concentrations of DHEA (4.0 �M or 8.0 �M),
NAD+ (0.2 mM), purified human type 1 enzyme (0.03 mg) and
trilostane or epostane (0–1.0 �M) in 0.02 M potassium phosphate
buffer, pH 7.4. For 3�-HSD2, similar incubations contained DHEA
(8.0 �M or 20.0 �M) and trilostane or epostane (0–10.0 �M). For
the mutant enzymes, similar incubations contained DHEA substrate
and inhibitor noted in the legends of Tables 3 and 4. Dixon analysis
(I versus 1/V) was used to determine the type or mode of inhibition
(competitive, noncompetitive) and calculate the inhibition con-
stant (Ki) values. The Ki value represents the inhibitor concentration
that reduces maximal enzyme activity by 50% and is considered a
measure of the affinity of the enzyme for the inhibitor. A decrease
in Ki indicates an increase in affinity [24].

Our triplicate determinations of the kinetic constants used
highly purified mutant and wild-type enzymes to produce very
reliable results with little variation between the values. The stan-
dard deviations reported for the mean values in the kinetic tables
show that the variation between triplicates is 5–9%. With such low
variation in the kinetic determinations, the observed differences
of 2–16-fold between the kinetic constants of mutant and wild-
type enzymes for substrates, cofactors and inhibitor analogs are
interpreted to represent real differences.

3. Results

3.1. qRT-PCR, western blot analysis and proliferation assays that
assess enzyme levels in the recombinant MCF-7 cells

The key to measuring the specificity of inhibitors for 3�-HSD1
in proliferation assays using our recombinant MCF-7 cells is val-
idation that our MCF-7 Tet-off 3�-HSD1 aromatase cells express
no human 3�-HSD2 and the MCF-7 Tet-off 3�-HSD2 aromatase
cells express negligible endogenous human 3�-HSD1. Our qRT-
PCR results shown in Table 1 provide definitive evidence that our
recombinant MCF-7 cells meet these criteria. In addition, doxy-
cycline (Dox) turns off (56–82-fold decrease) the expression of
3�-HSD1 or 3�-HSD2 (as expected for stable transfection using the
Clontech Tet-off response plasmid, pTRE2hyg). Comparing the lev-
els of transfected 3�-HSD1 in our recombinant MCF-7 cells to those
found in human breast tumors is not possible due to a lack of com-
parable data in the literature. However, it has been reported that
induction of human 3�-HSD1 in human breast tumor ZR-75-1 (ER+)
and BT-20 (ER−) cells activity by IL-4 and IL-13 increases the for-
mation of estrogen precursors and may have a significant impact on
the estrogen biosynthesis in breast tumors, plus no 3�-HSD2 was
detected in these cells [9]. Table 1 also shows that the MCF-7 Tet-
off 3�-HSD1 and 3�-HSD2 cell lines have been stably transfected
with human aromatase, which is not affected by Dox as expected
for stable transfection with pCMVzeo-aromatase. As shown by the
qRT-PCR results in Table 1, the Clontech Tet-off MCF-7 cells express
no endogenous aromatase mRNA and required transfection with
pCMVzeo-aromatase to provide this enzyme activity.

As reported using our anti-steroid sulfatase and anti-17�-
HSD1 antibodies, human steroid sulfatase and 17�-HSD1 were
determined by western immunoblots to be present as endoge-
nous enzymes in the MCF-7 cells [13]. In the same report,
estrone (EC50 = 0.39 nM) or estradiol (EC50 = 0.24 nM) stimulated
the growth of the MCF-7 Tet-off 3�-HSD1 aromatase and of the
MCF-7 Tet-off 3�-HSD2 aromatase cells (estrone EC50 = 0.34 nM;
estradiol EC50 = 0.32 nM) at very similar rates, which indicates that
endogenous 17�-HSD reductase activity is present in the parent

Clontech MCF-7 Tet-off cells [13]. Similar proliferation assays using
DHEA-S, DHEA and androstenedione demonstrated concentration-
dependent stimulation of the growth of our MCF-7 Tet-off 3�-HSD1
aromatase and MCF-7 Tet-off 3�-HSD2 aromatase, which further
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Fig. 2. Inhibition of the proliferation of genetically engineered MCF-7 breast tumor
cells by trilostane or letrozole. (A) The 3�-HSD inhibitor, trilostane (0–2.5 �M) slows
the DHEA-stimulated (5 nM) proliferation of our recombinant MCF-7 Tet-off 3�-
HSD1 aromatase cells in the absence (no dox, �, solid line) and presence of 10 ng/ml
doxycycline (dox, �, broken line) and recombinant MCF-7 Tet-off 3�-HSD2 aro-
matase cells in the absence (no dox, �, solid line) and presence of doxycycline (dox,
�, broken line). (B) The aromatase inhibitor, letrozole (0–20.0 nM), decreases the
DHEA-stimulated (5 nM) proliferation of the recombinant MCF-7 Tet-off 3�-HSD1
aromatase cells in the absence (no dox,�, solid line) or presence of 10 ng/ml doxycy-
cline (dox,�, broken line) and of the recombinant MCF-7 Tet-off 3�-HSD2 aromatase
cell lines in the absence (no dox, �, solid line) or presence of doxycycline (dox, �,
broken line) as described in Section 2. Each value is the mean of 4 independent
determinations ± SD. Assays are conducted as described in Section 2. Each value is
the mean of 4 independent determinations ± SD.

Fig. 3. Docking of trilostane with our structural model of human 3�-HSD1. (A) The propo
group of the Arg195 residue of the wild-type enzyme (4.0 Å) and the apparent proximit
docked trilostane (3.4 Å) are shown. (B) Docking of trilostane with the R195P mutant of
the orientation of trilostane docked with wild-type 3�-HSD1 containing Arg195 in Pane
indicate that this view represents the active site of the enzyme. The protein backbone (g
distances (magenta) are shown. (For interpretation of the references to color in this figur
y & Molecular Biology 125 (2011) 57–65 61

supported the presence of steroid sulfatase, 3�-HSD, aromatase and
17�-HSD in our MCF-7 cell model [13]. Our MCF-7 cell prolifera-
tion results with DHEA-S or DHEA as substrate were similar to those
reported for MCF-7 cells in the past [25].

3.2. Inhibition of 3ˇ-HSD1 or aromatase slows the growth of the
MCF-7 cells

As shown in Fig. 2A, the 3�-HSD inhibitor, trilostane, slows
the proliferation of our MCF-7 Tet-off 3�-HSD1 aromatase cells
(IC50 = 0.3 �M) with a 16-fold higher affinity compared to the
MCF-7 Tet-off 3�-HSD2 aromatase cells (IC50 = 4.9 �M). When
doxycycline (dox) is present to turn-off the expression of 3�-HSD1
or 3�-HSD2, the basal stimulation of proliferation by substrate
(DHEA at 5.0 nM, mean EC50 [13]) is substantially reduced, and the
inhibition of the growth of both MCF-7 cell lines by trilostane is
greatly attenuated. The related 3�-HSD inhibitor, epostane, also
selectively inhibits the growth of our MCF-7 Tet-off 3�-HSD1 aro-
matase cells (IC50 = 0.2 �M) with a 12-fold higher affinity relative
to the MCF-7 Tet-off 3�-HSD2 aromatase cells (IC50 = 2.4 �M) [13].
These results mirror the inhibition of 3�-HSD1 by epostane or
trilostane with 12–16-fold higher affinity than 3�-HSD2 that was
measured with the purified isoenzymes as well as in homogenates
of our recombinant MCF-7 3�-HSD1 and MCF-7 3�-HSD2 cells
[10,11]. In Fig. 2B, the aromatase inhibitor, letrozole, inhibits
the DHEA-stimulated proliferation of the MCF-7 Tet-off 3�-HSD1
aromatase (IC50 = 0.6 nM) and MCF-7 Tet-off 3�-HSD2 aromatase
(IC50 = 0.9 nM) cell lines at similar rates with little change in rate
observed in incubations containing doxycycline (dox), as expected
for the inhibition of aromatase in these cells. Neither trilostane
nor letrozole stimulated the proliferation of the MCF-7 cells in
the absence of DHEA substrate, so none of these compounds has
ER-agonist activity in our breast tumor cell model.

3.3. Targeting the key residues using the structural model and
docking analysis

The targeting of Arg195/Pro195 in 3�-HSD1/3�-HSD2 is based
on the docking results obtained with our structural model of human
3�-HSD1, which has 51% homology of the Rossmann-fold domain

(residues 1–200) and 40% identity of the key fingerprint residues
that interact with bound substrate and cofactor compared to the
crystallographic structure of E. coli UDP-galactose-4-epimerase
with the substrate domain of human 17�-hydroxysteroid dehy-

sed interaction between the 17�-hydroxyl group of trilostane and the guanidinium
y of the anchoring hydroxyl group of the Ser124 residue to the 2�-cyanogroup of
3�-HSD1 (containing Pro195) shows a binding shift of the inhibitor compared to
l A. The illustrations of catalytic residues, Tyr154 and Ser124, and cofactor, NAD+,
reen), carbon (black), oxygen (red) and nitrogen (blue) atoms plus estimated bond
e legend, the reader is referred to the web version of the article.)
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Table 2
Comparison of Michaelis–Menten constants of substrates for purified human 3�-HSD1, R195P-1, 3�-HSD2 and P195R-2.

Purified enzyme 3�-HSDa Isomeraseb

Km (�M) kcat (min−1) kcat/Km (min−1 �M−1) Km (�M) kcat (min−1) kcat/Km (min−1 �M−1)

R195P-1 10.7 7.7 0.72 63.2 64.2 1.02
3�-HSD1 3.7 3.3 0.89 27.9 50.2 1.80
P195R-2 7.7 5.6 0.73 101.8 87.5 0.86
3�-HSD2 15.6 8.7 0.44 88.4 81.4 0.92

a Kinetic constants for the 3�-HSD substrates were determined spectrophotometrically (340 nm) in incubations containing DHEA or 16�-hydroxy-DHEA (1–100 �M),
N 7.4.
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Fig. 4. Homology model of the human 3�-HSD1 dimer showing the hydrogen-

itive inhibition profile of 3�-HSD2 to a high-affinity (Ki = 0.19 �M),
competitive inhibition profile similar to that of 3�-HSD1 containing
Arg195 (Table 3).

Table 3
Comparison of inhibition constants of trilostane for purified human
R195P-1, 3�-HSD1, P195R-2 and 3�-HSD2.

Enzyme Trilostane Ki (�M)a

R195P-1 2.56 ± 0.22
3�-HSD1 0.10 ± 0.01 (C)
P195R-2 0.19 ± 0.02 (C)
3�-HSD2 1.60 ± 0.10

a For 3�-HSD1 and P195R-2, the incubations contained sub-
saturating concentrations of DHEA (4.0 �M or 8.0 �M), NAD+ (0.2 mM),
purified human 3�-HSD type 1 enzyme (0.04 mg) and trilostane
(0–1.0 �M) in 0.02 M potassium phosphate buffer, pH 7.4. For 3�-HSD2
and R195P-1, similar incubations contained DHEA (8.0 �M or 20.0 �M)
AD+ (0.2 mM) and purified enzyme (0.04 mg) in 0.02 M potassium phosphate, pH
b Kinetic constants for the isomerase substrate were determined in incubations of

n 0.02 M potassium phosphate buffer, pH 7.4.

rogenase type 1 (17�-HSD1) [17]. Site-directed mutagenesis has
upported the function of the catalytic residues and selected sub-
trate, cofactor and inhibitor binding residues as suggested by
he structural model in previous studies [11,12,17,26–28]. How-
ver, we recognize the limitations of using our structural model
f human 3�-HSD1 in the docking studies. The bond distances
oted below between the docked trilostane and the protein amino
cids or NAD+ (in the crystal structures of the enzymes used in
he model) should be considered to be estimates in the absence of
n actual crystallographic structure of 3�-HSD1 with each bound
teroid ligand. The structural model only suggests which amino
cids to target, and the functions of these residues are then tested
y mutagenesis and kinetic analyses.

Trilostane was docked in the active site of our structural model
f human 3�-HSD1 and the chimeric R195P-1 mutant of 3�-HSD1
containing Pro195 as in 3�-HSD2) using Autodock 3.0. As shown in
ig. 3A, the 17�-hydroxyl group of trilostane is proposed to interact
ith the R-guanidinium group of Arg195 (4.0 Å) in wild-type 3�-
SD1. Docking with the R195P-1 mutant suggests that Pro195 in
�-HSD2 does not function as a recognition residue for the 17�-
ydroxyl group of trilostane (Fig. 3B). To test our proposal that
rg195 functions as a key recognition residue for the high-affinity

nhibition of 3�-HSD1 by trilostane, the R195P-1 mutant of 3�-
SD1 and the P195R-2 mutant of 3�-HSD2 have been created,
xpressed, purified and characterized.

The presence of His156 in human 3�-HSD1 versus Tyr156 in
�-HSD2 has been shown to participate in the 11–16-fold greater
ffinity of the type 1 enzyme for 3�-HSD substrate steroids and
nhibitors compared to the 3�-HSD2 [12]. We have localized the
ritical His156 residue in the subunit interface of the 3�-HSD1
nzyme dimer by homology modeling (Fig. 4) and tested this
rediction by mutagenesis of the potential key hydrogen-binding
artner, Gln105, on the other subunit of 3�-HSD1 and 3�-HSD2 to
roduce Q105M-1 and Q105M-2, respectively. Tyr156 is not shown

n Fig. 4 (same position as His156). This cartoon is a representation
f the proposed anti-parallel subunit interface (discussed below)
nd is not the result of docking analysis.

.4. Substrate and inhibition kinetic analyses of the R195P-1 and
195R-2 mutant enzymes

Comparisons of the Michaelis–Menten values of DHEA as sub-
trate of 3�-HSD1, 3�-HSD2, R195P-1 and P195R-2 are shown in
able 2. The R195P-1 mutation shifted the DHEA substrate kinetics
o the lower affinity profile of 3�-HSD2, and the P195R-2 shifted
ubstrate kinetics to the higher affinity profile of 3�-HSD1. The iso-
erase substrate kinetics were less affected by the mutations at

osition 195 than those observed for 3�-HSD (Table 2). The cofac-

or kinetics were not affected by either the R195P-1 or P195R-2

utation [16].
Dixon analyses of the inhibition of the R195P-1 mutant, P195R-2

utant, wild-type 3�-HSD1 and wild-type 3�-HSD2 by trilostane
binding residues, Gln105 and His156, in the subunit interface as well as the catalytic
residues, Tyr154 and Lys158, in the active site. In the similar human 3�-HSD2 dimer
interface, Tyr156 replaces His156 (not shown).

have measured inhibition constants (Ki values in Table 3) that sup-
port a role for Arg195 in the competitive inhibition of 3�-HSD1
by trilostane with a 16-fold lower Ki compared to the noncom-
petitive inhibition of 3�-HSD2 with Pro195 at this position in the
protein. The R195P-1 mutation shifts the high-affinity, competitive
inhibition profile of 3�-HSD1 to a low-affinity (Ki = 2.56 �M), non-
competitive inhibition profile similar to that of 3�-HSD2 containing
Pro195. The P195R-2 mutation shifts the low-affinity, noncompet-
and trilostane (0–7.5 �M). Dixon analysis (I versus 1/V) was used to
determine the mode of inhibition and calculate the Ki values. (C) Denotes
a competitive mode of inhibition, and no notation indicates a noncom-
petitive mode of inhibition. Values from the triplicate experiments are
shown using mean ± SD.
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Table 4
Inhibition and substrate kinetics for the 3�-HSD and isomerase activities of the purified mutant H156Y-1, Q105M-1, Q105M-2 and wild-type enzymes.

Purified enzyme 3�-HSDa Isomeraseb

Ki
c (�M) Km (�M) kcat (min−1) kcat/Km (min−1 �M−1) Km (�M) kcat (min−1) kcat/Km (min−1 �M−1)

Q105M-1 1.84 40.5 6.8 0.17 33.0 34.8 1.06
H156Y-1 1.18 42.4 7.1 0.17 27.9 54.6 1.96
3�-HSDl 0.07 3.7 3.3 0.89 27.9 50.2 1.25
Q105M-2 1.64 25.0 4.5 0.18 80.8 66.7 0.82
3�-HSD2 0.98 47.3 7.1 0.15 88.4 81.5 0.92

a Kinetic constants for the 3�-HSD substrate (DHEA) were determined in incubations at 27 ◦C containing NAD+ (200 �M), dehydroepiandrosterone (3–100 �M) and purified
enzyme (0.04 mg) in 0.02 M potassium phosphate, pH 7.4. Each Km and kcat value represents the mean of triplicate measurements with a standard deviation ≤7% of single
mutant enzyme preparations.

b Kinetic constants for the isomerase substrate (5-androstene-3,17-dione) were determined in incubations at 27 ◦C of NADH (50 �M), 5-androstene-3,17-dione (20–100 �M)
and purified enzyme (0.01–0.04 mg) in 0.02 M potassium phosphate buffer, pH 7.4.
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c Inhibition constants (all Ki values from Dixon plots) for inhibition of the purified e
postane = 0–0.75 �M; 3�-HSD2, Q105M, H156Y: epostane = 0–7.5 �M).

.5. Substrate and inhibition kinetic analyses of the mutant
156Y-1, Q105M-1, Q105M-2 enzymes

The Michaelis–Menten kinetic values measured for substrate
tilization by purified H156Y-1, Q105M-1, Q105M-2, 3�-HSD1, and
�-HSD2 are summarized in Table 4. For the dehydrogenase activ-

ty, the Q105M-1 mutant demonstrates an 11-fold higher Km for
ubstrate and 2-fold higher kcat than 3�-HSD1, which are similar
o those of 3�-HSD2 and to those measured for the H156Y-1 mutant
nzyme. The Q105M-2 mutant exhibits DHEA kinetic constants
hat are similar to those of 3�-HSD2 with almost identical uti-
ization efficiencies (kcat/Km). The Q105M-1 and Q105M-2 mutant
nzymes retain isomerase substrate Km values similar to the appro-
riate 3�-HSD1 or 3�-HSD2 isoform. Both Q105 M mutant enzymes
xhibit reduced isomerase activity (kcat) compared to their wild-
ype enzyme counterpart.

The inhibition constant values (Ki values in Table 4) derived
rom Dixon analyses (I versus 1/V) show that epostane inhibits the
�-HSD activity of H156Y-1 and Q105M-1 with 16–26-fold lesser
ffinities compared to the Ki values measured using the wild-type
�-HSD1 enzyme. However, Q105M-2 retains the lower affinity
rofile of inhibition by epostane that are observed with wild-type
�-HSD2 (Table 4).

. Discussion

Human 3�-HSD/isomerase is a complex, multifunctional
teroidogenic enzyme that is unique because it is membrane-bound
n both smooth endoplasmic reticulum (microsomes) and mito-
hondria [3], utilizes NAD+ but not NADP+ as a coenzyme [28]
nd has a definitive tissue-specific expression of the 3�-HSD1
mammary gland, breast tumors, placenta, skin) and 3�-HSD2
adrenal gland, ovary, testis) isoforms [1]. Although the 3�-HSD
ctivity is capable of performing the oxidation or reduction of
ubstrate steroids, the irreversible 5 → 4-ene-steroid isomerase
ctivity on the same protein allows the conversion of 3�-hydroxy-
-ene-steroid substrates to 3-keto-4-ene-product steroids but not
he reduction of the 3-keto-4-ene-product steroid. A 3-keto-5-
ne-steroid can be reduced, however, because the isomerization
eaction is not involved [29].

Human 3�-HSD1 has been overlooked as a target enzyme for
nhibition in the treatment of breast cancer [30]. That is most likely
ue to the presence of two isoforms in the human female. 3�-HSD1

s expressed in mammary gland and breast tumors, while 3�-HSD2
s expressed in the adrenal gland and ovary [31]. Because the inhibi-

ion of adrenal 3�-HSD2 would block the production of cortisol and
ldosterone in postmenopausal women, these unwanted effects
end to overshadow the value of inhibiting 3�-HSD1 in breast
umors to block estradiol production. However, we have shown
es by epostane were determined in spectrophotometric assays at 340 nm (3�-HSDl:

that the classic 3�-HSD inhibitors, trilostane and epostane, compet-
itively inhibit purified human 3�-HSD1 with much higher affinity
compared to human 3�-HSD2 [11–13]. To determine if this high-
affinity inhibition of purified 3�-HSD1 translates into the selective
inhibition of the growth of human breast tumors, we developed
recombinant MCF-7 Tet-off breast tumor cells that express either
3�-HSD1 or 3�-HSD2 as well as the other enzymes required to
produce estradiol from DHEA-S. Epostane or trilostane (Fig. 2A)
inhibit the DHEA-induced proliferation of MCF-7 3�-HSD1 aro-
matase cells with 12–16-fold lower IC50 values compared to the
MCF-7 3�-HSD2 aromatase cells, which correlate well with the
relative Ki values obtained with purified 3�-HSD1 and 3�-HSD2
[13]. DHEA-S can also be converted by steroid sulfatase and 17�-
HSD1 in breast tumors to 5-androstene-3�,17�-diol, which is a
partial agonist of the estrogen receptor [31]. However, trilostane
and epostane have been shown to be specific inhibitors of 3�-HSD
and to have no effect on other enzymes in steroidogenesis (e.g.,
17�-HSD) [32,33], so inhibition of the production of 5-androstene-
3�,17�-diol does not appear to responsible for the inhibition of the
MCF-7 cell growth in our studies. Trilostane has been shown to be
metabolized by humans in vivo to an active metabolite, 17-keto-
trilostane (2�-cyano-4�,5�-epoxy-androstane-3,17-one), which
may account for a portion of the inhibition of MCF-7 cell pro-
liferation [34]. These results with 3�-HSD1 inhibitors equal
the effects of the aromatase inhibitor, letrozole, on MCF-
7 cell proliferation (Fig. 2B), correlate well with the results
obtained for inhibition of the purified isoenzymes and suggest
that development of more highly selective 3�-HSD1 inhibitors
may produce effective treatments for hormone-sensitive breast
cancer.

A focus of our research has been to identify non-identical amino
acid residues in 3�-HSD1 and 3�-HSD2 that may be responsi-
ble for the higher affinity of 3�-HSD1 for substrate and inhibitor
steroids. Two key amino acid differences have been identified:
His156 and Arg195 in 3�-HSD1 versus Tyr156 and Pro195 in 3�-
HSD2. Introduction of the H156Y-1 mutation in 3�-HSD1 shifted
the high-affinity substrate and inhibitor kinetic profile of 3�-HSD1
to the low-affinity kinetic profile of wild-type 3�-HSD2 contain-
ing Tyr156 [12]. However, His156 and Tyr156 are on the �-helix
containing the catalytic Tyr154 and Lys158 in 3�-HSD and ori-
ented on the opposite side of the enzyme-active site [11,12]. Our
homology model predicts that Gln105 is positioned to hydrogen-
bond to the imidazole ring of His156 across the subunit interface of
3�-HSD1, and to hydrogen-bond to the phenolic group of Tyr156
on the adjacent subunit of 3�-HSD2. In this model, the subunits

are anti-parallel relative to each other at a helical interface, as has
been reported for human 17�-HSD1 [19] and E. coli UDP-galactose-
4-epimerase [18]. Based on a cataloging of interactions between
Gln-His and Gln-Tyr residues in high resolution protein crystal
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tructures, the Gln-Tyr side chain interactions are tightly clus-
ered in only a few geometries compared to the extensive range of
eometries observed for side chain interactions between Gln and
is [35]. Thus, the Q105M-1 mutation may disrupt key hydrogen-
onding interactions between Gln105 and His156 in the subunit

nterface of 3�-HSD1. However, the Q105M-2 mutation has little
ffect because the Gln105-Tyr156 hydrogen-bond may either not
xist or is relatively weak between the subunits of 3�-HSD2 due to
he restrictive geometry of this interaction [36]. The 11-fold higher
m for the dehydrogenase substrate and the 16–26-fold lower Ki
alues of epostane measured for H156Y-1 and Q105M-1 compared
�-HSD1 in this study are very similar [11]. In sharp contrast, the
105M-2 mutant exhibits substrate and inhibitor kinetics of both

he dehydrogenase and isomerase activities that are similar to those
f 3�-HSD2, which emphasizes the different interactions between
he subunits of the two isoforms. Subunit interactions may be criti-
al to the binding orientation of the substrate steroid in the adjacent
atalytic sites containing Tyr154 and Lys158. Thus, the interactions
etween Gln105 and His156 in the subunit interface of 3�-HSD1
ppear to be key structural reasons for its 11–26-fold higher affin-
ty for the DHEA dehydrogenase substrate and inhibitor steroids
elative to 3�-HSD2. In addition, the Q105M-1 mutant data sup-
orts our model of the anti-parallel orientation of the two 3�-HSD1
onomers.
Using our well-validated structural model [17], docking analy-

es have identified two key residues in human 3�-HSD that may
nteract with trilostane in the active site of the enzyme. In our
ecent study [37], Ser124 in both 3�-HSD1 and 3�-HSD2 was sug-
ested to interact with the 2�-cyanoketone group of trilostane
y docking analyses, and this prediction was supported by site-
irected mutagenesis and characterization of the purified S124T
utant enzyme. Docking followed by mutagenesis and kinetic

haracterization has suggested that Arg195 in 3�-HSD1 and Pro195
n 3�-HSD2 is a critical difference in the two isoenzymes. These
tudies support key interactions of Arg195 and Ser124 in 3�-HSD1
ith the side-chains of docked trilostane (Fig. 3A). The inhibi-

ion kinetics of the R195P-1 mutant of 3�-HSD1 and the P195R-2
utant of 3�-HSD2 strongly support an interaction between the
rg195 residue in human 3�-HSD1 and the 17�-hydroxyl group
f trilostane that may be a major structural factor responsible for
he high-affinity, competitive inhibition of human 3�-HSD1 com-
ared to the low-affinity, noncompetitive inhibition of 3�-HSD2
containing Pro195). Based on the selective inhibition of 3�-HSD1
nd 3�-HSD mutants by trilostane or epostane as reported in
his review, the development of new 3�-HSD1 inhibitors that
xploit structural differences in the two human isoenzymes or
f small interference RNA (siRNA) that selectively interfere with
he expression of 3�-HSD1 [38] may lead to new treatments for
ormone-dependent breast cancer.
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