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Abstract: Current therapies for treating castration resistant prostate cancer (CRPC) include abiraterone and
enzalutamide which function by inhibiting androgen signaling by targeting androgen synthesis and antagonizing the
androgen receptor (AR) respectively. While these therapies are initially beneficial, resistance inevitably develops. A
number of pathways have been identified to contribute to CRPC progression and drug resistance. Among these is
aberrant androgen signaling perpetuated by increased expression and activity of androgenic enzymes. While abiraterone inhibits the androgenic enzyme, CYP17A1, androgen synthesis inhibition by abiraterone is incomplete and
sustained androgenesis persists, in part due to increased levels of AKR1C3 and steroid sulfatase (STS). Expression
of both of these enzymes is increased in CRPC and is associated with resistance to anti-androgens. A number of
studies have identified methods for targeting these enzymes. Indomethacin, a non-steroidal anti-inflammatory drug
commonly used to treat inflammatory arthritis has been well established as an inhibitor of AKR1C3. Treatment of
CRPC cells with indomethacin reduces cell growth and improves the response to enzalutamide and abiraterone.
Similarly, STS inhibitors have been shown to reduce intracrine androgens and also reduce CRPC growth and enhance anti-androgen treatment. In this review, we provide an overview of androgen synthesis in CRPC and strategies
aimed at inhibiting intracrine androgens.
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Introduction
Prostate cancer (PCa) is the most common
cancer in men and is the second leading cause
of cancer related death for men in the US [1].
The first line of therapy for these men is often
androgen deprivation therapy (ADT) which targets androgen signaling by inhibiting the production of androgens by the testes. In castration-sensitive PCa, this results in tumor shrinkage. Unfortunately, the majority of men experience only transient benefit from these interventions before developing castration-resistant prostate cancer (CRPC), which progresses
even in castrate concentrations of androgens.
In CRPC, the androgen receptor (AR) is commonly overexpressed, hyper-activated, or both
which results in the transcription of downstream AR target genes and promotes tumor
progression despite only castrate levels of
androgen being present.

Mechanisms resulting in the development of
CRPC from castration-sensitive prostate cancer are well studied. The majority of the identified mechanisms involve alterations which result in an increase in AR activation and signaling. This can be the result of increased androgen production, enhanced response to existing
androgen, activation of the AR by non-classical
ligands and ligand independent AR activation.
Specifically identified mechanisms contributing
to CRPC include: AR amplification and mutation, AR co-activator and co-repressor modifications, aberrant activation and/or post-translational modification, AR splice variants, and
altered steroidogenesis [2-8].
While CRPC is currently considered incurable,
the second-generation anti-androgen drugs
enzalutamide (Enza), abiraterone (Abi), and
more recently apalutamide (Apa) and darolutamide (Daro), are approved for the treatment
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Figure 1. Schematic depicting the androgen synthesis pathway with key enzymes and their experimental and FDA
approved inhibitors. Inhibitors block activity of all reactions in their corresponding color.

of CRPC and provide some benefit. Enza, Apa,
and Daro function by binding the AR to prevent
its activation by androgens. Furthermore, they
can block translocation of the AR into the
nucleus and inhibit the AR from binding to DNAbinding sites and transcription elements. Abi is
a CYP17A1 inhibitor which blocks intracrine
androgen synthesis to reduce androgen signaling. Despite the promise of these anti-androgens, it is estimated that one third of patients
given Abi and one fourth of patients given Enza
will exhibit primary resistance to these therapies [9, 10]. Even among those who are initially
responsive, resistance occurs frequently, often
within a year of therapy initiation, and is the
most common cause of treatment failure.
A number of mechanisms by which anti-androgen resistance occurs have been identified.
Perhaps the best understood dysregulated
pathways in this resistance revolve around
irregular androgen signaling, either through
expression of mutated AR and expression of
AR variants or through an increase in the
expression of enzymes involved in androgen
synthesis. While Abi inhibits androgen synthesis by blocking CYP17A1 activity, androgen
production is not completely abrogated,
suggesting other enzymes involved in androgen synthesis may be compensating and
promoting tumor progression [11]. This review will focus on dysregulated androgen
synthesis and the contribution of intracrine
androgen production to CRPC progression
and anti-androgen resistance. Furthermore, we
will highlight approved and experimental strategies for targeting androgen synthesis (Figure
1).
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Androgen synthesis in CRPC
Aberrant androgen synthesis is a hallmark of
CRPC progression and is oftentimes further
dysregulated in anti-androgen resistant tumors. In healthy individuals, androgen production primarily occurs in the testes and adrenal
glands. When this is blocked via ADT, many
PCa cells eventually acquire the ability to produce androgens themselves to support their
own growth. Androgen synthesis is a complex
pathway and the production of intratumoral
androgens is hypothesized to arise in multiple
ways. De novo androgen synthesis requires
cholesterol as a precursor. In the Classic pathway of de novo androgen synthesis, cholesterol
is converted into pregnenolone via CYP11A1;
CYP17A1 then hydroxylates pregnenolone into
17OH-Pregnenolone which is further converted to dehydroepiandrosterone (DHEA) by the
same enzyme. DHEA is converted to androstenedione by HSD3B2 and androstenedione
into testosterone by aldo-keto reductase family
1, member C3 (AKR1C3). Dihydrotestosterone
(DHT), which is more biologically active than
testosterone, is produced from testosterone
via activity of SRD5A2 [12].
In addition to the classic de novo androgen
synthesis pathway, DHT can be synthesized
through a Backdoor pathway. In this pathway,
DHT is formed without requiring testosterone
as a precursor. Instead, androsterone, which is
produced via a number of reactions from progesterone, serves as the main intermediary
androgen substrate [12, 13]. Interestingly, a
study by Deb et al. determined that both peripheral zone and transitional zone prostate tissues have a preference for the Classical path-
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way, as indicated by increased levels of Classical pathway intermediates compared to those
of the Backdoor pathway. However, these
same tissues also display increased levels of
upstream Backdoor pathway precursors when
supplemented with progesterone or 17-OHpregnenolone [14].
A number of the enzymes involved in de novo
androgen synthesis have been demonstrated
to be upregulated in CRPC and anti-androgen
resistance. Expression levels of CYP17A1,
3βHSD1, and 3βHSD2 were found to be upregulated in metastatic CRPC patient samples
compared to primary PCa samples [15]. Liu et
al. showed using gene-expression analysis of
two independent datasets (Glinsky and Singh
Prostate) using the Oncomine database that
AKR1C3 expression was correlated with prostate cancer progression and recurrence [16].
They also demonstrated that Enza resistant
C4-2B cells (generated via continuous culture
of parental C4-2B cells in Enza) display a general upregulation of androgenic enzymes as
assessed by microarray gene set enrichment
analysis. Specifically, they confirmed via western blotting that significantly increased expression levels of AKR1C3 as well as CYP17A1 and
HSD3B were present in Enza resistant cells.
This was correlated to an increase in intracellular testosterone and DHT levels [16].
The contribution of the Classic and Backdoor
pathways of de novo androgen synthesis to
intratumoral androgen concentrations becomes more significant when tied to the fact that
cholesterol homeostasis is also dysregulated
in CRPC. Leon et al. determined that expression of LDL-r, SR-B1, HMG-CoA reductase,
ACAT1,2, and ABCA1 are all altered in CRPC
disease progression, resulting in increased
influx and synthesis of cholesterol as well as
amplified conversion of cholesterol esters into
free cholesterol [17]. As both of these pathways utilize cholesterol as a starting substrate, increased levels of cholesterol could
promote androgen synthesis. In fact, increased amounts of cholesterol have been linked
to PCa tumor growth. Mice maintained on a
hypercholesterolemic diet had larger LNCaP
xenograft tumors compared to mice fed a
low fat/no cholesterol diet [18]. Furthermore,
it was observed that the mice on the high cholesterol diet had increased concentrations of
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intratumoral androgens which may have been
the result of upregulated CYP17A expression
within these tumors [18].
Another potential source contributing to intracrine androgen synthesis is the presence
of the androgen precursor DHEA sulfate
(DHEA-S). The adrenal gland in humans is a
major source of weak androgens, including
DHEA-S. DHEA-S is present at plasma concentrations up to 500 times higher than testosterone and can potentially be delivered into prostate cancer cells via organic anion transporters, and converted via endogenous steroid sulfatase (STS) activity into DHEA and then into
testosterone by hydroxysteroid dehydrogenases and into DHT via 5α reductase. STS is present in 85% of prostate cancer specimens and
its expression is increased in CRPC; therefore
conversion of circulating DHEA-S into DHEA by
STS is thought to be an alternate source of
androgen [19]. In prostate cancer patients
treated with the nonspecific CYP17A1 inhibitor,
ketoconazole, or the specific CYP17A1 inhibitor, abiraterone, significant circulating DHEA-S
concentrations are still present (~20 µg/dL,
about 2000 times higher than castrate levels
of testosterone), further suggesting that DHEAS could act as a depot for downstream androgen formation via desulfatation [11]. A recent
study demonstrated that overexpression of
STS in vitro results in increased growth of PCa
cells and confers resistance to Enza. Furthermore, they found that STS overexpression increased intracellular testosterone levels when
cells were supplemented with DHEA-S [20].
Localized androgen production, either de novo
or derived from high concentrations of existing
precursors, is a major challenge for treating
CRPC and anti-androgen resistance. A number
of strategies for targeting these pathways have
been identified with varying levels of success.
Targeting androgen synthesis
Due to the convoluted pathway resulting in testosterone and DHT production, there are a
number of potential targets for inhibiting their
synthesis and therefore reducing tumor growth. Abiraterone, an FDA approved treatment
for castration-sensitive PCa and CRPC, blocks
CYP17A1 activity and provides improved survival in metastatic CRPC patients over placebo
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(14.8 months vs. 10.9 months) [9]. Unfortunately, inhibition of androgen synthesis by abiraterone is incomplete and resistance occurs
frequently, leading to treatment failure. This
highlights the need to investigate other enzymes within androgen synthesis as potential
targets to reduce androgen concentrations.
AKR1C3
One enzyme that has been under intense
investigation is AKR1C3. AKR1C3 is a member of the aldo-keto reductase (AKR) protein
family and is highly expressed in the prostate
where it catalyzes the formation of testosterone and DHT via NADPH dependent reduction
of the weak androgens androstenedione or
androstanedione respectively [21, 22]. In
CRPC, AKR1C3 has been found to be one of
the most upregulated enzymes involved in
androgen synthesis in patients, being expressed 5.3 fold higher than in primary prostate cancer tissues [23]. Similar observations
have been reported in other studies [15, 24].
Elevated expression of AKR1C3 has been
linked to enhanced PCa progression, aggressiveness, and resistance to anti-androgens
and radiation [16, 23, 25-28]. The importance
of AKR1C3 is enhanced by the fact that it is
involved in all methods of androgen synthesis,
including the Classic and Backdoor pathways,
which suggests that targeting this enzyme
could inhibit androgen synthesis in multiple
ways. Interestingly, AKR1C3 is not only involved in androgen synthesis but also catalyzes
the production of prostaglandins which are
pro-inflammatory, pro-proliferative, and known
to promote cancer growth, progression, and
resistance to radiation [26, 29]. This suggests
that inhibiting AKR1C3 could impair both androgen dependent and androgen independent
prostate cancer cell growth. Together, these
data make targeting AKR1C3 an attractive
strategy for treating CRPC.
To understand the potential mechanisms of
resistance to anti-androgens, we have generated and characterized several unique antiandrogen resistant PCa cell lines from C4-2B
cells, a widely used castration-resistant prostate cancer cell line generated by Dr. Leland
Chung’s laboratory [30]. These anti-androgen
resistant cell lines include C4-2B MDVR (enzalutamide resistant), C4-2B AbiR (abiraterone
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resistant), C4-2B ApalR (apalutamide resistant), and C4-2B DaroR (darolutamide resistant). These resistant cell lines provide us with
unique models to study the mechanisms
underlying anti-androgen resistance in metastatic PCa.
A study by Liu et al. [16] found that AKR1C3
expression was over 16 fold higher in Enza
resistant C4-2B cells (C4-2B MDVR) compared
to parental C4-2B cells and this correlated to
increased intracrine androgens. Furthermore,
they observed that overexpression of AKR1C3
in LNCaP cells significantly increased the cells
resistance to treatment with Enza. When they
transfected shRNA against AKR1C3 into C42B MDVR and the intrinsically Enza resistant
CWR22Rv1 cells, both cell lines were sensitized to Enza treatment [16]. This study also
investigated the ability of the non-steroidal
anti-inflammatory drug, indomethacin, to inhibit AKR1C3 activity and improve the response
to Enza. Indomethacin, which is typically used
for the treatment of chronic inflammatory
arthritis, had been shown to be able to inhibit
AKR1C3 activity [31-33]. In their model, when
Liu et al. treated C4-2B MDVR and CWR22Rv1
cells with indomethacin in combination with
Enza, the response to Enza was greatly enhanced. These results were further confirmed
in vivo in mice bearing CWR22Rv1 xenografts
[16]. In a separate study, Liu et al. also found
that modulation of AKR1C3 activity impacted
abiraterone resistance. Similarly as with Enza,
they observed that overexpression of AKR1C3
in LNCaP cells promoted abiraterone resistance and that abiraterone resistant C4-2B
cells (C4-2B AbiR) had increased AKR1C3 expression over parental C4-2B cells. They further demonstrated that knockdown of AKR1C3
using shRNA or indomethacin enhanced the
response to Abi treatment in vitro and in vivo
[28].
Other groups have also identified drugs that
target AKR1C3. Endo et al. synthesized a
number of derivatives of N-(4-fluorophenyl)-8hydroxy-2-imino-2H-chromene-3-carboxamide
(referred to as 2d) with potent AKR1C3 inhibiting capabilities. These inhibitors were
observed to suppress proliferation of 22Rv1
and PC3 cells and in vivo tumor xenografts.
Additionally, their derivatives improved the
response to increase apoptosis in PCa cells
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treated with Abi and Enza. Importantly, these
derivatives were observed to have greater
than 220 fold selectivity for AKR1C3 over
AKR1C1, AKR1C2, and AKR1C4 [34]. This is
important due to the fact that while AKR1C3
is involved in synthesis of testosterone and
DHT, other AKR family members can process
DHT into pro-apoptotic estrogen receptor β
agonists and inactive androgens [22, 35, 36].
In another study, Zhou et al. combined a mansonone derivative and AKR1C3 inhibitor, 6e,
with scFv 4D5-modified chitosan to create a
nanodrug-delivery system designed to target
HER2 positive CRPC cells which they called
CS-4D5/6e. Treatment of AKR1C3 overexpressing LNCaP cells in vitro and in in vivo xenografts with CS-4D5/6e resulted in reduced
testosterone levels. Furthermore, CS-4D5/6e
reduced the growth rate of 22Rv1 xenografts
in vivo [37]. Another novel AKR1C3 inhibitor,
ASP9521, was characterized by Kikuchi and
colleagues. ASP9521 was observed to selectively inhibit AKR1C3 mediated conversion of
androstenedione into testosterone. They further found that ASP9521 reduced androstenedione-dependent PSA production, could suppress prostate cancer cell proliferation, and
was orally bioavailable in multiple species [38].
ASP9521 was also tested in Phase I/II clinical
trials. It was found to have acceptable safety
and tolerability profiles however no significant
clinical activity was observed in the patients
[39].
Interestingly, in addition to its role in androgen
synthesis, AKR1C3 expression has also been
implicated in promoting stability of the AR and
its variant, ARv7. C4-2B and LNCaP cells overexpressing AKR1C3 have been observed to express higher levels of full length AR and ARv7
protein [40]. AKR1C3 was found to bind to
ARv7 as AKR1C3/ARv7 complex and increase
the half-life of AR and ARv7 as well as repressing tumor suppressor gene B4GALT1 expression [41]. Inhibition of AKR1C3 with indomethacin suppressed AR and ARv7 signaling as
indicated by RNA sequencing data [40]. The
AKR1C3/ARv7 axis has been further associated with cross resistance between anti-androgen therapies [42].
Together, these studies highlight the importance of AKR1C3 in CRPC progression and
resistance to anti-androgens. Specifically, inhibition of AKR1C3 using shRNA or a variety of
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drugs was found to successfully inhibit CRPC
growth and enhance resistant cell response to
treatment with Enza or Abi. The potential of
AKR1C3 as a target is enhanced by the fact
that it promotes CRPC growth in more than one
way.
Steroid sulfatase
In addition to AKR1C3, STS has also garnered
interest as a therapeutic target for treating
CRPC. Most PCa specimens express STS and
in CRPC its expression is even higher [43-46].
This could be due, in part, to production of insulin-like growth factor-II which has been demonstrated to increase STS expression [47].
DHEA is a major source of androgens in prostate cancer tumors and DHEA-S, one of its
precursors, is the most abundant adrenal steroid in circulation in males. DHEA-S has been
observed to be present at concentrations 400to 1000-fold higher than DHEA (DHEAS/DHEA;
2-10 µmol/L vs. 10-25 nmol/L) [11, 19, 48].
Therefore, it is postulated that conversion of
circulated adrenal DHEA-S to DHEA by STS may
be an alternative source for intracrine androgen production. A number of STS inhibitors
have been tested for potential activity both in
animal and clinical models in breast cancer,
however, to date there are limited studies in
PCa despite its potential [49-56].
In LNCaP cells, Selcer et al. demonstrated the
ability of estrone-3-O-sulfamate and (p-Osulfamate)-tetradecanoyl tyramine to reduce
STS activity [57]. Similarly, STX-64 (Irosustat),
another STS inhibitor, has also been shown to
nearly completely inhibit STS activity in LNCaP
cells [58]. A more recent study demonstrated
that STS expression and activity was low in
benign prostate cells and LNCaP cells but
increased in C4-2B cells. VCaP cells and the
LuCaP35CR PDX model had the highest
expression levels of STS [20]. This suggests
that STS expression and activity may correlate
with disease progression. When STS was
knocked down with siRNA, cell growth was
reduced in C4-2B and VCaP cells. Overexpression of STS in LNCaP and C4-2B cells resulted
in increased STS activity and intracellular
androgens. STS overexpression was further
observed to promote resistance to Enza and
Abi [20]. In this study, novel STS inhibitors (SI)
were characterized. These SI were found to
significantly inhibit STS activity and suppress
Am J Clin Exp Urol 2021;9(4):292-300

Androgen synthesis in CRPC
cell growth and colony formation. RNAseq
analysis determined that treatment with SI
reduced expression of both full length and
ARv7 associated target genes. In vivo, STS
inhibition with SI reduced the growth of relapsed VCaP tumors and improved the response
of xenografts to Enza [20]. These data suggest
that STS inhibition in PCa could be a viable
treatment strategy.
STS inhibitors have been studied in clinical trials with mixed results. However, these studies
were primarily conducted in breast and endometrial cancer patients where the goal of STS
inhibition is to reduce estradiol levels by blocking the desulfatation of estrone sulphate and
estradiol sulfate into estrone and estradiol
respectively. Chief among these inhibitors is
Irosustat. In a study evaluating Irosustat in
endometrial cancer patients, Irosustat was
found to be well tolerated with a good safety
profile. However, there were no statistically significant differences between Irosustat and the
current standard of care on survival rates of
patients [59]. Irosustat has also been tested in
a Phase I clinical trial in prostate cancer
patients where it was found to be well tolerated. Due to the fact that Irosustat was not predicted to reach the primary endpoints of the
clinical trial and was shown to have no improvement over the current standard of care,
Ipsen, the pharmaceutical company in charge
of its development, decided to discontinue
development of Irosustat as a monotherapy
and instead investigate its potential as a cotreatment with other hormonal therapies. To
this end, a Phase II clinical trial using Irosustat
in combination with aromatase inhibitors has
been launched for patients with estrogen receptor (ER)-positive breast cancer [56].
Overall, these studies hint that STS inhibition
is a potential treatment for advanced CRPC.
Targeting STS with various inhibitors was observed to reduce STS activity, androgen production, and CRPC growth in vitro and in vivo.
Further study is still necessary to discern optimal co-treatment strategies including those
combining STS inhibition with Enza.
Conclusion
Androgen synthesis is a complex series of
steps involving many enzymes. FDA approved
Abi targets CYP17A1 to reduce androgen pro-
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duction however this reduction is incomplete.
Other enzymes compensate for the limited
CYP17A1 activity in the presence of Abi to
drive androgen synthesis regardless. Targeting
these additional enzymes, including AKR1C3
and STS, has been demonstrated to effectively reduce androgen levels, impede CRPC growth, and improve the response to Abi and Enza.
Continued development of novel inhibitors of
AKR1C3 and STS could lead to improvements
in the standard of care for CRPC patients.
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