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ABSTRACT: CYP17A1 is an enzyme that plays a major role in steroidogenesis and is critically involved in the biosynthesis of
steroid hormones. Therefore, it remains an attractive target in several serious hormone-dependent cancer diseases, such as prostate
cancer and breast cancer. The medicinal chemistry community has been committed to the discovery and development of CYP17A1
inhibitors for many years, particularly for the treatment of castration-resistant prostate cancer. The current Perspective reflects upon
the discovery and evaluation of non-steroidal CYP17A1 inhibitors from a medicinal chemistry angle. Emphasis is placed on the
structural aspects of the target, key learnings from the presented chemotypes, and design guidelines for future inhibitors.

1. INTRODUCTION
Cytochrome P450 17A1 (CYP17A1) is a membrane-bound
dual-function monooxygenase belonging to the CYP 450
superfamily of enzymes. In humans, these proteins oxidize
steroids, fatty acids, and xenobiotics and are crucial in steroid
hormone biosynthesis and breakdown. Physiologically,
CYP17A1 has an important role in the maturation and sex
differentiation process, and the enzyme is found in the testes,
adrenal glands, and ovaries. Furthermore, it contributes to the
pathogenesis of diseases such as prostate cancer, polycystic
ovary syndrome, and breast cancer.1,2 In view of this, extensive
interest and effort have been put into the discovery of
compounds that regulate the activity of CYP17A1, with one of
the specific aims to find drugs useful in the treatment of
castration-resistant prostate cancer.

CYP17A1 is encoded by a single gene on chromosome
10q24.3 and catalyzes two successive reactions, 17α-hydrox-
ylation and 17,20-lyase transformation.3 The activity of
CYP17A1 depends on redox interaction with P450 reductase
(POR) and, in the case of the 17,20-lyase reaction, also
cytochrome b5 (cyt b5).4−6

The lack of CYP17A1 activity results in a redirection of the
synthesis towards the competing formation of aldosterone. The
17α-hydroxylase reaction hydroxylates both pregnenolone and
progesterone at C17 to provide 17α-hydroxypregnenolone
(17OH-Preg) and 17α-hydroxyprogesterone (17OH-Prog),
respectively (Figure 1).2,7,8 Ultimately, the 17,20-lyase reaction
breaks the bond between C17 and C20, transforming 17OH-
Preg into dehydroepiandrosterone (DHEA) and 17OH-Prog
into androstenedione. However, the direct conversion of 17OH-
Prog to androstenedione is inefficient in humans, and
androstenedione is formed primarily from the transformation
of DHEA.9 17OH-Prog is converted mainly to glucocorticoids,
including cortisol.
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Subsequently, DHEA and androstenedione are further
transformed into testosterone, which is then converted to
dihydrotestosterone (DHT). Androstenedione and testosterone
also serve as substrates for estrogens. Besides the “conventional”
pathway described above there is also the “backdoor” pathway,
where a major androgen is an androsterone derived from 17-
hydroxyallopregnanolone via the very efficient CYP17A1 17,20-
lyase reaction.10−12 This pathway takes a detour around DHEA
and androstenedione to produce DHT.13,14

The subtle differences between different CYPs and the
preferred selectivity for the inhibition of the CYP17A1 lyase-
catalyzed transformation have been addressed in structural and
computational chemistry studies. Results of these investigations
and compounds with increased selectivity have recently been

reported which provide a promise for the next generations of
CYP17A1 inhibitors.

To date, abiraterone acetate is the only CYP17A1 inhibitor
approved for use in patients. This pioneering compound
contains a steroidal scaffold similar to the endogenous
CYP17A1 substrates. However, this drug is far from perfect.
Side effects of abiraterone include vomiting, swelling, low
potassium levels, high blood pressure, high glucose levels, joint
pain, and diarrhea. In addition, adrenal insufficiency, liver failure,
heart failure, arrhythmia, atrial fibrillation, and tachycardia are
also possible side effects of abiraterone. These side effects stem
largely from abiraterone promiscuity. At the molecular level,
abiraterone is a potent inhibitor of CYP21A2 as well as CYP1A2,
CYP2D6, CYP3A4, CYP2C8, and CYP2C9.15,16 CYP21A2 is
responsible for production of glucocorticoids from progesterone

Figure 1. Androgenesis leading to the most potent androgen, dihydrotestosterone (DHT). “Conventional” and “backdoor” pathways are indicated
with different color backgrounds. Red color represents inefficient catalysis in humans. Only transformations where CYP17A1 participates are labeled;
other enzymes are omitted for clarity.
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Figure 2. Summary of overexpression of CYP17A1 and activation in the production of steroid hormones linked to human diseases. Created with
BioRender.com.

Figure 3. Androgen-dependent pathway in prostate cancer. The androgen receptor (AR, a hormone nuclear receptor) translocates into the nucleus
upon activation by DHT as a homodimer and facilitates cell survival through the transcription of androgenic genes. Created with BioRender.com.
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and 17OH-Prog. To overcome the major side effect of steroid
imbalance, abiraterone is now prescribed with corticosteroids
like prednisone. In addition, abiraterone can be metabolized by
HSD3B1 and 5α-reductase into 3-keto-5α-abiraterone that is
capable of activating androgen receptor (AR), leading to the
proliferation of cancer cells, undermining the therapeutic effects
of abiraterone. Therefore, non-steroidal drugs that cannot be
metabolized into androgens would be better candidates for
androgen deprivation therapy (ADT), especially in individuals
with higher expression or hyperactive variants of HSD3B1.17

The structural similarity of abiraterone to the substrates of other
cytochrome P450 enzymes involved in steroidogenesis is one of
the concerns with respect to selectivity and thus tentative side
effects. Published work, covered herein, aims for novel non-
steroidal compounds which may lead to both increased
selectivity towards the CYP17A1 over other CYPs as well as
inhibition of the CYP17A1 lyase activity versus the hydroxylase
activity catalyzed by the same enzyme.

In this Perspective, we cover literature, from the earliest
reports up to date, for compounds aimed to interact with and
inhibit the CYP17A1 enzyme as a guide for further discovery and
development of novel and important drugs in the field.

2. ROLE OF CYP17A1 IN DISEASES
Due to its central role in regulation of steroids, changes in
activities of CYP17A1 due to mutations or regulatory aspects
may lead to multiple human disorders. Some of the human
disorders linked to CYP17A1 are prostate cancer, polycystic
ovary syndrome, breast cancer, Cushing’s syndrome, and
glioblastoma (Figure 2). Additionally, links to many other
disease conditions including hypertension, heart disease,
Alzheimer’s disease, and leiomyoma have also been re-
ported.18−20

2.1. Prostate Cancer. The major androgens implicated in
the normal functioning of the prostate gland include DHEA,
androstenedione, testosterone, and DHT. DHT is biologically
the most active�it stimulates growth and maintains the
morphology of the prostatic cells through interaction with the
androgen receptor.21

Androgens and their androgen receptors are considered key
factors in the development of prostate cancer.22 This is
confirmed by the positive response of patients to ADT. While
initially the therapy brings the desired results, over time cancer

cells acquire the ability to synthesize androgens de novo, and
prostate cancer transforms into castration-resistant prostate
cancer (CRPC).23 In this stage the hormone-dependent
proliferation of the cells results from the great turnover of
adrenal androgen precursors to testosterone, which is further
reduced to DHT. CRPC is characterized by increased
production of adrenal and intratumoral androgens, mutations,
and increased expression of AR (Figure 3). Metastatic prostate
cancer is manifested by a re-elevation of the prostate-specific
antigen (PSA) marker despite the deficit of androgens and
clinical deterioration.24 In the case of CRPC, a promising
therapy is the use of inhibitors of the CYP17A1 enzyme, which is
essential for the synthesis of androgens, by all routes of synthesis.
So far, the only drug in use that represents this mechanism is
abiraterone acetate. In 2011, it was approved by the FDA for the
treatment of CRPC.

2.2. Breast Cancer. The transcription of genes that drive
breast cancer is stimulated by estrogen-dependent signaling. It is
believed that in some cases the androgen receptor replaces this
signaling. Moreover, as shown by the androgen synthesis
pathway, CYP17A1 indirectly plays a role in the synthesis of
estrogens, the excessive signaling of which is associated with
tumor development. Androgen receptor overexpression has
been noted in some breast cancers.25 It was shown that the
reduction of androgen levels was associated with the clinical
improvement of patients.26 Inhibition of CYP17A1 appears to
be a valid approach in the treatment of breast cancer.27

2.3. Polycystic Ovary Syndrome. Androgen excess is one
of the clinical features of polycystic ovary syndrome (PCOS)
and affects the development of the disease. CYP17A1 has been
associated with PCOS and male pattern baldness.28 CYP17A1 is
highly expressed in PCOS. In a study of Japanese women, age of
menarche was significantly lower for women showing higher
activities of CYP17A1.29 The excessive activation of PI3K/AKT
signals occurring in the disease can lead to the excess of
androgens and ovarian dysfunction.1,30

2.4. Cushing’s Syndrome. As CYP17A1 also regulates the
synthesis of glucocorticoids, overexpression of the enzyme
causes an overproduction of cortisol, an excess of which causes
metabolic changes leading to Cushing’s syndrome. This is
manifested by bone loss, high blood pressure, and type 2
diabetes. Inhibition of CYP17A1 lowers both androgen and

Table 1. List of Experimentally Determined Structures of Human CYP17A1 from the Protein Data Bank

PDB Ligand Resolution [Å] Notes Year Ref

3RUK abiraterone 2.6 2012 38
3SWZ galeterone 2.4 2012 38
4NKV abiraterone 2.6 A105L mutant 2014 42
4NKW pregnenolone 2.5 A105L mutant 2014 42
4NKX progesterone 2.8 A105L mutant 2014 42
4NKY 17α-hydroxyprogesterone 2.6 A105L mutant 2014 42
4NKZ 17α-hydroxypregnenolone 3.0 A105L mutant 2014 42
5IRQ (±)-orteronel 2.2 2017 44
5IRV VT-464 3.1 2017 44
5UYS 3α-OH-5α-abiraterone analog 2.4 2018
6CHI abiraterone C6 amide 2.7 2018 43
6CIR abiraterone C6 oxime 2.6 2018 43
6CIZ abiraterone C6 nitrile 2.6 2018 43
6WR0 3-keto-Δ4-abiraterone analog 2.7 2021
6WR1 abiraterone 1.9 N52Y mutant 2021
6WW0 3-keto-5α-abiraterone analog 2.0 2021
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cortisol levels, which is a promising handle in the development
of a treatment for the disease.31

2.5. Glioblastoma. It has been reported that CYP17A1 is
overexpressed in some forms of glioblastoma. DHEA plays a
significant role here, as it protects cancer cells against apoptosis
by reducing the effectiveness of chemotherapy. Inhibition of
CYP17A1 results in the inhibition of DHEA production, which
may be helpful.32 Following these assumptions, the effect of
abiraterone on glioblastoma was investigated. Cellular assays
and in vivo studies in mice models showed an inhibitory effect of
the tested compounds.33

3. STRUCTURAL ASPECTS
3.1. CYP17A1 Structure. Initially, structural information

was based on homology modeling,34,35 docking of natural
substrates or synthetic analogues, and pharmacophore mod-

els.36,37 At present, a total of 16 structures of human CYP17A1
complexes are available from the Protein Data Bank (Table 1;
for ligand structures see Figure 4 and Figure 19, below),
comprising three different types of ligands (10 steroidal and 2
non-steroidal inhibitors and 4 substrates), each with their
characteristic binding mode.

In 2012, the first crystal structures of CYP17A1 with
abiraterone (PDB ID: 3RUK) and galeterone (PDB ID:
3SWZ) were published.38 Both structures show the enzyme-
folding characteristic of CYP450 enzymes. The ligands assume a
similar position to each other and, as previously predicted,
interact with the heme iron through the sp2-hybridized nitrogen
atom of pyridine or benzimidazole, creating a coordination
bond. The steroid nuclei form an angle of 60° above the plane of
the heme group, taking a position opposite the Helix I (Figure
5A). The 3β-OH group interacts with N202 in Helix F. The

Figure 4. Structures of CYP17A1 steroidal ligands from the Protein Data Bank.

Figure 5. Binding modes of abiraterone (A, B) and galeterone (C) to CYP17A1 (PDB IDs: 3RUK and 3SWZ, respectively). For CYP17A1 the heme
group and key residues are displayed as stick models and helix I as a green cartoon. Carbon, oxygen, nitrogen, and iron atoms are colored yellow, red,
blue, and orange, respectively.
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alpha surface of the steroid moiety is unsubstituted and flattens
with respect to Helix I. This mode of binding differs from steroid
binding in other cytochrome P450 enzymes. The C18 and C19
methyl groups are located between the B′ helix, the B4 loop, and
the loop behind Helix F. Only three side chains of the ventricular
wall are within 4 Å of either C18 or C19. The remaining wall of
the pocket is filled with the hydrophobic side chains of A105,
S106, A113, F114, I206, L209, V236, and V482.38,39

CYP17A1 has a hydrogen bond network at the top of the
active site that interacts with abiraterone and galeterone,
respectively. Residues N202 and R239 are forming hydrogen
bonds, either directly or via water molecules, to the 3-OH group
(Figure 5B,C).38 Two additional polar residues, E305 and D298,
are also present in the active site. These residues do not interact
with abiraterone or galeterone but are obvious targets for the
design of non-steroidal inhibitors. These initial structures
confirmed the expected interaction with the Fe in the heme
group but also revealed important hydrogen-bonding and steric
protein−ligand interactions, which have formed the basis for
numerous theoretical studies on the mechanism of hydroxylase
and lyase catalysis,40 recognition, and binding.41

The structures of the A105L mutant of CYP17A1 with a series
of natural substrates for the 17α-hydroxylation and 17,20-lyase
reactions (PDB IDs: 4NKV, 4NKW, 4NKX, 4NKY, 4NKZ)
were published in 2014.42 The idea behind the A105L mutant
was to modify the active site to resemble the 17,20-lyase

reaction. The binding modes of the two 17α-hydroxylation
substrates, pregnenolone and progesterone, and the two 17,20-
lyase substrates, 17OH-Prog and 17OH-Preg, are nearly
identical, but 17OH-Preg displayed two different binding
modes in the crystal, one similar to the other substrates and
one shifted 0.5 Å closer to the heme group (Figure 6A).42 The
latter enabled the authors to explain the regioselectivity and
substrate selectivity of the 17α-hydroxylation and 17,20-lyase
reactions. Although these studies revealed important informa-
tion on the mechanisms, it remains to be proven if the small
structural differences imposed by the A105L mutation reflect the
presence of the 17,20-lyase active-site conformation.

To improve the selectivity for CYP17A1 relative to CYP21A2,
several abiraterone analogs were prepared with hydrogen-
bonding substituents in the C6 position.43 The structures of
three of the compounds (C6 nitrile, amide, and oxime, Table 1)
revealed that the C6 substituent indeed was positioned between
the two polar residues, R239 and D298 (Figure 6B).
Experimental and computational studies showed that the
increased CYP17A1 selectivity primarily was due to a reduced
affinity for CYP21A2.43

The RMSD values based on the Cα atoms between the
original abiraterone structure (PDB ID: 3RUK) and the other
CYP17A1 structures in Table 1 are 0.33 ± 0.03 Å. This indicates
that the CYP17A1 active site can accommodate structurally

Figure 6. Two different binding modes of 17α-hydroxypregnenolone (A) and binding mode of the abiraterone analogs with C6 substituents (B) to
CYP17A1. Color coding as in Figure 5.

Figure 7. Binding mode of the non-steroidal inhibitors (S)-seviteronel (A) (PDB ID: 5IRV), (R)-orteronel (B), and (S)-orteronel (C) (PDB ID:
5IRQ) to CYP17A1. Color coding as in Figure 5.
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different ligands by changes in side-chain orientations without
affecting the overall fold.

It is worth mentioning that only two structures of CYP17A1
complexes with non-steroidal inhibitors, (±)-orteronel (TAK-
700) and (S)-seviteronel (VT-464) (PDB IDs: 5IRQ and 5IRV
respectively), have been published.44 Both compounds contain a
naphthalene moiety substituted in the 2 position with a
nitrogen-containing ring system. (R)-Orteronel and (S)-
seviteronel bind “steroid-like” with the naphthalene ring
occupying the same space in the CYP17A1 active site as the
steroid part of the previously discussed steroidal inhibitors and
the sp2-hybridized nitrogen atom in the substituent coordinating
to the Fe atom in the heme group (Figure 7A and Figure 7B).
Contrary to (R)-orteronel, binding of (S)-orteronel is tilted,
enabling the substituent in the 6 position to form hydrogen
bonds with R239 and D298 (Figure 7C). The Fe−N distance in
(R)-orteronel is also substantial longer (2.5 Å) than the
corresponding distances in (S)-orteronel and (S)-seviteronel
(2.1 Å). An additional interesting feature with the orteronel

structures, and to some extent also the seviteronel structures, is
the presence of a peripheral binding site formed by different
conformation of the loop between helix F and helix G. The
function of this primarily hydrophobic site remains to be
explored.44 The orteronel and seviteronel structures are
interesting, as they may provide ideas for further optimization
of lyase-selective non-steroidal inhibitors. The CYP17A1
structure, function, and therapeutic potential have also been
reviewed.45,46

Considerable knowledge about the structure of CYP17A1 has
also been derived from studying the clinical mutations typically
found in patients with 17α-hydroxylase deficiency. Mutations
R96W, R125Q, H373D/N, and R440H/C disrupt heme
binding, resulting in a loss of enzyme activity. 17,20-Lyase
activity is inhibited by mutations E305G, R347H/C, R358Q,
and R449A.47−50

3.2. CYP17A1 Allosteric Site. The presence and utilization
of an allosteric site in CYP17A1 is still a question for debate. It
represents an until now not fully explored possibility for

Figure 8. Three-dimensional model of the CYP17A1-cyt b5 complex anchored in the membrane. CYP17A1 green, cyt b5 blue, membrane beige, and
anchoring helices and additional residues required for the AlphaFold modeling white (A). Close-up of abiraterone binding to the Fe atom in the heme
group in the CYP17A1 active site (B). Key residues involved in the CYP17A1-cyt b5 binding (C). Residues proposed to be involved in the electron
transfer from cyt b5 to CYP17A1 (D). Color coding as in Figure 5. For a movie illustrating the 3D relationships of the structure and interactions, see the
SI.
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controlling the CYP17A1-mediated reactions. Potentially it
opens the opportunity for imposing a conformational change of
the CYP17A1 enzyme towards a lyase-relevant conformation,
which would form the basis for the structure-based design of
more lyase-selective CYP17A1 inhibitors.

Allosteric sites have been identified in other CYPs. Most of the
studies have focused on CYP3A4, and it is proven without a
doubt that this drug-metabolizing CYP contains an allosteric
site. The structure showing that the fluorescent agent, fluorol,
acts as an allosteric ligand and binds to a high-affinity binding
site located in the substrate channel in CYP3A4 has recently
been published.51

It has been known for many years that the 17,20-lyase activity
of CYP17A1 relative to the 17α-hydroxylase activity can be
stimulated by phosphorylation or by binding of cyt b5.52 Two
mechanisms for the cyt b5 interaction with CYP17A1 have been
proposed. Cyt b5 could either be responsible for supplying the
second electron necessary to complete the catalytic cycle or be
an allosteric modulator imposing a conformational change in
CYP17A1.53 Indeed, cyt b5 is an electron donor, but it has been
shown that the stimulation of CYP17A1 is an allosteric
effect.54,55 Line broadening of the signals from certain residues
in CYP17A1 was observed by means of NMR spectroscopy.
This was interpreted as a function of cyt b5 binding causing a
conformational change in CYP17A1. The effect was most
pronounced for residues in the distal part of the CYP17A1 active
site.56

A thermodynamic study of the energetics associated with the
interactions between various CYPs and cyt b5 revealed that the
CYP17A1-cyt b5 was enthalpy driven and that the interactions
probably involved electrostatic interactions and formation of salt
bridges and/or hydrogen bonds.57 This is consistent with
previous observations that the anionic residues E48 and E49 in
cyt b5 and the cationic residues R347, R358, and R449 in
CYP17A1 are involved in the CYP17A1-cyt b5 interactions.58,59

NMR studies also revealed that cyt b5 combined with different
substrates may impose different conformational states of the
CYP17A1 structure.60 It is reasonable to assume that the cyt b5
residues involved in the interaction with CYP17A1 would
provide a starting point for the design of peptides and
peptidomimetics mimicking the allosteric effect of cyt b5 on
CYP17A1. In a recent study the effect of a hendecapeptide
EHPGGEEVLRE, comprising the above-mentioned E48 and
E49 residues on CYP17A1, was investigated without obtaining
the expected evidence for binding to CYP17A1.50

To our knowledge no experimental structure of the
CYP17A1-cyt b5 complex has been reported, but the CYP1A2-
cyt b5 complex has been modeled by computational methods.61

Figure 8 presents a model of the CYP17A1-cyt b5 complex
constructed by the novel protein structure prediction method
AlphaFold2 and subsequently embedded in a membrane
analogous to the CYP1A2-cyt b5 model.62 We believe that
such models may be useful not only to design novel compounds
but also to help improve the understanding of other aspects of

the enzymatic reactions, like the electron flow from cyt b5 to the
CYP17A1.

4. INHIBITORS
4.1. Brief Historical Overlook. One of the earliest reports

goes back to the middle of the 20th century when
dichlorodiphenyldichloroethane (DDD, TDE), a metabolite of
DDT, was described as causing severe adrenal cortical atrophy in
dogs.63 Since this discovery considerable effort was put into
endocrine disruptors. However, no particular focus was placed
on the inhibition of androgen production, and only single
reports appeared on this topic.64−69

At the beginning of 1990 the pace of research into CYP17A1
inhibition picked up with the discovery of abiraterone, reported
in 1995. This was fueled by a discovery a decade earlier of
ketoconazole causing gynecomastia in men.70 Closer inves-
tigation of the underlying mechanism indicated that inhibition
of the 17α-hydroxylation and 17,20-lyase reactions was
responsible for this effect.71 The field gained increased interest
when the first X-ray structure of CYP17A1 in complex with an
inhibitor was reported in 2012 (Figure 9).38

4.2. Non-steroidal Inhibitors of CYP17A1. With a few
exceptions, most of the medicinal chemist’s efforts rely on
mimicking the steroidal scaffold of the natural CYP17A1
substrates (Figure 10). Keeping in mind that the critical moiety

for enzyme inhibition is the lone pair of the sp2 nitrogen atom
which interacts with the heme iron in CYP17A1, many designs
emerged where a heterocycle was combined with a steroid
mimetic ring system. These heterocycles included predom-
inantly imidazole or pyridine, while other heterocyclic rings
were less explored. Although the choice can include virtually any
heteroaromatic ring containing nitrogen, imidazole and pyridine
offer the most favorable binding energies.72 This section
contains known inhibitors presented as different chemotypes.
In some instances the choice is arbitrary as two chemotypes can
overlap. It is important to remember that, when comparing IC50
values between compounds, care should be taken because these
were often measured under different experimental conditions. In

Figure 9. Timeline with milestones in CYP17A1 inhibitors discovery.

Figure 10. Different strategies aimed at mimicking the steroid scaffold
commonly include deletion of one or two rings.
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the case of CYP17A1 inhibition assays, the results are
particularly sensitive to the substrate concentration and the
ratio of CYP17A1:POR:cyt b5.73 In this regard, Ki is usually
more informative than IC50 and repeated experimentation often
reveals, for instance, the lack of initially reported selectivity.44

Azobenzene Derivatives. The discovery that bifluranol 1
inhibits CYP17A1 prompted the synthesis of its analogs.74

Compound 2 showed inhibition of CYP17A1 in the micromolar
range (Figure 11). Although 2 achieved favorable selectivity of

hydroxylase vs lyase 1:4, it was noted that the compound was
unstable at the pH of the assay, forming dibenzoxadiazepine
upon decomposition. Additional testing towards inhibition of
5α-reductase revealed no activity. These studies constitute one
of the first attempts to create novel derivatives of a known
inhibitor of CYP17A1.
Acetic Acid Derivatives. A set of acetic acid esters was

designed as inhibitors of aromatase.75 However, during testing
these compounds showed significant CYP17A1 inhibition.
Various alcohols were used for esterification, and closer analysis
revealed improved potency with esters of bulkier alcohols
(Figure 12). (+)-Isopinocampheol generated the most potent
ester, 3, while its enantiomer was less potent by an order of
magnitude, showcasing the important role of stereochemistry.
Unfortunately, these compounds, being esters, suffered from
hydrolytic susceptibility. Also, the compounds displayed poor
selectivity between hydroxylase and lyase inhibition. The
problem of metabolic stability was addressed in the analogs
with alkylated α carbons.76 Introduction of an alkyl group
significantly increased resistance to esterases in rat liver
microsomal preparations, with two groups being more effective
than one regardless of their size. It was also noticed that this
modification increased selectivity towards CYP17A1. Moreover,
replacing the 4-pyridyl group with isomeric 3-pyridyl proved
beneficial to the observed potency, as demonstrated by
compound 4. This modification also diminished activity towards
aromatase. “Reverse esters”, with the reversal of the ester linkage,
where the pyridine moiety resides on the alcohol part of the
molecule, were designed to explore the effect of chirality
adjacent to the pyridyl residue.77 This was done to circumvent
racemization of enantiomers with a benzylic proton at the chiral

center. The results showed dramatic differences in the inhibitory
activity of monomethylated enantiomers of the 4-pyridyl series,
while the enantiomers of the 3-pyridyl series were almost
equipotent. The 4-pyridyl series was more potent than the 3-
pyridyl in general, culminating in compound 5, which had the
best selectivity between hydroxylase and lyase and towards
aromatase (Figure 12). In an attempt to improve the resistance
to esterases, several amides analogs were prepared which
displayed markedly decreased activity.
Phenyl Derivatives. Phenyl derivatives constitute a case of

extreme simplification, where the whole steroidomimetic
scaffold has been reduced to just one aromatic ring connected
with a carbon linker, varying in length, to a nitrogen-bearing
heterocycle (Figure 13). Thus, the initial designs were aimed at
exploring the effect of benzene substitution and the length of the
linker.78,79

It was determined that the presence of a substituent in the
phenyl ring was beneficial to the inhibitory activity, as was
extension of the linker. No clear structure−activity relationship
could be established in relation to the nature of a substituent,
although disubstituted compounds were more potent than
mono derivatives. However, a trend was observed in relation to
the length of the linker showing potency increasing with the
linker length, up to 10 carbons. Thus, an increased hydro-
phobicity led to increased potency.80 Compounds with the ethyl
linker were unstable. Comparison between the incorporation of
imidazole and triazole moieties demonstrated the former to be
superior. The authors also tested their compounds against
hydroxysteroid dehydrogenases and concluded the lack of
specificity against these targets. The combination of the
extended linker with different halogen atoms attached to the
phenyl group was also investigated.81

It is noteworthy to add that in the majority of compounds it
was possible to achieve a good selectivity profile between
hydroxylase and lyase inhibition, as evidenced by compounds 6
to 8 (Figure 13). By adding a bulkier benzenesulfonate group it
was possible to obtain compound 9, which exhibited excellent
selectivity of over 100-fold.82 Additional manipulation of
benzenesulfonate moiety by changing the nature of the para-
substituent did not improve the selectivity, although it produced
compound 10 with enhanced potency.83

Stilbene Derivatives. The constrained nature of stilbene
offers the possibility of constructing a steroid-mimicking ring
system with a fixed geometry. The two geometrical isomers of
stilbene (E and Z) have been used in compounds 11 and 12. In
this case, both the geometry of the double bond and the spacer
linking imidazole with the scaffold played important roles in the
reported activity (Figure 14). Additionally, compound 12
demonstrated in vivo an increased level of testosterone (135%
of the control, measured at 5 h after treatment) despite an initial
reduction. This was attributed to the cancellation of negative
feedback caused by transient suppression of the testosterone
levels.84

Figure 11. Representative CYP17A1 inhibitors of azobenzene analogs
and bifluranol.

Figure 12. Representative CYP17 inhibitors from the acetic acid ester family.
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Compounds 13 and 14 were designed as stilbene-based
derivatives of ketoconazole in a hope to overcome the synthetic
limitation imposed by the complex ketoconazole core, thus
enabling straightforward generation of analogs. A comparison
between the energy-minimized structures suggested that the key
binding components are similarly positioned. This mainly
involved overlap of imidazole and pyridine heterocyclic
moieties. Incorporation of the pyridine moiety gave more
potent compounds in general compared to the imidazole moiety
(Figure 14). Compound 14 displayed good selectivity for
CYP17A1 against CYP19 (100-fold) and CYP3A4 (1000-
fold).85 It is important to mention that numerous stilbene-based
drugs are used in clinical practice. For example, tamoxifen is used
to treat estrogen-receptor-positive breast cancer, and clomifene
is used to induce ovulation. Both drugs interact with estrogen
receptors, which engenders potential off-target liability for this
class of compounds. Diethylstilbestrol, once widely used for
prostate cancer treatment, no longer enjoys widespread use
mainly due to cardiovascular toxicity caused by high doses.86

Analogs with a Heterocyclic Core. In search for new
inhibitors of CYP steroidogenic enzymes, compounds were
designed using 1,2,4-triazole as a core structural element with a
pyridine group responsible for interacting with the heme. It was

reasoned that the triazole scaffold is a well-tolerated drug
component and compared to a benzene core the triazole
provides better solubility. Moreover, its basicity is lower than
that of imidazole and the resulting geometry would better mimic
the A and B rings of the natural substrate. While compound 15
was a nanomolar inhibitor of CYP11B1 and CYP11B2, none of
the compounds showed inhibition of CYP17A1, and the
structural analysis focused on selectivity between the above-
mentioned enzymes (Figure 15).87

Compound 16 was designed for CYP11B1 inhibition as a
wound healing agent. The compound was tested for selectivity
vs CYP17A1 and was found to be a very weak inhibitor (5% at 2
μM) while CYP11B1 was potently inhibited (IC50 = 1 nM). No
explanation for this selectivity was given based on structural
analysis.88

Compounds with fragments of N-containing aromatic
heterocycles, exhibiting the strongest interaction with the
heme, were identified based on the binding energy calculations
using density functional theory (DFT) methods. Compounds
17 and 18 were found as a result of this virtual screening. Both
compounds displayed potent inhibition of CYP17A1 and good
selectivity against CYP3A4, CYP2D6, and CYP21A2.89

Compound 19was a result of linking two heterocyclic fragments

Figure 13. Representative CYP17 inhibitors of the phenyl derivatives group.

Figure 14. Representative stilbene-based CYP17 inhibitors.
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present in abiraterone and galeterone.90 It displayed good IC50

and selectivity vs CYP3A4 and CYP2D6; however, further
attempts to optimize this scaffold did not provide more effective
compounds.91

Compound 20 represents an example of selective optimiza-
tion of side activities (SOSA). This approach uses old drugs for

new pharmacological targets.92 The obvious benefit would be a
molecule with increased probability of having drug-like
properties. It was reasoned that ketoconazole with its
CYP17A1 “side activity” could be transformed into the entity
possessing CYP17A1 as a “main activity” while diminishing
other unwanted effects. Replacing the terminal acetyl group with

Figure 15. Representative inhibitors with heterocyclic cores.

Figure 16. Representative inhibitors with fused 5- and 6-membered heterocyclic cores.
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the sulfonamide group resulted in increased potency towards
CYP17A1 and markedly improved selectivity against CYP3A4
(Figure 15).93

Compound 21 (ASN001) was developed by Asana
BioSciences as a selective CYP17A1 lyase inhibitor. However,
no medicinal chemistry related papers could be found and only
pharmacology data is readily available.94 Similarly, 22 (CFG920,
LAE001) was initially developed by Novartis and licensed in
2017 to Laekna Therapeutics as a dual CYP17A1/CYP11B2
inhibitor.

Attempts have been made at producing benzene-fused
heterocycles. One of the examples is compound 23, which was
based on 24 (liarozole, R75251), a known inhibitor of several
CYP enzymes. This compound replaces the benzimidazole
moiety with benzofuran, retaining imidazole and chlorophenyl
fragments (Figure 16).95 Further manipulation of the structure
did not increase potency or selectivity, as exemplified by the
truncated compound 25.96

As a part of a drug discovery campaign, launched by Takeda,
aimed at novel agents for the treatment of prostate cancer,
multiple compounds were synthesized and tested. Benzothio-
phene derivative 26 was identified as a potent inhibitor.84

Notably this compound reduced testosterone levels in rats to 5%
and 2% after 2 h and 5 h, respectively, demonstrating in vivo
activity. Upon screening in-house compounds and inspecting
modeling results, compound 27was obtained.97 This compound
bears resemblance to 28 (GI111924) and 29 (YM116)
developed two decades earlier by GSK and Yamanouchi,
respectively.98 The authors reasoned that the substitution of
nitrogen for a sulfur atom in tetrahydro-β-carboline will better
accommodate the molecule in the enzyme binding pocket. In
addition, introduction of a substituent in the pyridine ring
provided a compound with a better fit of this moiety. As a result,
27 proved to be a potent inhibitor with marked selectivity
against other CYP isoforms and good in vivo activity measured as
rat serum testosterone level. Interestingly, based on those
findings another group designed and tested benzothiophene
analogues, e.g., compound 30, where an additional phenyl ring
bears the nitro group which is claimed to be responsible for the
interaction with the heme.99

Researchers at Bristol-Myers Squibb found a potent indazole
derivative while screening their internal compound collec-
tion.100 They set out to identify a chemotype allowing for
continuous CYP17A1 inhibition, reasoning it would be required
for efficacy. By changing the indazole scaffold to benzimidazole
they were able to identify compound 31 (BMS-351) with potent
inhibition of CYP17A1 and enhanced metabolic stability.
Moreover, 31 demonstrated higher lyase/hydroxylase selectivity
compared to abiraterone, which was attributed to its reversible
nature. A superior steroidal profile with >90% decrease in
testosterone in cynomolgus monkeys was achieved together
with minimal disruption to progesterone and cortisol levels. In
further attempts to optimize the desired properties, a wide range
of alterations to the scaffold as well as to the heme binding
moiety were explored, culminating in compound 32 (BMS-737)
with good selectivity against various CYPs and potency and
efficacy similar to 31 (Figure 16).101

Several fused six-membered heterocyclic compounds were
described mainly as CYP19A1 (aromatase) or CYP11B1 and
CYP11B2 inhibitors. Most of the reported chromone and
xanthone derivatives displayed weak activity towards CYP17A1
with few exceptions, like compound 33.102 It is noteworthy to
add that the authors used comparative molecular field analysis

(CoMFA) to design these compounds. Coumarin derivatives
were selective towards CYP19A1 and exhibited only low
CYP17A1 inhibition, as exemplified by 34.103 In a similar
fashion, compounds based on a quinolinone scaffold were weak
CYP17A1 inhibitors. Compound 35 was only able to inhibit
CYP17A1 by 1.4% at 2 μM, and 36 inhibited CYP17A1 with
IC50 = 1.5 μM (Figure 16).104,105 In order to understand the
observed selectivity, the authors used sequence alignment
between the four CYP enzymes (CYP17A1, CYP19, CYP11B1,
and CYP11B2).104 While not specifically designed to target
CYP17A1, these compounds provide useful information on
selectivity vs other CYPs.
Diphenylmethane Derivatives. Amphenone (37, Figure 17)

and its analogs belong to the earliest substances found to inhibit

steroidogenesis.64 It was tested in humans as a treatment for
adrenocortical carcinoma. The effects on androgens were
limited with this compound. Higher activity was observed for
compound 24 (liarozole, R75251), which was capable of
reducing testosterone plasma levels to castrate levels in male
dogs.106 Similar results were obtained in humans.107 Amphe-
none did not reach clinical practice while liarozole received
orphan drug designation for the treatment of congenital
ichthyosis. Liarozole is also capable of CYP26A1 inhibition
and has been used as a tool compound.108

Biphenyl Derivatives. The biphenyl moiety represents a
widely explored possibility to mimic A and C rings of the
pregnane scaffold (Figure 10). In vitro studies have shown that 3-
imidazol-1-yl-methyl-substituted compound 38 and its deriva-
tives are particularly notable (Figure 18).84,109 However, these
compounds lacked sufficient activity in vivo. It was assumed that
this was related to their fast metabolism.110 In order to slow
down phase 1 metabolism, a series of polyfluorinated
compounds was designed.111 The location of the fluorine
atoms turned out to be important because the meta-substituted
compound was more resistant to biodegradation than the ortho-
substituted one. It has been shown that fluorine in position 3
contributes to both a stronger interaction with the active site and
an increase in metabolic stability, consequently increasing the
half-life of the compound.112 Introduction of a fluorine atom is a
common strategy employed by medicinal chemists. This can
influence the metabolic stability or facilitate cell membrane
permeation of a molecule.113

Modifications, including introduction of various substituents
and structure rigidification, have been carried out to improve
activity.114 It was found that introduction of fluorine into the
distal aromatic ring and a methyl group into the methylene
bridge connecting the biphenyl moiety and imidazole brought
an increase in potency as well as sustained reduced plasma
testosterone concentration, as demonstrated by compound 39.
In subsequent years it was determined that the single group on
the methylene bridge can be the key to potency and selectivity

Figure 17. Examples of diphenylmethane analogs.
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among several CYP enzymes.115 Compound 40 displayed
potent inhibition of CYP17A1. It has also been reported that
substitution of the A ring with polar substituents leads to strong
inhibitors, represented by compound 41.116 Another study
showed that the activity of the compounds could also be
increased by constraining the molecule in the form of carbazole
42 or fluorene 43. However, these compounds required further
optimization for improved CYP17A1 selectivity.117

Another strategy aimed at improving the potency was
replacing the A or C aromatic nuclei with different heterocycles.
Compound 44 was a potent inhibitor and showed a longer
duration of action in vivo than the reference abiraterone.118

Attempts have been made to utilize the ACD and ABD (Figure
10) strategies and annulate A or C rings.119,120 However, these
compounds did not display significant CYP17A1 inhibition.
Further studies showed that a potential strategy to improve the
activity involved dearomatizing ring D of the ACD system. This
led to the potent and selective CYP17A1 inhibitor 45.121

Further modifications of the biaryl compounds led to design
of dual inhibitors of CYP17A1 and CYP11B1. The new strategy
was to contain elements of the pharmacophores derived from
abiraterone as an inhibitor of CYP17A1 and metyrapone as an
inhibitor of CYP11B1. A pyridyl group was used in place of an
imidazole group, resulting in a dual inhibitor 46.122 The

importance of the chirality at the linker position was highlighted
by compound (−)-47 which was a very potent CYP17A1
inhibitor and had excellent selectivity for CYP3A4 (>300-fold).
The dextrorotatory enantiomer was over 10 times less potent
(IC50 = 340 nM vs 26 nM). Moreover, the compound displayed
a sustained decrease in serum testosterone levels after single oral
dosing.123

Naphthalenes. Based on two well-known CYP17A1
inhibitors 48 (SU 8000) and 49 (SU 10603), a series of indanes
and tetralines were designed, out of which compound 50was the
most potent (Figure 19).124,125 Further modifications included
scaffold hopping, utilizing various heme-binding heterocycles,
and modifying the linker between tetraline and heterocyclic
moiety into a fused cyclopropane ring or imidazole ring.126−131

In subsequent research it was determined that the presence of a
tetralone oxo group was not essential, but it was beneficial to add
a hydrogen bond acceptor, presumably mimicking the natural
substrate. Compound 51 showed potent CYP17A1 inhibition
and good selectivity.132 Attempts have been made to introduce
an element of unsaturation into the tetralin ring as well as an
oxime group into the side chain. These modifications yielded
only marginal or no inhibitory properties when tested in human
CYP17A1.133−135

Figure 18. Examples of biphenyl inhibitors.

Figure 19. Representatives of naphthalene CYP17A1 inhibitors.
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Another modification of the naphthalene derivative 51
involved inclusion of a hydroxyl and an isopropyl group at the
methylene bridge. This was crucial for limiting the effect of
compounds on liver enzymes. However, the best results were
achieved by introducing additional methoxy groups in the 6 and
7 positions, which resulted in compound 52.136 This compound
also proved effective in in vivo studies in the monkey model.
Subsequent manipulation of the naphthalene substituents
resulted in tricyclic derivatives and eventually in (+)-53
(orteronel, TAK-700).137,138 Orteronel demonstrated potent
reductions in serum testosterone and DHEA concentrations
after single oral dosing (1 mg/kg) in cynomolgus monkeys.
Selectivity for CYP17 over other CYP enzymes was attributed to
the conformational rigidity and low clogP value. Similar to
orteronel, another orally active compound, (−)-54 (seviteronel,
VT-464), was designed and proved to be a potent and selective
CYP17A1 inhibitor with substantial in vivo activity.139 However,
the reported selectivity was not replicated under the very strict
conditions.44 Orteronel and seviteronel represent a handful of
non-steroidal inhibitors reaching clinical trials; however, they
did not succeed to reach clinical practice.
Natural Products. Natural products represent a unique

chemotype because they do not possess a nitrogen atom while
the vast majority of the known CYP17A1 inhibitors do. During
the screening for CYP17A1 inhibitors, potent activity of
methanol extracts from green and black tea was found.140

These fractions are rich in catechins. Detailed studies on
commercially acquired various catechins and theaflavins
revealed inhibitory activity surpassing that of ketoconazole.
Theaflavin 55 displayed IC50 = 25 μM for the lyase reaction
(ketoconazole IC50 = 35 μM). Similarly, turmeric extract
containing curcuminoids was found to inhibit CYP17A1 (Figure
20).141 Curcumin 56 docked to the 3RUK model showed a

resemblance to the steroid substrates with phenolic oxygen
distanced 2.4 Å from the heme iron. These compounds seem to
offer an interesting starting point for further optimization.

5. ASSAYS
5.1. NCI H295R Cell Model. The current standard model

system to study molecular and biochemical mechanisms of
steroidogenesis is the NCI H295R cell line.142 This cell line was
established from a series of strains of adrenocortical carcinoma
tumor cells obtained from a 48-year-old black female exhibiting
conditions like acne, facial hirsutism, diarrhea, weight loss,
edema, and abnormal menses.143 The initial cell line, NCI H295,
was further developed into the NCI H295R strain having a
shorter doubling time, adherent monolayer growth, and retained
steroidogenic capacity over subsequent passages. The adrenal
gland is a complex system, divided into specific zones of

differentially expressed genes involved in the production and
regulation of steroids. Cell models arising from animal or human
tissues require zone-specific primary regulators to facilitate
steroid production, and the steroid profile often changes with
successive passaging, response factors, and growth conditions.
NCI H295R cells express genes from all three zones of the
adrenal cortex, providing an excellent system that closely reflects
human adrenal physiology. The available mouse adrenocortical
cell line, Y1, produces mainly glucocorticoids and mineralo-
corticoids and cannot express genes involved in the production
of sex steroids, rendering them inefficient to study the
production of androgens and CYP17A1 activity.144 Studies
with cDNA isolated from hamster adrenal libraries showed a
preference for the Δ4 pathway to produce DHEA like the
human adrenal system. Unlike the mouse model, it might serve
as a better animal model to study human steroid metabolism.145

So far, among all these systems, the NCI H295R cell line is the
preferred model as it is more convenient, cheaper, and robust to
perform enzyme kinetic studies and molecular biology-based
assays.

5.2. Enzyme Assays. One of the oldest methods to analyze
enzyme activity is the use of colorimetric assays to detect
androgens in urine samples.146 Major disadvantages are the
requirement of large sample volumes, lack of specificity, and
poor range of detection. The earliest enzyme assays to
investigate the production of androgens were performed in
microsomes isolated from testicular tissue extracts from guinea
pigs which were found to be oxidizing progesterone to
testosterone and acetic acid. The products formed were detected
using radioactive substrates labeled with carbon-14 or tritium at
specific positions.147 Different isolation and separation
techniques were adopted to quantify the steroids present in
the reaction mixture, including methods like direct distillation,
paper chromatography, or thin-layer chromatography (TLC)
using different organic solvent systems as mobile phase.148,149

These methods, combined with radioimmunoassay (RIA) or
protein binding assay, enabled the quantitative detection of
steroids with enhanced specificity and sensitivity.150−152

However, it has a few drawbacks such as the handling of
radioactive materials, the requirement of intensive labor work,
and cross-reactivity with other steroids resulting in the detection
of unwanted steroids in a complex sample.153 With the
development of techniques like normal-phase high-performance
liquid chromatography (HPLC), separation and detection of
both C19 and C21 steroids became possible and enabled the
assay of CYP17A1 activity from both Δ4 (progesterone) and Δ5
(pregnenolone) pathways. Typical chromatographic separation
is carried out over a hexane−tetrahydrofuran gradient system
with a silica stationary phase. The flow system is coupled to a
flow cell radioactivity detector sensitive to tritium. The use of
radiolabeled substrates eliminates the need for internal stand-
ards and increases the sensitivity for detection.154,155 Simulta-
neously, microsomal-like systems containing recombinant and
purified CYP17A1 were developed to study the effect of mutant
CYP17A1 proteins on enzyme activity and overall steroid
metabolism with respect to wild type.156−158 Combining the
advanced techniques of gas chromatography (GC) and HPLC
with sophisticated detection systems utilizing mass spectrom-
etry (MS), methods like GC-MS and LC-MS/MS were
developed and became widely adopted for performing whole
steroid profiling in different biological samples.159−162 With the
advancement leading to decreased sample volume requirements
and detection of a range of steroids present at even lower

Figure 20. Representative inhibitors belonging to natural compounds.
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concentrations, most of the shortcomings of the previous
techniques were resolved. GC/LC-MS/MS has proven to be
beneficial to generate steroid profiles from different types of
assays as well as diagnostics/patient samples for various clinical
diagnoses in a faster and more efficient way.163−165 Although it
has several advantages, it is comparatively expensive and
demands highly trained professionals to operate the instruments
and analyze the data. This renders it less suitable to perform
large-scale drug screening of small molecule inhibitors to target
CYP17A1 activity. In this case, the preferred technique is the
separation of radiolabeled steroids by TLC and quantification
using autoradiography or direct measurement of radioactivity
with the help of a liquid scintillation counter.16,141,166

6. PERSPECTIVE
6.1. Desired Inhibitory Profile. The CYP17A1 enzyme is a

key catalyst involved in steroidogenesis, thus the biosynthesis of
steroid hormones in the adrenal glands, gonads, and placenta.
CYP17A1 inhibitors can be used to treat a range of medical
conditions, including hormonal imbalances or endocrine-
dependent cancers. From a drug discovery perspective, the
desired inhibitory profile of CYP17A1 inhibitors depends on the
specific disease being targeted. For example, in the treatment of
prostate cancer, the goal is to reduce androgen synthesis, so a
highly specific and potent inhibitor of CYP17A1 would be ideal.
On the other hand, in the treatment of congenital adrenal
hyperplasia, a less potent inhibitor that does not completely shut
down steroidogenesis may be preferred to avoid significant
hormonal imbalances. To avoid undesired side effects a high
specificity towards the target CYP17A1 cytochrome is
important. To address this issue the subtle structural differences
in the different CYPs need to be taken into account during the
medicinal chemistry optimization. In terms of general side
effects that can be tolerated, this will depend on the specific
medical condition being targeted. For example, in the treatment
of prostate cancer, some of the common side effects associated
with CYP17A1 inhibition include hot flashes, osteoporosis, and
decreased libido. These side effects may be acceptable,
considered the alternative of more severe illness.

6.2. Selectivity against Other CYPs. Whereas potency
perhaps has been the driving force in previous drug discovery
projects, it is only one of many features to be considered today.
Most drugs interact with multiple targets, comprising several
anti-targets leading to unwanted effects. To obtain selectivity for
the desired target the focus has often been on reducing the
effects of the drug-metabolizing CYP1, CYP2, and CYP3
enzymes.

Several of the CYP17A1 inhibitors reported to date also
inhibit the drug-metabolizing CYPs, primarily CYP3A4. Due to
the promiscuous nature of CYP3A4 it is not straightforward to
introduce functionalities to be acceptable for the CYP17A1
enzyme but not for CYP3A4. Nevertheless, several of the
previously mentioned non-steroidal CYP17A1 inhibitors are
selective against CYP3A4, e.g., the stilbene analog 14 (Figure
14), 17 and 18 identified by virtual screening, 19 identified by
combining the heme-binding moiety from abiraterone and
galeterone, and the ketoconazole analog 20 (Figure
15).85,89,90,93 Unfortunately, it is not yet possible to derive
some common structural denominator(s) for obtaining
selectivity for CYP17A1 against CYP3A4 and the other drug-
metabolizing CYPs.

Another important issue is the selectivity for CYP17A1
against CYP19A1 and CYP21A2. The steroidal inhibitors may

potentially interact with all three enzymes, although it has been
possible to increase CYP17A1 selective inhibition by introduc-
ing hydrogen-bonding substituents in the C6 position of
abiraterone (Figure 6B).43 The non-steroidal inhibitor 18
(Figure 15) displayed selectivity against not only CYP3A4 but
also CYP21A2, although we at present have not yet identified
which of the functional groups are responsible for the observed
selectivity.89

In a recent report, a summary of the present state-of-the-art in
selectivity optimization for various CYP forms was presented.167

The examples comprise weakening of binding to the heme
group, reduction of ligand lipophilicity, and small structural
modification.

A CYP index equal to the ring count divided by the
lipophilicity (cLogP) has been suggested to be a measure of
the conformational rigidity corrected for the effect of lip-
ophilicity.168 The authors concluded that a CYP index >2 would
reduce the risk for getting compounds with submicromolar
CYP3A4 binding and that use of the CYP index would increase
the possibility for designing heme-binding inhibitors with
reduced CYP3A4 binding.

Contrary to the above intuitive approach, a target-specific
selectivity has been developed comprising the potency against
the target of interest and the potency against other targets called
the absolute potency and relative potency, respectively. The
most selective compound was then identified by simultaneous
optimization of the two potency metrics, yielding a selectivity
score for the compound. The potential of this computationally
more complex procedure was shown on a dataset comprising
442 kinase targets.169

Selectivity is clearly an unsolved issue for CYP17A1
inhibition, with the known selective compounds primarily
obtained based on traditional medicinal chemistry experience
and/or serendipity. Thus, more knowledge-based quantitative
methods are needed to guide future design. We have not yet seen
the full potential of novel methods like AI and deep learning
applied to the general CYP selectivity problem nor the specific
CYP17A1 selectivity problem.170

6.3. Selectivity towards Lyase Inhibition. Truly lyase-
selective inhibitors would be ideal for an improved cortisol
profile in humans. Generally, selectivity is always a vital factor in
drug discovery targeting enzyme inhibition. In the case of
CYP17A1 it is important to remember that this single enzyme is
capable of catalyzing two successive reactions, a hydroxylation
and a lyase transformation. The lyase inhibition is preferred over
hydroxylase inhibition because this leads to a better control of
circulating C19 androgen precursors without decreasing the
cortisol levels and elevating ACTH.171 Both reactions occur in
the same active site and therefore it is extremely difficult to
design an inhibitor that would selectively block only one
reaction. All known inhibitors act by coordinating with the heme
iron, therefore by inhibiting hydroxylase reaction they will
inherently affect the lyase reaction. However, some insight might
be gained from substrate specificity. It is widely known that
17OH-Prog is the poor lyase substrate while 17OH-Preg is the
efficient one. A structural explanation has been given pointing to
different positions of these two substrates in the active site,
where 17OH-Preg is positioned closer to the heme iron without
making a hydrogen bond to N202.42 This offers a potential
strategy to design inhibitors with attenuated interactions with
N202.172 Recently, a V362M mutation found at the active site of
CYP17A1 was shown to selectively decrease the lyase activity by
reducing the binding of 17OH-Preg. Therefore, certain design
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elements could be employed for creating inhibitors that compete
with 17OH-Preg for binding to the CYP17A1 active site and
may have high specificity for inhibiting the CYP17A1 lyase
reaction.173 Another important aspect of lyase selectivity is
associated with cyt b5. It has been suggested that cyt b5 binding
alters the CYP17A1 conformation to promote the lyase activity.6

This notion points to disrupting the CYP17A1-cyt b5 interaction
mediated via the ternary CYP17A1-cyt b5-POR complex or even
targeting cytochrome b5 itself as another potential strat-
egy.40,50,174 However, conformational changes do not alter the
binding of either 17OH-Preg or 17OH-Prog as measured by
apparent Kd and binding kinetics.175 Thus, despite conforma-
tional selection appearing to be the dominant mechanism for
CYP17A1 binding, structural modifications in ligand design
might not easily translate to expected selectivity. Additionally,
experimental structural data regarding the ternary CYP17A1-cyt
b5-POR complex is also lacking.

During recent years attention has been brought to a multistep
binding of lyase-selective inhibitors to CYP17A1.73,176 These
studies indicate a rapid formation of an initial complex followed
by slow conversion into the iron-complexed form. More
importantly, this suggests that the formation of the heme iron
heterocycle complex is not a prerequisite needed for enzyme
inhibition. Consequently, iron-binding moieties may not be
necessary structural features. Remembering that essentially all
known inhibitors have this feature, this brings about a new
generation of inhibitors that do not rely on the necessity to
coordinate the heme, thus displaying potentially improved
inhibition profiles.

6.4. Exploitation of Atoms Other than Nitrogen to
Coordinate the Heme. Nearly all reported CYP17A1
inhibitors, both steroidal and non-steroidal, contain a nitro-
gen-containing heteroaromatic ring with the nitrogen lone-pair
coordinating to the iron atom in the heme group. This bias in
design of CYP17A1 inhibitors is probably inspired by the
existence of azole-containing antifungals which inhibit the
CYP51A1, converting lanosterol to ergosterol.177 The bias has
also been supported by computational studies showing that a
variety of nitrogen-containing heterocycles were favorable for
binding to the iron in the heme group.89,178

The interaction between a ligand with an electron-rich
nitrogen and the electron-deficient iron atom in the heme group
can be considered as a classical nucleophile−electrophile
interaction. The Protein Data Bank contains several examples
on other nucleophilic ligands interacting with the iron atom in
heme-containing proteins.

In the structure of a bacterial CYP BM3 (CYP102A1) mutant
M11, the anionic form of the mercapto group in dithiothreitol
coordinates to the heme group with an Fe−S distance of 2.3
Å.179 Several other examples of CYP structures with sulfur-
containing compounds, i.e., primary thiols, coordinating the
heme group are known.179 A handful of thioether-based nitric
oxide synthase inhibitors display type II binding to the heme
group. X-ray crystallography showed that the sulfur atom in
some of these structures coordinated to the iron atom in the
heme group with Fe−S distances of ∼2.7 Å.180,181

A rather unusual example of a functional group, to our
knowledge not present in any drug compounds, is the alkyl
isocyanide, where the carbon atom in the isocyanide group is
highly nucleophilic. The structure of n-butyl isocyanide in
complex with sperm whale myoglobin is one of several similar
complexes in the Protein Data Bank, and it shows that the

isocyanide carbon is located 2.1 Å above the iron atom in the
heme group.182

Thus, based on the provided examples, we suggest that novel
metal-coordinating groups should not be neglected in future
design of CYP17A1 inhibitors.183,184

6.5. Physicochemical Properties. The physicochemical
properties of a compound determine its absorption, distribution,
metabolism, and excretion (ADME) profile and thus are vital for
the success of any drug candidate. One of the key properties is
compound solubility, which heavily influences the ADME
profile but is also important for meaningful activities in in vitro
assays.185 Factors like temperature, water content, or impurities
can have significant impacts on solubility.186 Visual inspection of
published CYP17A1 inhibitor structures suggests that many of
these compounds might suffer from poor solubility. Inadequate
aqueous solubility can be inferred based on the presence of
dominant aromatic fragments with small numbers of polar
groups. These structural features were likely put in place due to
the hydrophobic nature of the enzyme binding site but also
because of the facilitated synthesis. Thus, future design strategies
should actively seek a careful balance between maintaining
desirable activity and adequate solubility. Non-steroidal
inhibitors have an inherent advantage over steroidal compounds
in this regard. For instance, abiraterone, the only approved
CYP17A1 inhibitor in clinical use, should be taken as a flat dose
of 1000 mg administered on an empty stomach.187 This
relatively high dose reflects poor absorption but also a very high
fraction of the drug bound to the plasma proteins.188 The non-
steroidal scaffold offers potentially greater flexibility in fine-
tuning physicochemical properties.

Besides following the well-established Lipinski rule of five,
tentative structural features incorporated in the molecule design
can include synthesis of prodrugs, insertion of hydrophilic and
ionizable groups, addition and removal of hydrogen-bonding
fragments, bioisosteric replacement, and disruption of molecular
symmetry and planarity.189 Reducing the aromatic character of a
compound could potentially improve its physicochemical
properties, such as solubility. The propensity to design out-of-
plane substituents can enhance the compatibility between
receptors and ligands. This may facilitate the creation of new
protein−ligand interactions that are not attainable with a flat
aromatic ring, leading to improved activity and selectivity
towards a specific target and minimizing the risk of off-target
effects.190 On the other hand, increased molecular complexity
can negatively impact the readiness at which large numbers of
analogs can be made.

6.6. Translation of In Vitro Effect to In Vivo. The
translation from in vitro activity to in vivo efficacy is crucial in any
drug discovery project. Many factors, absent in in vitro settings,
determine the fate of a drug in a living organism. The high
attrition rate during the drug development stage is a sobering
reminder that a drug candidate can still fail despite high potency
and favorable selectivity profile. Little attention is often paid to
pharmacokinetics (PK) at the early drug discovery stages, while
the focus is on the optimization of ligand−target interactions.
The situation is especially common in academic groups.
Resources available in industry drug discovery programs often
permit extensive PK studies. Assessment of properties such as
clearance, half-life, volume of distribution, or maximum
concentration can be very costly, especially when undertaken
in primate mammals.101 However, with CYP17A1 inhibitors,
efforts should be made to measure in vivo testosterone levels as a
predictor of potential in vivo efficacy. Male Sprague−Dawley rats
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have been successfully used to demonstrate reduction in the
plasma testosterone concentration.132,191 Such determination
should ideally include several time points. For instance,
testosterone measured after 2 h and 5 h should be diminished,
indicating sustained effect.84 Further in vivo assays can include
profiling of other steroids. Cortisol level is of high importance
because it is often dysregulated. Its imbalance during the
abiraterone therapy requires concomitant administration of
prednisone. Previously mentioned physicochemical properties
play also important role. The most advanced next-generation
non-steroidal CYP17A1 inhibitors, such as orteronel and
seviteronel, described above, exhibit good bioavailability and
general ADME properties in addition to an improved selectivity
towards the desired inhibition of the lyase activity of the
CYP17A1 enzyme. Both these compounds were taken into
clinical development. Unfortunately, orteronel was discontinued
after phase III as it failed to extend overall survival rates in the
target metastatic, hormone-refractory prostate cancer patient
group. Seviteronel is still in clinical development although issues
with drug-related tolerability in a phase 2 trial have been
reported.

6.7. Emerging Competing Prostate Cancer Therapies.
Prostate cancer therapy has been at the forefront of CYP17A1
inhibitor development. Numerous innovative treatment alter-
natives for prostate cancer have emerged in recent years.
Histone deacetylase (HDAC) inhibitors, such as vorinostat,
pracinostat, panobinostat, and romidepsin, serve as notable
examples. Although all four underwent clinical trials, they
ultimately fell short due to a majority of patients experiencing
toxicity or disease progression. At present, two critical pieces of
information are missing from studies on HDAC inhibitors in
cancer: first, the expression profiles of various HDACs in
prostate cancer models, and second, the involvement of AR with
HDACs in prostate cancer.192

Recently, aberrant fatty acid activation of peroxisome
proliferator-activated receptors (PPARs) resulting from dysre-
gulated lipid signaling has been implicated as a crucial factor in
prostate cancer. Fatty-acid-binding proteins (FABPs), partic-
ularly FABP5, facilitate PPAR activation. FABP5 is overex-
pressed in prostate cancer and is associated with poor patient
prognosis and survival.193 However, the identification of FABP5
as a molecular target for prostate cancer remains in its early
stage, with several challenges to overcome, primarily due to the
ubiquity of FABP5.

A substantial number of DNA-damage repair (DDR)
pathways have been found to be frequently dysregulated in
advanced prostate cancer stages. Tumors with compromised
ability to repair double-strand DNA breaks via homologous
recombination are highly sensitive to the inhibition of
poly(ADP) ribose polymerase (PARP) enzyme. Olaparib was
the first agent to show benefit in patients with DDR-deficient
prostate cancer.194

Proteolysis-targeting chimeras (PROTACs) exemplify the
therapeutic approach of induced protein degradation. These
heterobifunctional molecules create a trimeric complex between
a target protein and an E3 ubiquitin ligase, facilitating target
ubiquitination and subsequent degradation. AR-targeting
PROTACs, notably ARCC-4 (an enzalutamide-based von
Hippel−Lindau (VHL)-recruiting AR PROTAC), have been
proposed and shown to be superior to enzalutamide.195 The
primary advantages include inducing apoptosis and inhibiting
the proliferation of AR-amplified prostate cancer cells, as well as
effectively degrading clinically relevant AR mutants associated

with antiandrogen therapy. PROTAC-mediated AR degradation
could potentially address several AR-dependent drug resistance
mechanisms characteristic of castration-resistant prostate
cancer.

When comparing these emerging therapies to CYP17A1
inhibition, it is crucial to consider that, at the molecular level,
prostate cancer is primarily driven by excessive signaling via the
androgenic pathway. While androgenic signaling is considered
the primary driver of CRPC, androgen-independent signaling
pathways might also contribute to CRPC progression.196

Nonetheless, as CRPC advances, the concentration of PSA
continues to rise. Since PSA is regulated by androgenic signaling,
this implies that androgenic signaling remains involved in CRPC
progression.197 Therefore, androgen signaling remains central to
prostate cancer pharmacology, leaving CYP17A1 inhibition as
an important and attractive strategy.

As the field of prostate cancer therapeutics continues to
evolve, it is possible that the ongoing research into the interplay
between these pathways may uncover additional synergies and
opportunities for combination therapies, further enhancing the
effectiveness of cancer treatment.

6.8. Concluding Remarks. In conclusion, there is still a
need for improved compounds as potent and selective inhibitors
of the steroidogenic CYP17A1 enzyme as a target for treatment
of serious hormone-dependent cancer diseases, e.g., prostate
cancer. The extensive work in recent years has provided
compounds, belonging to the non-steroidal class, with improved
activity and selectivity as well as translational properties.
However, none of these has yet reached clinical practice. As
outlined above, there are key features that still need to be
addressed for the next-generation compounds, such as
selectivity towards other CYPs, specificity for the CYP17A1
lyase inhibition, and acceptable physicochemical properties. We
hope that these issues can be solved with medicinal chemistry
efforts towards the optimal compound.
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Angelika Grudzińska earned her master’s degree in pharmacy from the
Medical University of Lublin in 2020. She is currently pursuing a Ph.D.
under the supervision of Prof. Tomasz M. Wrob́el from the Department
of Synthesis and Chemical Technology of Pharmaceutical Substances,
Medical University of Lublin. Her research is focused on the synthesis
of small-molecule non-steroidal CYP17A1 inhibitors.

Katyayani Sharma received her B.Sc. degree in 2016 from the
University of Lucknow, India, then obtained a master’s degree in
biochemistry at the University of Lucknow in 2018, where she received
the Prof. P. S. Krishnan gold medal for graduating at the top of her class.
She received the prestigious Swiss Government Excellence Scholarship
in 2019 for her doctoral studies. Currently, she is a Ph.D. student in
biochemistry at the University of Bern, Switzerland, under the
supervision of Prof. Amit V. Pandey. Her research activity is focused
on the regulation of androgen production in humans by cytochrome
P450 CYP17A1 enzyme.

Jibira Yakubu received his B.Sc. degree in herbal medicine (2015) from
the Kwame Nkrumah University of Science and Technology, Ghana.
He then obtained a M.Phil. degree in pharmacology from the same
university in 2019. His master’s research project was on the medicinal
properties of hydroethanol stem bark extract of Burkea africana, a plant
used in Ghanian traditional medicine. He received the prestigious Swiss
Government Excellence Scholarship in 2022 for his doctoral studies.
Currently, he is a Ph.D. student in cell biology at the University of Bern,
Switzerland, under the supervision of Prof. Amit V. Pandey. His
research activity is focused on targeting hyperandrogenic disorders like
prostate cancer and polycystic ovary syndrome by novel synthetic
chemicals as well as phytochemicals isolated from medicinal plants.

Fredrik Björkling received his master’s degree in chemical engineering
from the Royal Institute of Technology in Stockholm, Sweden, in 1980
and Ph.D. from the same institution in 1985. He is a highly experienced
medicinal chemist with over 20 years in director level management
positions in both pharma and biotech (Novo Nordisk A/S, LEO
Pharma, and TopoTarget A/S). He has been involved in drug discovery
programs in several therapeutic areas such as cancer, inflammation,
infectious diseases, diabetes, and dermatological diseases. Since 2008 he
has been associated with the University of Copenhagen as Head of the
Department of Medicinal Chemistry, Molecular Drug Research, and
Deputy Head of the Department of Drug Design and Pharmacology.
He retired in 2022.

■ ACKNOWLEDGMENTS
T.M.W.’s work is funded by the Narodowe Centrum Nauki
grant Sonata 16 2020/39/D/NZ7/00572. A.V.P. acknowledges
the Swiss National Science Foundation, grant number
310030M_204518, and Cancer Research Switzerland, grant
number KFS-5557-02-2022. J.Y. and K.S. are funded by Swiss
Government Excellence Scholarships (ESKAS), grant numbers
2022.0470 and 2019.0385.

■ ABBREVIATIONS USED
17OH-Preg, 17α-hydroxypregnenolone; 17OH-Prog, 17α-
hydroxyprogesterone; AR, androgen receptor; ADT, androgen
deprivation therapy; CoMFA, comparative molecular field
analysis; CRPC, castration-resistant prostate cancer; cyt b5,
cytochrome b5; CYP17A1, cytochrome P450 17A1; DDR,
DNA damage repair; DHEA, dehydroepiandrosterone; DFT,

Journal of Medicinal Chemistry pubs.acs.org/jmc Perspective

https://doi.org/10.1021/acs.jmedchem.3c00442
J. Med. Chem. XXXX, XXX, XXX−XXX

R

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Angelika+Grudzin%CC%81ska"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Katyayani+Sharma"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jibira+Yakubu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fredrik+Bjo%CC%88rkling"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-7018-8334
https://orcid.org/0000-0001-7018-8334
https://pubs.acs.org/doi/10.1021/acs.jmedchem.3c00442?ref=pdf
pubs.acs.org/jmc?ref=pdf
https://doi.org/10.1021/acs.jmedchem.3c00442?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


density functional theory; DHT, dihydrotestosterone; GC, gas
chromatography; HDAC, histone deacetylase; HPLC, high-
performance liquid chromatography; MS, mass spectrometry;
PARP, poly(ADP) ribose polymerase; PPAR, peroxisome
proliferator-activated receptor; PK, pharmacokinetics; POR,
P450 reductase; PCOS, polycystic ovary syndrome; PROTAC,
proteolysis targeting chimera; PSA, prostate-specific antigen;
RIA, radioimmunoassay; SOSA, optimization of side activities;
TLC, thin-layer chromatography

■ REFERENCES
(1) Rosenfield, R. L.; Barnes, R. B.; Cara, J. F.; Lucky, A. W.

Dysregulation of cytochrome P450c17α as the cause of polycystic
ovarian syndrome. Fertility Sterility 1990, 53 (5), 785−791.

(2) Miller, W. L.; Auchus, R. J. The Molecular Biology, Biochemistry,
and Physiology of Human Steroidogenesis and Its Disorders. Endocrine
Rev. 2011, 32 (1), 81−151.

(3) Fan, Y. S.; Sasi, R.; Lee, C.; Winter, J. S. D.; Waterman, M. R.; Lin,
C. C. Localization of the human CYP17 gene (cytochrome P45017α)
to 10q24.3 by fluorescence in situ hybridization and simultaneous
chromosome banding. Genomics 1992, 14 (4), 1110−1111.

(4) Katagiri, M.; Kagawa, N.; Waterman, M. R. The Role of
Cytochrome b5 in the Biosynthesis of Androgens by Human P450c17.
Arch. Biochem. Biophys. 1995, 317 (2), 343−347.

(5) Akhtar, M. K.; Kelly, S. L.; Kaderbhai, M. A. Cytochrome b5
modulation of 17α hydroxylase and 17−20 lyase (CYP17) activities in
steroidogenesis. J. Endocrinol. 2005, 187 (2), 267−274.

(6) Auchus, R. J.; Lee, T. C.; Miller, W. L. Cytochrome b5 Augments
the 17,20-Lyase Activity of Human P450c17 without Direct Electron
Transfer. J. Biol. Chem. 1998, 273 (6), 3158−3165.

(7) Yoshimoto, F. K.; Auchus, R. J. The diverse chemistry of
cytochrome P450 17A1 (P450c17, CYP17A1). J. Steroid Biochem. Mol.
Biol. 2015, 151, 52−65.

(8) Turcu, A.; Smith, J. M.; Auchus, R.; Rainey, W. E. Adrenal
Androgens and Androgen Precursors�Definition, Synthesis, Regu-
lation and Physiologic Actions. Comprehensive Physiol. 2014, 1369−
1381.

(9) Mak, P. J.; Duggal, R.; Denisov, I. G.; Gregory, M. C.; Sligar, S. G.;
Kincaid, J. R. Human Cytochrome CYP17A1: The Structural Basis for
Compromised Lyase Activity with 17-Hydroxyprogesterone. J. Am.
Chem. Soc. 2018, 140 (23), 7324−7331.

(10) Miller, W. L.; Auchus, R. J. The “backdoor pathway” of androgen
synthesis in human male sexual development. PLOS Biol. 2019, 17 (4),
e3000198.

(11) Fiandalo, M. V.; Wilton, J.; Mohler, J. L. Roles for the Backdoor
Pathway of Androgen Metabolism in Prostate Cancer Response to
Castration and Drug Treatment. Int. J. Biological Sci. 2014, 10 (6), 596−
601.

(12) O’Shaughnessy, P. J.; Antignac, J. P.; Le Bizec, B.; Morvan, M.-L.;
Svechnikov, K.; Söder, O.; Savchuk, I.; Monteiro, A.; Soffientini, U.;
Johnston, Z. C.; Bellingham, M.; Hough, D.; Walker, N.; Filis, P.;
Fowler, P. A. Alternative (backdoor) androgen production and
masculinization in the human fetus. PLOS Biol. 2019, 17 (2), e3000002.

(13) Wilson, J. D.; Auchus, R. J.; Leihy, M. W.; Guryev, O. L.;
Estabrook, R. W.; Osborn, S. M.; Shaw, G.; Renfree, M. B. 5α-
Androstane-3α,17β-Diol Is Formed in Tammar Wallaby Pouch Young
Testes by a Pathway Involving 5α-Pregnane-3α,17α-Diol-20-One as a
Key Intermediate. Endocrinol. 2003, 144 (2), 575−580.

(14) Auchus, R. J. The backdoor pathway to dihydrotestosterone.
Trends in Endocrinol. & Metabolism 2004, 15 (9), 432−438.

(15) Malikova, J.; Brixius-Anderko, S.; Udhane, S. S.; Parween, S.;
Dick, B.; Bernhardt, R.; Pandey, A. V. CYP17A1 inhibitor abiraterone,
an anti-prostate cancer drug, also inhibits the 21-hydroxylase activity of
CYP21A2. J. Steroid Biochem. Mol. Biol. 2017, 174, 192−200.

(16) Udhane, S. S.; Dick, B.; Hu, Q.; Hartmann, R. W.; Pandey, A. V.
Specificity of anti-prostate cancer CYP17A1 inhibitors on androgen
biosynthesis. Biochem. Biophys. Res. Commun. 2016, 477 (4), 1005−
1010.

(17) Alyamani, M.; Emamekhoo, H.; Park, S.; Taylor, J.; Almassi, N.;
Upadhyay, S.; Tyler, A.; Berk, M. P.; Hu, B.; Hwang, T. H.; Figg, W. D.;
Peer, C. J.; Chien, C.; Koshkin, V. S.; Mendiratta, P.; Grivas, P.; Rini, B.;
Garcia, J.; Auchus, R. J.; Sharifi, N. HSD3B1(1245A > C) variant
regulates dueling abiraterone metabolite effects in prostate cancer. J.
Clin. Invest. 2018, 128 (8), 3333−3340.

(18) Dai, C.-F.; Xie, X.; Yang, Y.-N.; Li, X.-M.; Zheng, Y.-Y.; Fu, Z.-Y.;
Liu, F.; Chen, B.-D.; Gai, M.-T.; Ma, Y.-T. Relationship between
CYP17A1 genetic polymorphism and coronary artery disease in a
Chinese Han population. Lipids Health Disease 2015, 14 (1), 16.

(19) Chace, C.; Pang, D.; Weng, C.; Temkin, A.; Lax, S.; Silverman,
W.; Zigman, W.; Ferin, M.; Lee, J. H.; Tycko, B.; Schupf, N. Variants in
CYP17 and CYP19 Cytochrome P450 Genes are Associated with
Onset of Alzheimer’s Disease in Women with Down Syndrome. J.
Alzheimer’s Disease 2012, 28, 601−612.

(20) Huang, P.-C.; Li, W.-F.; Liao, P.-C.; Sun, C.-W.; Tsai, E.-M.;
Wang, S.-L. Risk for estrogen-dependent diseases in relation to
phthalate exposure and polymorphisms of CYP17A1 and estrogen
receptor genes. Environ. Sci. Pollution Res. 2014, 21 (24), 13964−
13973.

(21) Swerdloff, R. S.; Dudley, R. E.; Page, S. T.; Wang, C.; Salameh, W.
A. Dihydrotestosterone: Biochemistry, Physiology, and Clinical
Implications of Elevated Blood Levels. Endocrine Rev. 2017, 38 (3),
220−254.

(22) Fujimoto, N. Role of the Androgen-Androgen Receptor Axis in
the Treatment Resistance of Advanced Prostate Cancer: From
Androgen-Dependent to Castration Resistant and Further. J. UOEH
2016, 38 (2), 129−138.

(23) Cai, C.; Chen, S.; Ng, P.; Bubley, G. J.; Nelson, P. S.; Mostaghel,
E. A.; Marck, B.; Matsumoto, A. M.; Simon, N. I.; Wang, H.; Chen, S.;
Balk, S. P. Intratumoral De Novo Steroid Synthesis Activates Androgen
Receptor in Castration-Resistant Prostate Cancer and Is Upregulated
by Treatment with CYP17A1 Inhibitors. Cancer Res. 2011, 71 (20),
6503−6513.

(24) Attard, G.; Parker, C.; Eeles, R. A.; Schröder, F.; Tomlins, S. A.;
Tannock, I.; Drake, C. G.; de Bono, J. S. Prostate cancer. Lancet 2016,
387 (10013), 70−82.

(25) De Amicis, F.; Thirugnansampanthan, J.; Cui, Y.; Selever, J.;
Beyer, A.; Parra, I.; Weigel, N. L.; Herynk, M. H.; Tsimelzon, A.; Lewis,
M. T.; Chamness, G. C.; Hilsenbeck, S. G.; Ando,̀ S.; Fuqua, S. A. W.
Androgen receptor overexpression induces tamoxifen resistance in
human breast cancer cells. Breast Cancer Res. Treatment 2010, 121 (1),
1−11.

(26) Micheli, A.; Meneghini, E.; Secreto, G.; Berrino, F.; Venturelli,
E.; Cavalleri, A.; Camerini, T.; Di Mauro, M. G.; Cavadini, E.; De Palo,
G.; Veronesi, U.; Formelli, F. Plasma Testosterone and Prognosis of
Postmenopausal Breast Cancer Patients. J. Clin. Oncol. 2007, 25 (19),
2685−2690.

(27) Vera-Badillo, F. E.; Templeton, A. J.; de Gouveia, P.; Diaz-
Padilla, I.; Bedard, P. L.; Al-Mubarak, M.; Seruga, B.; Tannock, I. F.;
Ocana, A.; Amir, E. Androgen Receptor Expression and Outcomes in
Early Breast Cancer: A Systematic Review and Meta-Analysis. JNCI: J.
National Cancer Institute 2014, 106 (1), djt319.

(28) Carey, A. H.; Waterworth, D.; Patel, K.; White, D.; Little, J.;
Novelli, P.; Franks, S.; Williamson, R. Polycystic ovaries and premature
male pattern baldness are associated with one allele of the steroid
metabolism gene CYP17. Hum. Mol. Genet. 1994, 3 (10), 1873−1876.

(29) Gorai, I.; Tanaka, K.; Inada, M.; Morinaga, H.; Uchiyama, Y.;
Kikuchi, R.; Chaki, O.; Hirahara, F. Estrogen-Metabolizing Gene
Polymorphisms, But Not Estrogen Receptor-α Gene Polymorphisms,
Are Associated with the Onset of Menarche in Healthy Postmenopausal
Japanese Women. J. Clin. Endocrinol. Metab. 2003, 88 (2), 799−803.

(30) Ye, W.; Xie, T.; Song, Y.; Zhou, L. The role of androgen and its
related signals in PCOS. J. Cell. Mol. Med. 2021, 25 (4), 1825−1837.

(31) Valassi, E.; Aulinas, A.; Glad, C. A. M.; Johannsson, G.;
Ragnarsson, O.; Webb, S. M. A polymorphism in the CYP17A1 gene
influences the therapeutic response to steroidogenesis inhibitors in
Cushing’s syndrome. Clin. Endocrinol. 2017, 87 (5), 433−439.

Journal of Medicinal Chemistry pubs.acs.org/jmc Perspective

https://doi.org/10.1021/acs.jmedchem.3c00442
J. Med. Chem. XXXX, XXX, XXX−XXX

S

https://doi.org/10.1016/S0015-0282(16)53510-9
https://doi.org/10.1016/S0015-0282(16)53510-9
https://doi.org/10.1210/er.2010-0013
https://doi.org/10.1210/er.2010-0013
https://doi.org/10.1016/S0888-7543(05)80140-5
https://doi.org/10.1016/S0888-7543(05)80140-5
https://doi.org/10.1016/S0888-7543(05)80140-5
https://doi.org/10.1006/abbi.1995.1173
https://doi.org/10.1006/abbi.1995.1173
https://doi.org/10.1677/joe.1.06375
https://doi.org/10.1677/joe.1.06375
https://doi.org/10.1677/joe.1.06375
https://doi.org/10.1074/jbc.273.6.3158
https://doi.org/10.1074/jbc.273.6.3158
https://doi.org/10.1074/jbc.273.6.3158
https://doi.org/10.1016/j.jsbmb.2014.11.026
https://doi.org/10.1016/j.jsbmb.2014.11.026
https://doi.org/10.1002/cphy.c140006
https://doi.org/10.1002/cphy.c140006
https://doi.org/10.1002/cphy.c140006
https://doi.org/10.1021/jacs.8b03901?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b03901?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1371/journal.pbio.3000198
https://doi.org/10.1371/journal.pbio.3000198
https://doi.org/10.7150/ijbs.8780
https://doi.org/10.7150/ijbs.8780
https://doi.org/10.7150/ijbs.8780
https://doi.org/10.1371/journal.pbio.3000002
https://doi.org/10.1371/journal.pbio.3000002
https://doi.org/10.1210/en.2002-220721
https://doi.org/10.1210/en.2002-220721
https://doi.org/10.1210/en.2002-220721
https://doi.org/10.1210/en.2002-220721
https://doi.org/10.1016/j.tem.2004.09.004
https://doi.org/10.1016/j.jsbmb.2017.09.007
https://doi.org/10.1016/j.jsbmb.2017.09.007
https://doi.org/10.1016/j.jsbmb.2017.09.007
https://doi.org/10.1016/j.bbrc.2016.07.019
https://doi.org/10.1016/j.bbrc.2016.07.019
https://doi.org/10.1172/JCI98319
https://doi.org/10.1172/JCI98319
https://doi.org/10.1186/s12944-015-0007-4
https://doi.org/10.1186/s12944-015-0007-4
https://doi.org/10.1186/s12944-015-0007-4
https://doi.org/10.3233/JAD-2011-110860
https://doi.org/10.3233/JAD-2011-110860
https://doi.org/10.3233/JAD-2011-110860
https://doi.org/10.1007/s11356-014-3260-6
https://doi.org/10.1007/s11356-014-3260-6
https://doi.org/10.1007/s11356-014-3260-6
https://doi.org/10.1210/er.2016-1067
https://doi.org/10.1210/er.2016-1067
https://doi.org/10.7888/juoeh.38.129
https://doi.org/10.7888/juoeh.38.129
https://doi.org/10.7888/juoeh.38.129
https://doi.org/10.1158/0008-5472.CAN-11-0532
https://doi.org/10.1158/0008-5472.CAN-11-0532
https://doi.org/10.1158/0008-5472.CAN-11-0532
https://doi.org/10.1016/S0140-6736(14)61947-4
https://doi.org/10.1007/s10549-009-0436-8
https://doi.org/10.1007/s10549-009-0436-8
https://doi.org/10.1200/JCO.2006.09.0118
https://doi.org/10.1200/JCO.2006.09.0118
https://doi.org/10.1093/jnci/djt319
https://doi.org/10.1093/jnci/djt319
https://doi.org/10.1093/hmg/3.10.1873
https://doi.org/10.1093/hmg/3.10.1873
https://doi.org/10.1093/hmg/3.10.1873
https://doi.org/10.1210/jc.2002-020353
https://doi.org/10.1210/jc.2002-020353
https://doi.org/10.1210/jc.2002-020353
https://doi.org/10.1210/jc.2002-020353
https://doi.org/10.1111/jcmm.16205
https://doi.org/10.1111/jcmm.16205
https://doi.org/10.1111/cen.13414
https://doi.org/10.1111/cen.13414
https://doi.org/10.1111/cen.13414
pubs.acs.org/jmc?ref=pdf
https://doi.org/10.1021/acs.jmedchem.3c00442?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(32) Chuang, J. Y.; Lo, W. L.; Ko, C. Y.; Chou, S. Y.; Chen, R. M.;
Chang, K. Y.; Hung, J. J.; Su, W. C.; Chang, W. C.; Hsu, T. I.
Upregulation of CYP17A1 by Sp1-mediated DNA demethylation
confers Temozolomide resistance through DHEA-mediated protection
in glioma. Oncogenesis 2017, 6 (5), e339−e339.

(33) Lin, H.-Y.; Ko, C.-Y.; Kao, T.-J.; Yang, W.-B.; Tsai, Y.-T.;
Chuang, J.-Y.; Hu, S.-L.; Yang, P.-Y.; Lo, W.-L.; Hsu, T.-I.
CYP17A1Maintains the Survival of Glioblastomas by Regulating
SAR1-Mediated Endoplasmic Reticulum Health and Redox Homeo-
stasis. Cancers 2019, 11, 1378.

(34) Laughton, C. A.; Neidle, S.; Zvelebil, M. J. J. M.; Sternberg, M. J.
E. A molecular model for the enzyme cytochrome P45017α, a major
target for the chemotherapy of prostatic cancer. Biochem. Biophys. Res.
Commun. 1990, 171 (3), 1160−1167.

(35) Haider, S. M.; Patel, J. S.; Poojari, C. S.; Neidle, S. Molecular
Modeling on Inhibitor Complexes and Active-Site Dynamics of
Cytochrome P450 C17, a Target for Prostate Cancer Therapy. J. Mol.
Biol. 2010, 400 (5), 1078−1098.

(36) Gianti, E.; Zauhar, R. J. Modeling Androgen Receptor Flexibility:
A Binding Mode Hypothesis of CYP17 Inhibitors/Antiandrogens for
Prostate Cancer Therapy. J. Chem. Inf. Model. 2012, 52 (10), 2670−
2683.

(37) Clement, O. O.; Freeman, C. M.; Hartmann, R. W.; Handratta, V.
D.; Vasaitis, T. S.; Brodie, A. M. H.; Njar, V. C. O. Three Dimensional
Pharmacophore Modeling of Human CYP17 Inhibitors. Potential
Agents for Prostate Cancer Therapy. J. Med. Chem. 2003, 46 (12),
2345−2351.

(38) DeVore, N. M.; Scott, E. E. Structures of cytochrome P450 17A1
with prostate cancer drugs abiraterone and TOK-001. Nature 2012,
482, 116.

(39) Poulos, T. L.; Johnson, E. F., Structures of Cytochrome P450
Enzymes. In Cytochrome P450: Structure, Mechanism, and Biochemistry;
Ortiz de Montellano, P. R., Ed.; Springer International Publishing:
Cham, 2015; pp 3−32.

(40) Bonomo, S.; Jørgensen, F. S.; Olsen, L. Mechanism of
Cytochrome P450 17A1-Catalyzed Hydroxylase and Lyase Reactions.
J. Chem. Inf. Model. 2017, 57 (5), 1123−1133.

(41) Xiao, F.; Song, X.; Tian, P.; Gan, M.; Verkhivker, G. M.; Hu, G.
Comparative Dynamics and Functional Mechanisms of the CYP17A1
Tunnels Regulated by Ligand Binding. J. Chem. Inf. Model. 2020, 60 (7),
3632−3647.

(42) Petrunak, E. M.; DeVore, N. M.; Porubsky, P. R.; Scott, E. E.
Structures of Human Steroidogenic Cytochrome P450 17A1 with
Substrates. J. Biol. Chem. 2014, 289 (47), 32952−32964.

(43) Fehl, C.; Vogt, C. D.; Yadav, R.; Li, K.; Scott, E. E.; Aubé, J.
Structure-Based Design of Inhibitors with Improved Selectivity for
Steroidogenic Cytochrome P450 17A1 over Cytochrome P450 21A2. J.
Med. Chem. 2018, 61 (11), 4946−4960.

(44) Petrunak, E. M.; Rogers, S. A.; Aubé, J.; Scott, E. E. Structural and
Functional Evaluation of Clinically Relevant Inhibitors of Steroidogenic
Cytochrome P450 17A1. Drug Metab. Dispos. 2017, 45 (6), 635−645.

(45) Burris-Hiday, S. D.; Scott, E. E. Steroidogenic cytochrome P450
17A1 structure and function. Mol. Cell. Endocrinol. 2021, 528, 111261.

(46) Yadav, R.; Petrunak, E. M.; Estrada, D. F.; Scott, E. E. Structural
insights into the function of steroidogenic cytochrome P450 17A1. Mol.
Cell. Endocrinol. 2017, 441, 68−75.

(47) Lee-Robichaud, P.; Akhtar, M. E.; Wright, J. N.; Sheikh, Q. I.;
Akhtar, M. The cationic charges on Arg347, Arg358 and Arg449 of
human cytochrome P450c17 (CYP17) are essential for the enzyme’s
cytochrome b5-dependent acyl-carbon cleavage activities. J. Steroid
Biochem. Mol. Biol. 2004, 92 (3), 119−30.

(48) Tiosano, D.; Knopf, C.; Koren, I.; Levanon, N.; Hartmann, M. F.;
Hochberg, Z. e.; Wudy, S. A. Metabolic evidence for impaired 17α-
hydroxylase activity in a kindred bearing the E305G mutation for isolate
17,20-lyase activity. Eur. J. Endocrinol. 2008, 158 (3), 385−392.

(49) Gupta, M. K.; Geller, D. H.; Auchus, R. J. Pitfalls in
Characterizing P450c17 Mutations Associated with Isolated 17,20-
Lyase Deficiency. J. Clin. Endocrinol. Metabolism 2001, 86 (9), 4416−
4423.

(50) Kim, D.; Kim, V.; McCarty, K. D.; Guengerich, F. P. Tight
binding of cytochrome b5 to cytochrome P450 17A1 is a critical feature
of stimulation of C21 steroid lyase activity and androgen synthesis. J.
Biol. Chem. 2021, 296, 100571.

(51) Sevrioukova, I. F. Crystal Structure of CYP3A4 Complexed with
Fluorol Identifies the Substrate Access Channel as a High-Affinity
Ligand Binding Site. Int. J. Mol. Sci. 2022, 23, 12591.

(52) Miller, W. L. Minireview: Regulation of Steroidogenesis by
Electron Transfer. Endocrinology 2005, 146 (6), 2544−2550.

(53) Duggal, R.; Liu, Y.; Gregory, M. C.; Denisov, I. G.; Kincaid, J. R.;
Sligar, S. G. Evidence that cytochrome b5 acts as a redox donor in
CYP17A1 mediated androgen synthesis. Biochem. Biophys. Res.
Commun. 2016, 477 (2), 202−208.

(54) Tee, M. K.; Miller, W. L. Phosphorylation of Human
Cytochrome P450c17 by p38α Selectively Increases 17,20 Lyase
Activity and Androgen Biosynthesis*. J. Biol. Chem. 2013, 288 (33),
23903−23913.

(55) Liu, Y.; Denisov, I. G.; Sligar, S. G.; Kincaid, J. R. Substrate-
Specific Allosteric Effects on the Enhancement of CYP17A1 Lyase
Efficiency by Cytochrome b5. J. Am. Chem. Soc. 2021, 143 (10), 3729−
3733.

(56) Estrada, D. F.; Laurence, J. S.; Scott, E. E. Cytochrome P450
17A1 Interactions with the FMN Domain of Its Reductase as
Characterized by NMR*. J. Biol. Chem. 2016, 291 (8), 3990−4003.

(57) Yablokov, E.; Florinskaya, A.; Medvedev, A.; Sergeev, G.;
Strushkevich, N.; Luschik, A.; Shkel, T.; Haidukevich, I.; Gilep, A.;
Usanov, S.; Ivanov, A. Thermodynamics of interactions between
mammalian cytochromes P450 and b5. Arch. Biochem. Biophys. 2017,
619, 10−15.

(58) Estrada, D. F.; Laurence, J. S.; Scott, E. E. Substrate-modulated
Cytochrome P450 17A1 and Cytochrome b5 Interactions Revealed by
NMR. J. Biol. Chem. 2013, 288 (23), 17008−17018.

(59) Peng, H.-M.; Liu, J.; Forsberg, S. E.; Tran, H. T.; Anderson, S. M.;
Auchus, R. J. Catalytically Relevant Electrostatic Interactions of
Cytochrome P450c17 (CYP17A1) and Cytochrome b5. J. Biol.
Chem. 2014, 289 (49), 33838−33849.

(60) Estrada, D. F.; Skinner, A. L.; Laurence, J. S.; Scott, E. E. Human
Cytochrome P450 17A1 Conformational Selection: Modulation by
Ligand and Cytochrome b5. J. Biol. Chem. 2014, 289 (20), 14310−
14320.

(61) Jerá̌bek, P.; Florián, J.; Martínek, V. Membrane-Anchored
Cytochrome P450 1A2−Cytochrome b5 Complex Features an X-
Shaped Contact between Antiparallel Transmembrane Helices. Chem.
Res. Toxicol. 2016, 29 (4), 626−636.

(62) Jumper, J.; Evans, R.; Pritzel, A.; Green, T.; Figurnov, M.;
Ronneberger, O.; Tunyasuvunakool, K.; Bates, R.; Žídek, A.;
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