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a b s t r a c t

There is considerable interest in the development of an inhibitor of aldo–keto reductase (AKR) 1C3
(type 5 17�-hydroxysteroid dehydrogenase and prostaglandin F synthase) as a potential therapeutic
for both hormone-dependent and hormone-independent cancers. AKR1C3 catalyzes the reduction of 4-
androstene-3,17-dione to testosterone and estrone to 17�-estradiol in target tissues, which will promote
the proliferation of hormone dependent prostate and breast cancers, respectively. AKR1C3 also catalyzes
the reduction of prostaglandin (PG) H2 to PGF2� and PGD2 to 9�,11�-PGF2, which will limit the forma-
tion of anti-proliferative prostaglandins, including 15-deoxy-�12,14-PGJ2, and contribute to proliferative
signaling. AKR1C3 is overexpressed in a wide variety of cancers, including breast and prostate cancer.
An inhibitor of AKR1C3 should not inhibit the closely related isoforms AKR1C1 and AKR1C2, as they
are involved in other key steroid hormone biotransformations in target tissues. Several structural leads
have been explored as inhibitors of AKR1C3, including non-steroidal anti-inflammatory drugs, steroid
hormone analogues, flavonoids, cyclopentanes, and benzodiazepines. Inspection of the available crystal

structures of AKR1C3 with multiple ligands bound, along with the crystal structures of the other AKR1C
isoforms, provides a structural basis for the rational design of isoform specific inhibitors of AKR1C3. We
find that there are subpockets involved in ligand binding that are considerably different in AKR1C3 rel-
ative to the closely related AKR1C1 or AKR1C2 isoforms. These pockets can be used to further improve
the binding affinity and selectivity of the currently available AKR1C3 inhibitors.
Article from the special issue on Targeted Inhibitors.
© 2010 Elsevier Ltd. All rights reserved.

ontents

1. Rationale for AKR1C3 inhibition. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96
2. Types of AKR1C3 inhibitors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

2.1. Overview of AKR1C3 inhibitors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97
2.2. Non-steroidal anti-inflammatory drugs (NSAIDs) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98
2.3. Steroids . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98
2.4. Flavonoids and cinnamic acids . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99
2.5. Cyclopentane derivatives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99
2.6. Benzodiazepines . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99
2.7. Considerations when assaying AKR1C3 inhibition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

3. Structural insights into selective AKR1C3 inhibition from the available crystal structures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

3.1. Available crystal structures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
3.2. Characteristics of the AKR1C3 substrate binding site . . . . . . . . . . . . . .
3.3. Comparison of sub-pockets among AKR1C isoforms. . . . . . . . . . . . . . .
3.4. Use of crystal structures in the rational design of isoform-specific

Abbreviations: AKR, aldo–keto reductase; CBM, N-(4-chlorobenzoyl)-melatonin; 15
edroxyprogesterone acetate; NSAID, non-steroidal anti-inflammatory drug; PG, prostag
∗ Corresponding author. Tel.: +1 215 898 9445; fax: +1 215 573 2236.

E-mail address: penning@upenn.edu (T.M. Penning).
1 These authors contributed equally to this article.

960-0760/$ – see front matter © 2010 Elsevier Ltd. All rights reserved.
oi:10.1016/j.jsbmb.2010.11.004
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101
inhibitors of AKR1C3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102

dPGJ2, 15-deoxy-�12,14-prostaglandin J2; 5�-DHT, 5�-dihydrotestosterone; MPA,
landin; PGHS, prostaglandin H synthase.

dx.doi.org/10.1016/j.jsbmb.2010.11.004
http://www.sciencedirect.com/science/journal/09600760
http://www.elsevier.com/locate/jsbmb
mailto:penning@upenn.edu
dx.doi.org/10.1016/j.jsbmb.2010.11.004


9

1

d
o
w
a
d
d
k
a
g
i
o
d
f
a

w
1
(
a
2
2
t
a
o
r
t
m
a
t
a
1
d
[

t
t
h
t
t
[
d
f
e
5

o
e
n
F
h
d
n
B
e
G

6 M.C. Byrns et al. / Journal of Steroid Biochemistry & Molecular Biology 125 (2011) 95–104

4. Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102
Acknowledgement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102

. Rationale for AKR1C3 inhibition

Aldo–keto reductase (AKR) 1C32 catalyzes the NADPH depen-
ent stereospecific reduction of carbonyl moieties on substrates
f importance to the pre-receptor regulation of signaling path-
ays involved in cell proliferation (Fig. 1). The interconversion of
ketone group with a hydroxyl group on lipophilic ligands can

rastically alter their affinity for their cognate receptors. In the
evelopment of hormone dependent cancers, the reduction of a
etone at the 17-position of steroid hormones to the corresponding
lcohol, catalyzed by the reductive 17�-hydroxysteroid dehydro-
enases (HSDs), is of particular importance. Each of the 17�-HSD
soforms that perform this reaction is a target for the development
f new pharmacological agents; see other reviews in this issue for a
iscussion of inhibitors of these other enzymes [1–3]. This article is
ocused on AKR1C3 (type 5 17�-HSD), which reduces both steroids
nd prostaglandins.

AKR1C3 reduces the 17-position of 4-androstene-3,17-dione (a
eak androgen) to form testosterone (a potent androgen) and the

7-position of estrone (a weak estrogen) to form 17�-estradiol
a potent estrogen), leading to trans-activation of the androgen
nd estrogen receptors, respectively [4,5]. It can also act at the
0 position of progesterone and deoxycorticosterone, forming
0�-hydroxy metabolites with reduced affinities for the proges-
erone and mineralcorticoid receptors, respectively [6]. Finally, as
prostaglandin (PG) F synthase, AKR1C3 catalyzes the reduction

f the endoperoxide PGH2 to yield PGF2� and the stereospecific
eduction of PGD2 to 9�,11�-PGF2 [4,7–9]. This reaction occurs at
he same active site, which has considerable flexibility to accom-

odate diverse ligands (see Section 3). In the absence of AKR1C3
ctivity, PGD2 spontaneously dehydrates and rearranges to form
he PGJ2 prostanoids [4]. The PGF2 isomers are pro-inflammatory
nd enhance proliferation, while the PGJ2 products, particularly
5-deoxy-�12,14-PGJ2 (15dPGJ2), are anti-inflammatory, promote
ifferentiation, and are anti-neoplastic via several mechanisms
10–15].

The products of reactions catalyzed by AKR1C3 promote
umor growth. AKR1C3 is therefore an important target for
he prevention or treatment of both hormone-dependent and
ormone-independent cancers. AKR1C3 likely contributes to
he development of castrate resistant prostate cancer through
he intratumoral formation of the active androgen testosterone
16]. Transcript levels and measurement of testosterone: 5�-
ihydrotestosterone (5�-DHT) ratios indicate a reliance on the

of 4-androstene-3,17-dione to testosterone, which can undergo
aromatization to form 17�-estradiol. In addition, AKR1C3 also
reduces estrone to 17�-estradiol. Consistent with these activi-
ties AKR1C3 has been shown to promote proliferation of MCF-7
hormone-dependent breast cancer cells [4]. In the endometrium,
AKR1C3 could increase estrogen levels and decrease progesterone
levels and thus promote endometrial cancer cell proliferation
[19]. By increasing proliferative PGF2 isomers and decreasing anti-
proliferative PGJ2 products, the prostaglandin F synthase activities
of AKR1C3 have the potential to impact both hormone-dependent
and hormone-independent cancers. In particular, prostaglandin
metabolism by AKR1C3 has been shown to prevent differentia-
tion of leukemia cells and AKR1C3 inhibition is being explored
as a treatment for acute myelogenous leukemia [20]. AKR1C3 is
over-expressed across a wide variety of cancers, including those of
the breast and prostate, and its expression increases with tumor
aggressiveness [21–26].

AKR1C3 catalyzed reactions also play important roles in other
physiological and pathological processes that may be targets
for therapeutic intervention. Androgen production by AKR1C3 is
likely involved in the development of benign prostatic hyperpla-
sia [27]. Increased estrogen and decreased progesterone receptor
signaling due to increased AKR1C3 activity could contribute
to endometriosis and dysmenorrhea [28]. PGF2 isomers formed
by AKR1C3 stimulate smooth muscle contraction during par-
turition, while the AKR1C3 substrate progesterone prevents
parturition, so AKR1C3 inhibitors may be useful as progesta-
tional agents [29,30]. Interestingly, indomethacin has proven
effective at stopping premature parturition [31]. This effect is
thought to result from its inhibition of the prostaglandin H
synthases (PGHS), but indomethacin also inhibits AKR1C3 in
the same therapeutic dose range [32]. Use of indomethacin for
this purpose is limited due to side-effects in the fetus that
likely stem from the inhibition of PGHS activities in develop-
ing organ systems [31]. Because PGF2� is involved in preventing
adipocyte differentiation and 15dPGJ2 promotes differentiation of
adipocytes, inhibiting the prostaglandin F synthase activities of
AKR1C3 may have beneficial effects in diabetes similar to those
observed with peroxisome proliferator activated receptor � ago-
nists [33,34].

A specific inhibitor of AKR1C3 would be a valuable tool to
better understand AKR1C3 and its contribution to normal physi-
ology and disease. One challenge in the development of an AKR1C3
inhibitor is that there are three other closely related enzyme iso-
ormation of testosterone by AKR1C3 in castrate resistant dis-
ase, as well as a decreased dependence on the activity of
�-reductase [17,18]. In the breast, AKR1C3 catalyzes the reduction

2 The aldo–keto reductase (AKR) protein superfamily nomenclature was devel-
ped to annotate family members based on sequence homology rather than
nzymatic activity. This is because the same enzyme was given different trivial
ames based on the enzymatic reaction measured and led to considerable confusion.
or example, aldo–keto reductase 1C3 (AKR1C3) has been referred to as: type 5 17�-
ydroxysteroid dehydrogenase, prostaglandin F synthase, type 2 3�-hydroxysteroid
ehydrogenase; and dihydrodiol dehydrogenase X. The nomenclature was origi-
ally adopted by the 6th International Workshop on the Enzymology and Molecular
iology of Carbonyl Metabolism held in Deadwood, South Dakota in 1996 (see, Jez
t al., Biochem. Pharmacol. 54 (1997) 639). It has since been adopted by the Human
enome Project (please visit: www.med.upenn.edu/akr).
forms, AKR1C1, AKR1C2, and AKR1C4, which share greater than
84% sequence homology with AKR1C3 and are also involved in
steroid hormone metabolism [35]. AKR1C4 is liver specific, while
AKR1C1 and AKR1C2 are widely expressed across tissue types. Inhi-
bition of these three isoforms, particularly AKR1C1 and AKR1C2,
is not desirable in prostate cancer, as they act primarily as 3-
ketosteroid reductases on 5�-DHT. For example, AKR1C1 reduces
5�-DHT to 5�-androstane-3�,17�-diol (a pro-apoptotic ligand
of estrogen receptor �) and AKR1C2 reduces 5�-DHT to 5�-
androstane-3�,17�-diol (a weak androgen) [36]. Inhibition of these
activities would promote proliferative signaling in the prostate.

Given their similar expression patterns and substrate specificities,
an inhibitor of AKR1C3 that does not inhibit AKR1C1 or AKR1C2 is
needed to explore the role of AKR1C3 in normal and aberrant cell
signaling.

http://www.med.upenn.edu/akr
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Fig. 1. Reactions catalyzed by AKR1C3. AKR1C3 will enhance proliferative signaling in various hormone-responsive cells through the formation of androgens and estrogens
w espect
a G) red
( 15dPG

2

2
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ith increased affinity for the androgen receptor (AR) and estrogen receptor (ER), r
ffinity for the progesterone receptor (PR). AKR1C3 will also catalyze prostaglandin (P
FP) receptor and preventing formation of anti-proliferative 15-deoxy-�12,14-PGJ2 (

. Types of AKR1C3 inhibitors

.1. Overview of AKR1C3 inhibitors
AKR1C3 is inhibited by several structural classes of compounds.
tructures of representative compounds from each known class of
nhibitors and their potency towards AKR1C isoforms are shown
ively, as well as through reduction of progesterone to a metabolite with decreased
uction reactions that enhance proliferative pathways by activating the F prostanoid
J2), which forms through spontaneous dehydration and rearrangement of PGD2.

in Fig. 2. Although there is significant structural diversity in the
types of compounds that inhibit AKR1C3, they all contain one or
more rings and at least one carbonyl group. Interestingly, many of

the compounds that inhibit AKR1C3 have already been described
as being effective in the chemoprevention of cancer. For instance,
non-steroidal anti-inflammatory drugs (NSAIDs) and medroxypro-
gesterone acetate (MPA), which are AKR1C3 inhibitors, as well
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ig. 2. Chemical structures of representative AKR1C3 inhibitors and their inhibito
etermined; CBM, 4-chlorobenzoyl melatonin; MPA, medroxyprogesterone acetate

s consumption of fruits and vegetables, which contain AKR1C3
nhibitors, have all been shown to substantially reduce the risk of
olon cancer [37–40]. While this may be a coincidence, it raises the
uestion as to whether AKR1C3 inhibition has already been used
s a means to reduce the risk of cancer.

.2. Non-steroidal anti-inflammatory drugs (NSAIDs)

One class of compounds that our laboratory discovered as
KR1C inhibitors are the NSAIDs and their analogues [32,41–43].

n general, NSAIDs inhibit the AKR1C isoforms with potencies sim-
lar to those observed for the inhibition of their putative targets the
GHS. Given that NSAIDs have been extensively used in humans,
heir analogues are predicted to be well tolerated. Two classes
f NSAIDs particularly stand out for their potential to lead to a
elective inhibitor of AKR1C3 [32]. Indomethacin exhibits a strong
electivity for AKR1C3 over AKR1C1 and AKR1C2, while the N-
henylanthranilic acids are the most potent NSAID inhibitors of
KR1C3. The availability of crystal structures of AKR1C3 with both

ndomethacin and the N-phenylanthranilic acid flufenamic acid
ound allows predictions of structure activity relationships for
he AKR1C enzymes (discussed in detail in Section 3). Moreover,
he structure activity relationships for the inhibition of the PGHS
nzymes by NSAIDs have been well studied and can be exploited

o develop inhibitors that are inactive towards PGHS. Based on
hese structure-activity relationships, we have rationally designed
n indomethacin analogue, N-(4-chlorobenzoyl)melatonin (CBM),
hat inhibits AKR1C3 but does not inhibit AKR1C1, AKR1C2, or the
ency towards AKR1C3 and closely related isoforms AKR1C1 and AKR1C2. ND, not
- and B-rings of flufenamic acid are indicated.

PGHS enzymes [32]. We have also designed N-phenylanthranilic
acid analogues, such as 4-carboxy-2′,4′-dinitrodiphenylamine, that
inhibit all of the AKR1C enzymes but not the PGHS enzymes [42]. For
a more detailed review of AKR1C inhibition by NSAIDs, see Byrns
and Penning [44].

2.3. Steroids

Steroidal inhibitors that are analogues of AKR1C3 substrates,
such as MPA [45] or estrogen lactones [46,47], have been used
as AKR1C3 inhibitors. Although MPA is a potent inhibitor of both
recombinant AKR1C3 and AKR1C3 expressed in cells [20,45], it does
not exhibit AKR1C3 selectivity over other AKR1C isoforms and it
binds to multiple steroid hormone receptors. It is therefore not a
good inhibitor for probing AKR1C3 function, but it may be interest-
ing to explore whether inhibition of AKR1C3 might contribute to the
pharmacological effects of MPA. In endometriosis or endometrial
cancer, where both AKR1C3 inhibition and progesterone receptor
activation maybe desired, MPA could represent a useful therapeu-
tic agent. Based on its inhibition of AKR1C3, MPA is currently being
tested in early clinical trials for the treatment of acute myeloid
leukemia in combination with bezafibrate, which stimulates lipid
peroxidation-mediated PGD2 formation [20].

Estrogen lactones are the most potent inhibitors of AKR1C3

currently described, with a number of compounds exhibiting IC50
values in the low nM range [46–48]. One disadvantage of these
inhibitors is that they have not been tested against the other
AKR1C isoforms, although the relative bulk of the lactone ring
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s likely to limit inhibition of AKR1C1 and AKR1C2 (see Sec-
ion 3.2). Many of these compounds do inhibit other 17�-HSD
nzymes, with inhibition of the oxidative type 2 17�-HSD posing
particular concern. Type 2 17�-HSD performs the oxidation of

estosterone and 17�-estradiol to yield 4-androstene-3,17-dione
nd estrone, respectively, acting in direct opposition to AKR1C3
46]. Recently, steroidal lactones that exhibit minimal inhibition of
ype 2 17�-HSD and have low nanomolar affinities for AKR1C3 have
een described. For example, a 3-desoxyestradiol derivative with
dimethylated spiro-�-lactone at position 17 inhibited AKR1C3
ith an IC50 of 2.9 nM and exhibited little inhibition of type 2 17�-
SD or affinity for steroid hormone receptors [47]. Qiu et al. have
escribed a crystal structure for AKR1C3 bound to another estrogen
piro-�-lactone, EM1404 (KI = 6.9 nM) [48].

.4. Flavonoids and cinnamic acids

Several plant compounds and their analogues have also been
xplored as AKR1C3 inhibitors. One promising class of phytocom-
ounds is the flavonoids [49,50]. While most of these compounds
re not specific for AKR1C3 over the other AKR1C isoforms, 2′-
ydroxyflavone exhibits an IC50 value of 300 nM for AKR1C3 and
xhibits a 20 fold and >100 fold selectivity over AKR1C1 and
KR1C2, respectively [50]. In addition, flavonoid precursors, the
innamic acids, have also been shown to inhibit AKR1C3 with IC50
alues in the micromolar range [51]. Flavonoids are phytoestro-
ens, and these compounds likely have a number of additional
argets in vivo, so they may not represent the best route to an
KR1C3-selective drug. However, the inhibition of AKR1C3 by these
ompounds could contribute to their observed therapeutic benefits,
hich include chemoprevention of cancer [40].

.5. Cyclopentane derivatives

The cyclopentane ring is a key structural feature in
rostaglandins, which has led to the study of several cyclopen-
anes as AKR1C3 inhibitors. One such compound, bimatoprost, is
n anti-glaucoma drug targeting the prostamide F2 receptor to
elieve ocular pressure [8]. Bimatoprost is a structural analogue
f the AKR1C3 product prostaglandin F2� and yields an IC50 value
gainst AKR1C3 in the low micromolar range [8]. It has not been
creened for inhibition of the other AKR1C isoforms. Jasmonic
cids are structural analogues of prostaglandins that are found in
lants and act as plant hormones regulating defense and plant
evelopment [52]. Jasmonic acid inhibits AKR1C3 with a KI of
1 �M and exhibits similar inhibition of the other AKR1C isoforms.
ther cyclopentane derivatives have been described by Stefane
t al. [53], with KI values as low as 16 �M, but have relatively low
electivity and inhibit AKR1C1. In general, the currently described
yclopentane based inhibitors do not appear to be good leads for
he development of selective AKR1C3 inhibitors. However, the

uch lower KM of PGD2for AKR1C3 as compared to the other
KR1C isoforms suggests that a selective inhibitor from this class
hould be achievable [7].

.6. Benzodiazepines

Benzodiazepines have also been tested for AKR1C inhibition
54]. Because AKR1C enzymes are involved in the biotransfor-

ation of neurosteroids and expressed in the brain, it has been
roposed that their inhibition might contribute to the anti-anxiety
ffects of these drugs. Most of the benzodiazepines, including

iazepam (Valium), were inhibitors of all of the AKR1C enzymes,
ut exhibited more potent inhibition of the other three isoforms
elative to AKR1C3. However, cloxazolam, a prodrug used in Brazil
nd parts of Europe, was a relatively potent (KI = 1.5 �M) AKR1C3
& Molecular Biology 125 (2011) 95–104 99

inhibitor that did not substantially inhibit the other AKR1C iso-
forms. A cloxazolam analogue that did not undergo metabolic
activation to an anxiolytic could represent an interesting path to
an AKR1C3 specific inhibitor.

2.7. Considerations when assaying AKR1C3 inhibition

One concern in the development of AKR1C3 inhibitors is that
the inhibitory potency of compounds towards the AKR1C enzymes
can vary considerably with assay conditions, making it difficult to
compare results across studies. For instance, we have observed an
approximately 10-fold increase in affinity of indomethacin for both
AKR1C2 and AKR1C3 with a change in cosolvent from 4% ethanol to
4% acetonitrile or DMSO. We have also observed that AKR1C2 inhi-
bition by indomethacin is enhanced when its preferred cofactor for
oxidation (NADP+) is replaced by NAD+ (Byrns, Adeniji, Jin, Penning,
unpublished observations). This sensitivity to assay conditions sug-
gests that results may vary considerably between groups and makes
it difficult to assess the results of studies when detailed assay con-
ditions are not included, or when trying to compare results with
purified recombinant enzyme to experiments performed in cells.
Another consideration is that in order to use IC50 values to compare
the relative potency of an inhibitor towards different enzymes or
isoforms, or to the work of other laboratories, it is best to deter-
mine the pattern of inhibition for a representative lead compound
to determine whether the mode of inhibition is competitive. If
the pattern of inhibition is competitive, inhibition experiments
should be performed with the concentration of the substrate set
to the KM value of the respective enzyme and the IC50 value can
be converted to a KI value using the Cheng–Prussof relationship.
Indomethacin and its analogues are potent competitive inhibitors
of the AKR1C3 catalyzed reduction of 4-androstene-3,17-dione, and
N-phenylanthranilic acids are potent competitive inhibitors of the
AKR1C3 catalyzed oxidation of 1-acenaphthenol [32,42]. However,
with different substrates the same inhibitor, e.g. indomethacin, can
yield different inhibition patterns [32]. During the AKR1C3 depen-
dent reduction of 9,10-phenanthrenequinone, indomethacin can
preferentially bind to the E·NADP+ complex to prevent cofactor
release, and thus demonstrates an uncompetitive inhibition pat-
tern. This suggests that it can be problematic to compare IC50 values
unless a pattern of inhibition for a lead compound for a structural
series is established and unless the assay conditions are kept invari-
ant.

3. Structural insights into selective AKR1C3 inhibition from
the available crystal structures

3.1. Available crystal structures

Crystal structures of the four human AKR1C enzymes have been
actively pursued by several groups. Ten crystal structures of dif-
ferent AKR1C3 ternary complexes have been deposited into the
Protein Data Bank (Table 1) [48,55–59]. These structures have pro-
vided a strong basis for understanding the activities of existing
inhibitors and for rational design of AKR1C3 inhibitors with better
selectivity and potency.

3.2. Characteristics of the AKR1C3 substrate binding site

In the ten crystal structures of AKR1C3, the enzyme is complexed
with the cofactor NADP+ and a second ligand of different types,
including PGD2, 4-androstene-3,17-dione, inhibitors, and solvent

molecules (Table 1) [48,55–59]. Close inspection of these struc-
tures reveals that the binding site for the second ligand is large
and can be dissected into the following sub-sites: oxyanion site,
steroid channel, and three sub-pockets that we have named SP1,
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Fig. 3. Occupancies of AKR1C3 ligand binding sub-sites by inhibitors EM1404, bimatoprost, flufenamic acid, and indomethacin (A–D). SC = steroid channel; OS = oxyanion site;
ACT = acetate ion; HOH = water; BMP = bimatoprost; FLF = flufenamic acid; DMSO = dimethyl sulfoxide; IMN = indomethacin; UNX = unknown atom or ion; SP1- 3 = subpockets
1–3. (A) The lactone portion of EM1404 is bound in SP1 while the estrone portion extends into the steroid channel (PDB ID: 1ZQ5 [48]). (B) The �-chain of bimatoprost is
bound in SP1 while the �-chain of the inhibitor is bound in SP2 (PDB ID: 2F38 [58]). (C) The trifluoromethyl substituted B ring of flufenamic acid is located in SP1 and the
carboxylic acid moiety of the molecule is anchored at the oxyanion site (PDB ID: 1S2C [56]). (D) The bridge carbonyl group of indomethacin is positioned via an unknown atom
located at the oxyanion site. The p-chlorobenzoyl group of indomethacin projects into SP1, while the indole ring and carboxylic acid is bound in the well defined SP3 (PDB
ID: 1S2A [56]). Ligands are depicted in ball-and-stick representation and the following atomic coloring scheme: C = grey; O = red; N = blue; F = orange; S = yellow; Cl = green;
u the re
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nknown = pink. (For interpretation of the references to color in this figure legend,

P2, and SP3. One common feature of all ten AKR1C3 structures is an
ccupied SP1 site (albeit to different degree), while the occupancy
f other sites varies with different ligands. The occupancies of sub-
ites in AKR1C3 by four inhibitors EM1404, bimatoprost, flufenamic
cid, and indomethacin are depicted in Fig. 3(A–D) [48,56,58]. The

inding mode of PGD2 is similar to that of bimatoprost, while 4-
ndrostene-3,17-dione is bound nonproductively in similar fashion
o EM1404 [48,55,57,58].

able 1
vailable crystal structures of AKR1C3 in the Protein Data Bank.

PDB ID Ligands Reference

1RY0 NADP+, PGD2 [55]
1RY8 NADP+, rutin [55]
1S1P NADP+, 2-methyl-2,4-pentanediol, acetate ion [56]
1S1R NADP+, 2-methyl-2,4-pentanediol, acetate ion [56]
1S2A NADP+, indomethacin, unknown atom or ion, DMSO [56]
1S2C NADP+, flufenamic acid, DMSO [56]
1XF0 NADP+, 4-androstene-3,17-dione, acetate ion [57]
2F38 NADP+, bimatoprost [58]
1ZQ5 NADP+, EM1404, acetate ion [48]
2FGB NADP+, hexaethylene glycol, acetate ion [48]
ader is referred to the web version of the article.)

The oxyanion site refers to the conserved site that anchors
the oxyanion intermediate formed during the enzyme reaction
and consists of the catalytic residues Y55, H117 and NADP+ in
all AKR1C enzymes [59]. This position is often found occupied
by the oxygen atom of a carboxylic acid, ketone, or hydroxyl
group of a ligand. Strong hydrogen bonding interactions form
between the occupant and Y55 and H117 (2.6 Å and 2.8 Å, respec-
tively). The positioning of the carbonyl group of a substrate at
the oxyanion site is believed to be essential for productive bind-
ing, since the anchoring brings the carbonyl group in proximity
to the cofactor, allowing the reaction to proceed [59–61]. Simi-
larly, it is believed that the binding of the carboxylate or ketone
group of an NSAID at the oxyanion site explains the general inhi-
bition of AKR1C enzymes by NSAIDs. In the AKR1C3 structure, the
oxyanion site did not significantly contribute to the binding of 4-
androstene-3,17-dione, EM1404 and bimatoprost (Fig. 3A and B)
in AKR1C3, as the site was occupied by an acetate ion in the crys-
tal structures of the AKR1C3·NADP+·4-androstene-3,17-dione and

AKR1C3·NADP+·EM1404 complexes, and by a water molecule in
the crystal structure of the AKR1C3·NADP+·bimatoprost complex
[48,57,58]. In contrast, the carboxylic acid moiety of flufenamic acid
is anchored at the oxyanion site of AKR1C3, while the bridge car-
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onyl group of indomethacin binds via an unidentified atom to the
xyanion site of the enzyme (Fig. 3C and D) [56].

The steroid channel refers to the elongated open channel that
s also conserved in all AKR1C enzymes [59]. W227 and L/V54 are
mportant gate keepers for the steroid channel and determine the
ositional and stereochemical specificities of the steroid transform-

ng activity of AKR1C enzymes [22,60,61]. Interestingly, the steroid
hannel does not appear to be an important inhibitor binding site
or AKR1C3. With the exception of EM1404, which has its steroid
ing structure partially occupying the steroid channel, this channel
s left empty by bimatoprost, flufenamic acid, and indomethacin
Fig. 3) [48,56,58].

The SP1 sub-pocket is formed by residues S118, N167, F306,
311, and Y319 in AKR1C3, and is the only site that is occupied
n all ten crystal structures of this enzyme. As such, it accom-

odates the lactone moiety of EM1404 (Fig. 3A) [48], the D ring
f 4-androstene-3,17-dione [57], the 12�-chain of PGD2 [55], the
�-chain of bimatoprost [58] (Fig. 3B), or the–CF3 substituted B-
ing of flufenamic acid [56] (Fig. 3C). The p-chlorobenzoyl group of
ndomethacin also projects into this site, although in that structure

solvent molecule from the crystallization solution (DMSO) was
ound in the bottom of SP1 [56] (Fig. 3D).

The SP2 sub-pocket refers to a pocket formed by residues W86,
129, W227 and F311 in AKR1C3. This pocket is where the 8�-chain
f PGD2 and the 12�-chain of bimatoprost were bound [55,58]. It
ppears that this sub-pocket is only used by the two prostanoids.

The SP3 sub-pocket refers to a large pocket lined by residues
24, E192, S217, S221, Q222, Y305, and F306 in AKR1C3. These
esidues surround the indole ring and the carboxylate group of the
ndomethacin molecule [56]. SP3 is not occupied by other ligands
n AKR1C3.

The variety of AKR1C3 ligands in structure and size demon-

trate the flexibility of the enzyme’s ligand binding site. The key
esidues to AKR1C3’s ability to accommodate different ligands
re W227, F306, and F311. These residues can assume differ-
nt conformations and result in “induced-fit” to various ligands.

ig. 4. Comparison of SP1, SP2, and SP3 sub-pockets of four human AKR1C enzymes. The cry
PDB ID: 1MRQ) [62], AKR1C2·NADP+·ursodeoxycholate (PDB ID: 1IHI) [61], and AKR
le and right panels are AKR1C3·NADP+·flufenamic acid (PDB ID: 1S2C, for comparison
KR1C3·NADP+·indomethacin (PDB ID: 1S2A, for comparison of SP3). The residues are sho
nd green for AKR1C4. For clarity, only key residues for binding are shown and are labeled
KR1C4 (green). AKR1C1 has the same residues as AKR1C2 at all positions shown. Ligands a
eft: AKR1C3 has a larger SP1 site than the other isoforms due to different main chain po
ide chain hydrogen bonding interaction with a ligand, whereas the corresponding resid
nd 311 make the SP2 pocket shorter for AKR1C1, AKR1C2 and AKR1C4 than for AKR1C3.
hereas the corresponding I129 of AKR1C1/2 and L129 of AKR1C4 cannot. Right: The sid

ndomethacin binding. However, the corresponding L306 of AKR1C1/2 and V306 for AKR1
For interpretation of the references to color in this figure legend, the reader is referred to
& Molecular Biology 125 (2011) 95–104 101

W227 controls the sizes of SP2 and the steroid channel. F306
lines the SP1 site for the AKR1C3·NADP+·flufenamic acid complex,
but assumes a different rotamer conformation in the crystal of
the AKR1C3·NADP+·indomethacin complex, thereby exposing the
SP3 pocket [56]. F311 forms part of SP1 for the binding of flufe-
namic acid, but lines SP2 for the binding of bimatoprost and PGD2
[55,56,58].

3.3. Comparison of sub-pockets among AKR1C isoforms

Comparison of the ligand binding sites of AKR1C1-4 reveals
that there are considerable structural differences in subpockets
between AKR1C3 and the other isoforms [48,56,58,61,62]. SP1 is
significantly larger for AKR1C3. The difference in the size of SP1 is
largely due to the shift in main chain positions of residues 305–311
between AKR1C3 and the other enzymes (Fig. 4, left panel). As
a result, residue 308 collapses inward and significantly reduces
the size of SP1 for AKR1C1, AKR1C2 and AKR1C4. In AKR1C3, the
side chain of S308 is not involved in ligand binding (>4 Å), but
the corresponding residues of L308 in AKR1C1/2 and M308 in
AKR1C4 would extend into SP1. In addition, different residues at
positions 118 and 319 also reduce the size of SP1 in AKR1C1/2
and AKR1C4. In AKR1C3, the side-chains of S118 and Y319 are
>4 Å away from the ligand, whereas the corresponding residues
of F118 (1.7 Å)and F319 (∼1 Å) in AKR1C2 would clash with a long
ligand such as PGD2 or bimatoprost [55,58]. Importantly, the ser-
ine residue at position 118 and the tyrosine at 319 in AKR1C3 are
capable of forming hydrogen-bonding interactions with a ligand,
i.e., with the amide group of the 8�-chain of bimatoprost [58]. In
contrast, the corresponding residues for AKR1C1 and AKR1C2 are
phenylalanines, which are incapable of hydrogen bonding with a
ligand.
No ligands have been observed to occupy the SP2 site in crys-
tals of AKR1C1, AKR1C2, or AKR1C4. Comparison of the SP2 sites
of these enzymes shows structural differences at position 129 and
311 that make the SP2 pocket shorter for AKR1C1, AKR1C2, and

stal structures used for comparisons are AKR1C1·NADP+·20�-hydroxyprogesterone
1C4·NADP+ (PDB ID: 2FVL). The respective AKR1C3 structures in the left, mid-
of SP1), AKR1C3·NADP+·bimatoprost (PDB ID: 2F38, for comparison of SP2) and
wn in stick presentation and in cyan for AKR1C1, blue for AKR1C2, red for AKR1C3,
by the number and their respective identities in AKR1C2 (blue), AKR1C3 (red), and

re shown in gold. FLF = flufenamic acid, BMP = bimatoprost, and IMN = indomethacin.
sition at 308 and different residues at 118. In addition, S118 of AKR1C3 can form
ue F118 in other isoforms cannot. Middle: Structural differences at positions 129
S129 of AKR1C3 can form side chain hydrogen bonding interactions with a ligand,
e chain of F306 in AKR1C3 assumes a conformation that exposes the SP3 site for
C4 with more rigid side chains would extend into the indole ring of indomethacin.
the web version of the article.)
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KR1C4 than that for AKR1C3 (Fig. 4, middle panel). In addition,
129 of AKR1C3 can form hydrogen-bonding interactions with a
igand, i.e. with the carboxylate group of the 8�-chain of PGD2 or

ith the hydroxyl group on 12�-chain of bimatoprost [55,58]. In
ontrast, the corresponding residues in other isoforms are I129 for
KR1C1 and AKR1C2 and L129 for AKR1C4, which are incapable of
ydrogen bonding with a ligand.

Structural differences at position 306 also cause the SP3 site
f AKR1C3 to differ from those for the other enzymes (Fig. 4,
ight panel). In the AKR1C3·NADP+·indomethacin complex, the side
hain of F306 assumes a conformation that points away from the
igand [56]. However, the corresponding residues, L306 of AKR1C1
nd AKR1C2, and V306 of AKR1C4, have more rigid side chains that
ould clash with the indole ring of indomethacin.

.4. Use of crystal structures in the rational design of
soform-specific inhibitors of AKR1C3

To date, the available crystal structures and molecular dock-
ng studies of inhibitors using these structures have been mostly
sed to account for the observed activity of existing inhibitors
48,53,56,58]. These structural studies have revealed features of
KR1C3 that can be exploited in the rational design of new selec-

ive inhibitors for this enzyme. However, the complexity of the
igand binding site of AKR1C3 deems the rational design of a new
elective inhibitor of AKR1C3 a challenging task. Because of the
xistence of multiple sites and “induced-fit”, it is not guaran-
eed that any given inhibitor would bind in the predicted mode.
onetheless, some progress has been made in using flufenamic acid
nd indomethacin as lead compounds for rational AKR1C3 inhibitor
esign [32,42].

We proposed to use the N-phenylanthranilic acids as tem-
lates based on the binding mode of flufenamic acid in AKR1C3.
he binding properties of flufenamic acid in AKR1C3 suggest
hat A-ring substitution can be utilized to eliminate PGHS-
nhibition and B-ring substitution may confer selectivity among
KR1C isoforms. Screening of N-phenylanthranilic acid derivatives
howed that elimination of the PGHS-inhibition can be readily
chieved. However, selectivity among AKR1C isoforms is diffi-
ult to obtain [32,42]. Based on the structural characteristics of
he SP1 site of AKR1C3, it is proposed that B-ring substituents
arger than the –CF3 group of flufenamic acid and polar groups
hat would participate in hydrogen-bonding interaction with
118 and/or Y319 of AKR1C3 would provide selectivity against
ther AKR1C isoforms. Currently N-phenylanthranilic acid deriva-
ives with selectivity for AKR1C3 are being developed by our
roup.

The lactone moiety was thought to play an important role in
he potent inhibition of AKR1C3 by estrogen lactones, including
M1404 [48]. In AKR1C3·NADP+·EM1404 complex, the lactone moi-
ty is located at the same site, SP1, as the trifluoromethyl-benzene
ing on flufenamic acid. Based on this binding similarity between
M1404 and flufenamic acid, a new non-steroid inhibitor was pro-
osed by replacing the trifluoromethyl-benzene ring of flufenamic
cid with a lactone ring. Molecular docking of this new inhibitor
nto AKR1C3 resulted in the predicted binding conformation [48].
owever, experimental data with this N-phenylanthranilic acid-

actone derivative are yet to be obtained and inhibition data for
ll the lactone containing inhibitors on other AKR1C enzymes are
acking.

Indomethacin is also a promising lead compound as it provided
he best selectivity of any NSAID examined for AKR1C3 inhibi-

ion against the other AKR1C isoforms. The crystal structure of
ndomethacin reveals that its binding in AKR1C3 is unique from
he other inhibitors in that it is bound mainly in SP3 and only
artially uses SP1 [48,56,58]. It is also interesting that the bridge
& Molecular Biology 125 (2011) 95–104

carbonyl, rather than the terminal carboxylic acid, is anchored near
the oxyanion site. Based on the binding mode of indomethacin
in AKR1C3, CBM was designed to retain selective inhibition for
AKR1C3, but eliminate or reduce inhibition of PGHS enzymes [32].
As predicted, CBM was shown to be a selective AKR1C3 inhibitor,
which does not significantly inhibit the other AKR1C enzymes
or the PGHS enzymes. However, CBM displayed poor solubility
and hence bioavailability. The location of the p-chlorobenzoyl
group of indomethacin in the SP1 site also raises the possibility of
improving potency and selectivity by fully taking advantage of this
pocket.

The binding modes of bimatoprost and PGD2 in AKR1C3 suggest
selectivity among AKR1C enzymes may be achieved with cyclopen-
tane derivatives. Both ligands have their long side chains fully
extended into SP1 and SP2 sub-pockets of AKR1C3 and form hydro-
gen bonding interactions with sub-pocket residues. SP1 and SP2
pockets are significantly shorter for AKR1C1, AKR1C2, and AKR1C4
and lack the important residues for hydrogen-bonding interactions.
This provides a structural explanation as to why only AKR1C3 dis-
plays a sub-micromolar KM for PGD2, and predicts that bimatoprost
would not display significant inhibition against AKR1C1, AKR1C2,
and AKR1C4. It also explains why no selectivity for AKR1C3 was
observed for jasmonic acids [52], since the shorter side chains of
these cyclopentane derivatives would be well accommodated by
all AKR1C enzymes. Interestingly, PGD2 and bimatoprost assume
reversed cyclopentane and side chain positions, i.e. PGD2 has its
12�-chain in SP1 and 8�-chain in SP2 whereas bimatoprost has its
8�-chain in SP1 and 12� -chain in SP2. Taken together, it would
suggest that cyclopentane derivatives with long side chains in
trans-configuration containing polar groups may confer selective
inhibition for AKR1C3.

4. Conclusion

Accumulating evidence suggests that AKR1C3 plays an impor-
tant role in the hormone-dependent and hormone-independent
cancers. This has led to the increasing interest in the develop-
ment of AKR1C3 inhibitors. However, selective inhibition is critical,
since the other closely related AKR1C enzymes are also ubiq-
uitously expressed and involved in important steroid hormone
biotransformation reactions. Among the compounds that have
been examined for AKR1C3 inhibition, some inhibitors (e.g. CBM)
displayed selectivity against AKR1C but poor bioavailability rela-
tive to their potency. Other inhibitors (e.g. EM1404) displayed the
desired potent inhibition but their selectivity profile has not been
explored. To date, the available crystal structures have been mostly
used to account for the observed activity of existing inhibitors, how-
ever limited progress has been made in the rational design of new
inhibitors using these structures. A potent yet selective AKR1C3
inhibitor remains to be developed.
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