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Abstract Breast and prostate cancers are malignancies
in which steroid hormones drive cellular proliferation.
Over the past century, this understanding has led to
successful treatment strategies aimed to inhibit
hormone-mediated tumor growth. Nonetheless, disease
relapse and progression still pose significant clinical
problems, with recurrent and metastatic tumors often
exhibiting resistance to current drug therapies. The cen-
tral role of androgens and estrogens in prostate and
breast cancer etiology explains not only why endocrine
therapies are often initially successful but also why
many tumors ultimately become resistant. It is hypothe-
sized that reducing the concentration of active hormones
in the systemic circulation may be insufficient to block
cancer progression, as this action selects for tumor cells
that can generate active steroids from circulating precur-
sors. This review aims to highlight the currently known
differences of steroid biosynthesis in normal physiology
versus hormone-dependent cancers, modern approaches
to the assessment and targeting of these pathways, and
priorities for future research.

>4 Richard J. Auchus
rauchus@med.umich.edu

Division of Hematology/Oncology, Department of Internal Medicine
and Department of Pharmacology, University of Michigan, Ann
Arbor, M1 48019, USA

Present address: Division of Metabolism, Diabetes, and
Endocrinology, Department of Internal Medicine and Department of
Pharmacology, University of Michigan School of Medicine, Room
5560A, MSRBII, 1150 W. Medical Center Drive, Ann

Arbor, M1 48019, USA

Introduction

Steroid hormones and their precursors are synthesized and exten-
sively metabolized primarily in the adrenals and gonads of
healthy men and women [1]. These steroid products are secreted
into the systemic circulation and exert their physiological effects
by (1) binding to their cognate receptors in target tissues and
initiating signaling pathways required for cellular growth and
sexual maturation and (2) acting as substrates for further metab-
olism to active hormones, which then act on target tissues. The
testes and the ovaries primarily synthesize testosterone or estra-
diol, respectively, which promote the development of secondary
sexual characteristics, enable reproduction, and serve additional
functions in the skeleton, brain, and other organs.

Among the most common malignancies in humans are prostate
cancer in men and breast cancer in women, neoplasias of epithelial
cells in glands whose development is driven by sex-specific go-
nadal steroids [2]. In many cases, these gonadal steroids fuel the
growth and progression of these tumors, and hormone-deprivation
therapies are used with or without surgery as first-line treatments.
Unfortunately, these cancers often demonstrate either de novo
resistance to hormonal therapies or subsequently acquire compen-
satory mechanisms to proliferate despite castrate concentrations of
androgens and estrogens in the circulation. Here, we will review
the current state of knowledge on how tumors obtain and synthe-
size these steroids, approaches to study the acquisition of resis-
tance to treatment, and future areas of investigation.

Normal Physiology
The Hypothalamic—Pituitary—Adrenal Axis

Under the regulation of higher brain centers, neurons in the
paraventricular nucleus of the hypothalamus release
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corticotropin-releasing hormone (CRH) [3] into the portal cir-
culation, which stimulates adrenocorticotropin (ACTH) secre-
tion from the corticotrope cells in the anterior pituitary [4].
ACTH binds to its extracellular receptor on cells of the adrenal
cortex to stimulate the synthesis of cortisol and androgen pre-
cursors [5], which are not stored but are continuously released
in the systemic circulation. Cortisol exerts negative feedback
on CRH and ACTH production, achieving homeostasis.
Aldosterone production is primarily under the control of a
separate axis, renin—angiotensin—aldosterone system.

Adrenal Steroidogenesis

The adrenal glands are responsible for the synthesis of miner-
alocorticoids, glucocorticoids, and small amounts of andro-
gens but relatively large amounts of androgen precursors.
Specifically, within the adrenal gland, the adrenal cortex cells
express steroidogenic enzymes and cofactor proteins in a
zone-specific manner (Fig. 1). The adrenal cortex is com-
prised of the three zones, each expressing their own comple-
ment of proteins necessary for efficient synthesis of a domi-
nant steroid product. The zona glomerulosa (ZG) expresses
the enzymes necessary for aldosterone synthesis, while the
zona fasiculata (ZF) primarily synthesizes cortisol. The zona
reticularis (ZR) is the adrenal zone responsible for the produc-
tion of androgens under the stimulation of ACTH, but these

Fig. 1 Adrenal steroidogenesis. Cholesterol
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major reactions within the endoplasmic reticulum of steroido-
genic cells. CYP17A1 can hydroxylate the 17-carbon of pro-
gesterone and pregnenolone to form their 17-hydroxy prod-
ucts, 170H-pregnenolone or 170H-progesterone [10—12].
These 17-hydroxy products are substrates for other enzymes
in their further metabolism to cortisol, or they are further me-
tabolized by CYP17A1’s second function, which is the 17,20-
lyase activity. This 17,20-lyase activity cleaves the C—C bond
between carbons 17 and 20 of the aforementioned 17-hydroxy
substrates to form the 19-carbon androgen precursors DHEA
(major A3-pathway) or androstenedione (minor A* pathway).
CYP17A1’s 17,20-lyase activity is enhanced by the
coexpression of cytochrome b5 (CYBS5A), which allosterically
stimulates this reaction [13, 14]. While the ZR expresses both
CYB5A and CYP17A1, the ZF expresses only CYP17A1[15,
16]. This zone-specific expression of CYBSA helps to explain
why the ZF primarily synthesizes the 21-carbon steroid corti-
sol, while the ZR synthesizes large amounts of 19-carbon
androgens and their precursors.

Using human adrenal vein samples, Nakamura et al. showed
that testosterone is synthesized in small amounts in the human
adrenal [17]. Type 5 17p-hydroxysteroid dehydrogenase
(17BHSDS5 or AKR1C3) has been implicated as the steroido-
genic enzyme responsible for catalyzing the limited conversion
of androstenedione to testosterone in the ZR. Microarray anal-
ysis and qPCR studies confirmed that the ZR expresses
AKR1C3 mRNA and protein. Knockdown of AKR1C3 via
siRNA in the human adrenal H295R cell line reduced testoster-
one production by 40 % compared to scrambled control siRNA
[17]. These data highlight the potential for direct adrenal testos-
terone synthesis beyond the well-known production of 19-
carbon androgen precursors, which are metabolized to active
androgens in peripheral organs and target tissues.

The Hypothalamic—Pituitary—Gonadal Axis

With the onset of puberty, loss of repression from higher brain
centers allows neurons in the arcuate nucleus of the hypothal-
amus to resume the pulsatile secretion of gonadotropin-
releasing hormone (GnRH) every 90—120 min. This GnRH
enters the portal circulation and stimulates pulsatile release
of the gonadotropins, luteinizing hormone (LH), and follicle-
stimulating hormone (FSH) from the gonadotropes in the an-
terior pituitary. Pulsatile secretion is critical for reproductive
function, because constant exposure to GnRH downregulates
its receptor on gonadotropes and thwarts axis function [18]. In
males, LH acts on the testicular Leydig cells to stimulate tes-
tosterone synthesis, and in peripheral tissues, steroid 5oc-
reductases convert testosterone to the more potent androgen,
Sa-dihydrotestosterone (DHT). In women, LH acts on the
ovarian theca cells and, to a lesser extent, the granulosa cells,
to drive androgen synthesis, but the ovary lacks 173HSD type
3, the enzyme that most efficiently converts androstenedione

into testosterone. In the ovary, FSH induces the expression of
the aromatase (P450aro, CYP19A1) enzyme, which converts
androstenedione and testosterone from the theca cells to the
estrogens estrone (E1) and estradiol (E2) [19], as well as
17BHSD type 1, the specific 173HSD isoform that efficiently
converts E1 to E2 [20]. In men, FSH acts on the Sertoli cells to
facilitate spermatogenesis. In both males and females, andro-
gens and estrogens exert negative feedback on GnRH and LH
production [21]. FSH production is primarily under the tonic
negative feedback of inhibin B, a protein produced in the
Sertoli and granulosa cells [22].

Gonadal Steroidogenesis

Although the ZR in the adrenal cortex produces less sex ste-
roids than the gonads and large amounts of their precursors,
the primary site of sex steroid synthesis is the gonads, using
the same enzymes and pathways to get as far as DHEA.
Similar to the adrenal cortex, the theca and granulosa cells
of the ovaries express their own host of different steroid-
metabolizing enzymes that orchestrate the synthesis of specif-
ic steroids (Fig. 2a). Immunohistochemical (IHC) studies in
human ovaries by Sasano and colleagues revealed high
CYPI11Al and CYP17A1 in the theca interna cells adjacent
to the developing follicles but found CYP19A1 expression
confined to the granulosa cells [23]. Therefore, the granulosa
cells are responsible for estrogen synthesis and secretion by
way of aromatizing the androgens produced in the ovarian
theca cells. In the testes, only the Leydig cells express
CYP17A1 (Fig. 2b), and Leydig cells are the only human cells
that normally express the androgenic 173HSD3, which effi-
ciently converts 19-carbon, 17-ketosteroids to active andro-
gens, such as androstenedione to testosterone.

Peripheral Steroid Metabolism

Despite interventions that prevent gonadal hormone secretion,
sufficient amounts of androgens and estrogens may remain in
the circulation to activate their respective receptors [24, 25].
As discussed above, the adrenal glands produce very small
amounts of testosterone and estradiol directly, yet the adrenal
is a source of abundant 19-carbon androgen precursors such as
DHEAS. Even a small portion of orally administered DHEA
is converted to testosterone, indicating that tissues other than
the adrenals and gonads possess the enzymatic machinery to
complete the pathways to androgens and estrogens. One major
reason for this capacity for extragonadal hormone generation
is the redundancy of key enzyme activities. While the gonads
and adrenals primarily express 33HSD type 2 [9], the liver,
skin, and other tissues contain a second, highly homologous
isoenzyme, 33HSD type 1 [26]. The human 173HSD family
includes at least 14 isoenzymes, each with its characteristic
spectrum of activities and tissue-specific expression patterns
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Fig. 2 Gonadal steroidogenesis. Ovaries
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[27]. Even steroid 5oc-reductase activity derives from the type
1 and type 2 isoenzymes, with two genes bearing different
ontogenies [28]. Among the AKRIC enzymes, all isoforms
possess both 173HSD and 3HSD activities, which intercon-
vert active and inactive hormones in peripheral and target
tissues. The complexity of peripheral steroid metabolism pro-
vides a conduit for active hormones, and these hormones can
drive breast and prostate cancer progression despite strategies
to suppress gonadal steroid synthesis.

An early demonstration of the importance of peripheral
hormone synthesis is in the estrogen dependence of most
breast cancers in postmenopausal women, who lack ovarian-
derived estrogens [29]. In an attempt to pinpoint the source of
postmenopausal estrogen production, Grodin et al. analyzed
plasma samples from six postmenopausal women and mea-
sured the conversion of androstenedione to E1, the predomi-
nant estrogen in postmenopausal women [30]. Patients were
administered ['*C]-androstenedione and subsequent conver-
sion to E1 was measured in urine samples. Because the inves-
tigators were able to attribute nearly all of the measured E1 to
the administered ['*CJ-androstenedione, they concluded that
peripheral aromatization of androstenedione is the primary
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source of postmenopausal E1, as opposed to being of ovarian
or gonadal origin.

Nuclear Hormone Receptor Signaling

Androgen receptor (AR) and estrogen receptor (ER) are ste-
roid receptors and members of the protein superfamily known
as nuclear hormone receptors [31]. These steroid receptors
exist most commonly as unbound monomers in a dynamic
equilibrium between the nucleus and cytoplasm under the
regulation of heat shock and other chaperone proteins [32].
The receptors possess a unique ligand-binding domain (LBD)
[33], and upon ligand binding, these receptors dissociate from
the chaperone complex and undergo characteristic conforma-
tional changes that promote receptor homodimerization [34].
These ligand-activated receptor dimers translocate to the nu-
cleus, where they bind to cognate response elements on DNA
and initiate the transcription or repression of genes involved in
growth and development. The recruitment of accessory pro-
teins known as coactivators and corepressors to the transcrip-
tion start site aid in the determination of which genes are
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expressed or repressed [35]. These coregulator proteins repre-
sent a potential strategy for further modulation of nuclear hor-
mone receptor signaling.

Estrogens and Breast Cancer
Estrogen Receptor and Breast Cancer

In the later part of the 19th century, surgeons began
performing bilateral oophorectomies to treat women with
breast cancer, and Dr. George Beatson was a prominent early
investigator [36]. Although there were differing opinions on
the rationale for why this treatment was successful, the general
consensus was that the ovaries secreted factors that promoted
tumor growth. Over the next 100 years, our knowledge of
these factors—primarily E2, its cognate receptor (ER), and
ER signaling—has led to considerable advancements in
treating women with ER-positive breast cancers [37].

Over 231,000 new cases of invasive breast cancer will be
diagnosed this year in the USA [2]. Over two thirds of these
cases will express ER (“ER-positive tumors”), and for these
patients with ER-positive cancers, hormonal manipulation re-
duces the risk of recurrence or death, particularly in postmen-
opausal women [38, 39]. Drugs that antagonize estrogen ac-
tion are effective treatments for patients with metastatic dis-
ease and clearly reduce breast cancer mortality when given in
the adjuvant setting [37, 40—42]. These data are consistent
with Beatson’s success performing oophorectomies in pre-
menopausal women, which led to research over the following
40 years exploring the sources of estrogens in postmenopausal
women and subsequent strategies to block estrogen synthesis
and ER signaling in breast cancer.

Lippmann and colleagues first reported the importance of
ER in breast cancer in vitro in the early 1970s. Using breast
cancer cell culture models, specifically the ER-positive, E2-
dependent MCF-7 cells, they demonstrated increased cellular
proliferation by measuring DNA, RNA, and protein synthesis
after E2 treatment. In addition, they showed that competitive
inhibition of E2 binding to ER using the antiestrogen tamox-
ifen blocked the E2-induced effects [43, 44].

Pathways of Estrogen Synthesis in Breast Cancer

In the absence of functional ovaries, the adrenals were
suspected as the source of estrogens in postmenopausal women.
Adrenalectomy or hypophysectomy were modestly successful
in these patients with remission rates between 25-50 %, and
“medical adrenalectomy” with aminoglutethimide showed sim-
ilar efficacy [45]. Nevertheless, the adrenal gland is known to
produce abundant DHEAS, but not E2. It is now recognized
that peripheral adipose tissue expresses CYP19A1 and contrib-
utes to circulating estrogens in the postmenopausal setting [46].

A study using reverse transcription polymerase chain reaction
(RT-PCR) showed that CYP1941 mRNA expression levels in
fat from the buttocks, thighs, and abdomens of postmenopausal
women were 2—4 times higher than those observed in young
women [47]. Indeed, CYP1941 mRNA is highly expressed in
breast adipose and breast epithelial tissues, and tissue concen-
trations of E2 are approximately twice as high in breast tumor
tissue compared to normal tissue [48], consistent with the local
aromatization of adrenal-derived precursors.

In addition to the CYP19A1-mediated aromatization of an-
drogens in peripheral tissues, a sulfatase enzyme has also been
implicated in contributing to the delivery of E2 precursors to
tumors [49] (Fig. 3). The steroid sulfatase (STS) enzyme
removes the sulfate group of estrone sulfate (E1S) to yield
El. El can then be converted to E2 via 173HSD1, which is
also expressed in many of the same peripheral tissues as
CYPI19A1 [50]. An analysis of STS expression and function
in breast cancer revealed that STS activity is higher in breast
tumor tissue compared to healthy controls and that E1S and E2
were also elevated in breast tumor tissue [48]. The hydrolysis of
the sulfate group is reversible, as local expression of
sulfotransferases (known as SULTs) can repeat the sulfonation
reaction. Over 44 SULT isoforms have been discovered, but
only a handful of these sulfonate steroids. Notable SULTs in-
clude SULTI1E]1 (estrogens) and SULT2A1 (non-aromatic ste-
roids.) Given that the risk of developing breast cancer is highly
associated with endogenous sex hormone levels, particularly
E2, El, and E1S [51], this pathway represents a source of
estrogens contributing to breast cancer progression.

Targeting of Estrogen Synthesis and Action in Breast
Cancer

Two major pharmacological approaches have been developed
to block the action of estrogen: (1) direct competition with
estrogen for ER binding (e.g., tamoxifen and fulvestrant)
and (2) blocking the production of estrogen in postmenopaus-
al women (e.g., letrozole, anastrozole, and exemestane). Both
of these approaches have been shown to reduce disease recur-
rence and prolong survival in postmenopausal breast cancer
patients with ER-positive disease [37, 42]. Although the use
of ER expression in breast cancers is essential to determine if a
patient should receive any form of endocrine therapy, there is
no other biomarker to further personalize the type of endo-
crine therapy that should be administered.

The first successful approach to targeting estrogen’s action
in breast cancer was the development of antiestrogens [52].
Tamoxifen is an ER antagonist, or more precisely, a selective
estrogen-receptor modulator (SERM), because it has tissue-
specific estrogenic and antiestrogenic effects. SERMs, includ-
ing tamoxifen, can be ER agonists or ER antagonists depend-
ing on tissue expression of the nuclear regulatory proteins
(coactivators and corepressors) that regulate the expression
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Fig. 3 Sources of estrogen in postmenopausal women. Extragonadal
estrogen secretion via intracrine and paracrine pathways significantly
contributes to breast cancer progression. Breast tissue, in addition to
other peripheral tissues, expresses CYP19A1 that mediates the
conversion of circulating androgen precursors originating primarily in
the adrenal, into E2. Following menopause, E2 remains a potent growth

of estrogen receptor-regulated genes [35]. Therefore, it is an
effect of the recruited coregulatory proteins that mediates a
SERM’s pharmacologic activity. The composition of
coregulatory proteins in complex with ligand-bound ER ap-
pears to be ligand specific and determined by receptor confor-
mation [53]. Endogenous ligands such as E2 induce a different
conformational change [54] than a SERM like tamoxifen [55]
and therefore recruit different coregulatory proteins to the site
of DNA binding within the nucleus. Tamoxifen has been
shown to reduce disease recurrence and to prolong survival
in both premenopausal and postmenopausal women with ER-
positive breast cancer as well as prevent breast cancer in high-
risk women [56]. Several of its metabolites, including 4-
hydroxytamoxifen [57] and endoxifen [57, 58], are also ER
antagonists, which are even more potent than tamoxifen itself.
However, one of the major drawbacks of SERMs is that their
tissue-specific properties can lead to off-target effects by act-
ing as ER agonists in other tissues. For example, tamoxifen
acts as an agonist in bone [59] as well as in the uterus and
endometrium [60], where ER agonism by SERMs can lead to
endometrial hyperplasia and cancer [60]. In addition, tamox-
ifen therapy carries a similar risk of venous thrombosis as
other estrogen therapies [56].

A second class of estrogen antagonists is the selective
estrogen-receptor downregulators (SERDs). SERDs differ in
their mechanism of action from SERMs in that they promote
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stimulus to the roughly 70 % of breast cancer cells expressing ER. Als
work by blocking the local conversion of androgens into estrogens in
these extragonadal tissues and significantly reducing circulating E2
levels to prevent E2-induced tumor growth. E1S is an additional source
of E2, as the local expression of estrone sulfatase (STS) is able to convert
E1S back to the E2 precursor, El

the degradation of ER protein [61], whereas SERMs like ta-
moxifen still allow for ligand-bound receptor to bind to DNA
within the nucleus. Fulvestrant is the only FDA-approved
SERD that is used clinically; however, its clinical use is lim-
ited because it must be administered via intramuscular injec-
tion as opposed to an orally administered antiestrogen like
tamoxifen. This drawback has led to the development of
newer orally bioavailable SERDs, some of which are currently
being tested in early phase I and II clinical trials for the man-
agement of ER-positive breast cancer [62].

A third approach to treating ER-positive breast cancer is to
block the production of E2 by inhibiting CYP19A1 [63].
Pharmacological inhibition of CYP19A1 was first achieved
with aminoglutethimide (AG) [25]. Trials comparing AG to
tamoxifen demonstrated similar efficacy in each treatment
arm, but AG therapy was associated with worse side effects
[64]. Despite its ability to inhibit estrogen synthesis, AG lacks
selectivity for CYP19A1 and requires hydrocortisone replace-
ment. These properties limited the use of AG for the treatment
of ER-positive breast cancer and illustrated the need for more
selective aromatase inhibitors (Als). The first rationally de-
signed Als were mechanism-based substrate analogs, includ-
ing 4-hydroxyandrostenedione, testolactone, 10-
propargylestr-4-ene-3,17-dione, and exemestane [65—67].
Second- and third-generation inhibitors are azole-based non-
steroidal compounds with high affinity and irreversible
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binding to the heme iron of the enzyme, including fadrozole,
anastrozole, and letrozole. Of these, exemestane, anastrozole,
and letrozole are used clinically in the adjuvant setting to treat
ER-positive breast cancer.

Two large phase III clinical trials compared the efficacy of
tamoxifen to an Al alone or in combination. The Arimidex,
Tamoxifen Alone, or in Combination (ATAC) trial showed
that in postmenopausal women with localized breast cancer,
Al therapy was superior to tamoxifen over the course of
5 years of treatment. Anastrozole (trade name Arimidex) sig-
nificantly prolonged disease-free survival and significantly
reduced distant metastases compared to tamoxifen [68]. The
Breast International Group (BIG) 1-98 trial compared the
efficacy of the Al letrozole to tamoxifen and again showed
that Al therapy is superior to tamoxifen in postmenopausal
women with ER-positive breast cancer [69]. The letrozole-
treatment arm showed significantly increased progression-
free survival and also a reduced incidence of distant metasta-
ses compared to tamoxifen [69]. The ATAC and BIG 1-98
trial data resulted in the adoption of Als as the standard of care
for postmenopausal women with ER-positive tumors.

Androgens and Prostate Cancer
Androgen Receptor and Prostate Cancer

The observation that prostate gland development is absent in
46,XY individuals with complete androgen insensitivity and
steroid So-reductase type 2 deficiency firmly established the
dependence of prostate growth on androgens [70]. Nearly all
prostate cancers express AR, and prostate hyperplasia is an-
drogen-dependent. Androgen deprivation therapy (ADT) was
first described as a viable treatment option for prostate cancer
in the early 1940s. Huggins and Hodges reported that removal
of the testes (orchiectomy) promoted prostate tumor regres-
sion [71, 72]. ADT causes tumor regression or stabilization in
the majority of patients; however, a substantial number of
patients experience disease relapse months to years later.
Originally, prostate-cancer recurrences during ADT were as-
sumed to be “androgen independent,” but several groups have
shown that androgen-dependent genes are expressed in relaps-
ing tumors and their metastases [73]. Hence, this clinical con-
dition has been renamed “castration-resistant prostate cancer’”
(CRPC), and most prostate cancer deaths are due to CRPC
[74]. Among the possible mechanisms of resistance include
amplification or overexpression of AR, which makes the re-
ceptor more sensitive to lower levels of circulating androgens
[75]; gain-of-function mutations in AR, which render the re-
ceptor “promiscuous” and activated by host of other steroids
including AR antagonists [76]; and the acquisition of mecha-
nisms to produce androgens either de novo or by limited me-
tabolism of circulating precursor steroids [77].

Pathways of Androgen Synthesis in Prostate Cancer

Belanger et al. observed that castration in adult males reduced
circulating testosterone and DHT levels to approximately 5—
10 % of their precastration values. Of note, however, is that
castration had no effect on adrenal 19-carbon androgen pre-
cursors such as DHEA, DHEAS, and androstenedione [78]. A
more recent study by Titus et al. examined patient samples to
better understand androgen signaling in recurrent prostate can-
cers upon progression during ADT. By comparing recurrent
prostate tumor tissue to androgen-stimulated benign prostate
tissue, they noted similar concentrations of testosterone but
with 91 % lower amounts of DHT in the recurrent tumor tissue
compared to control [24]. It is believed that these remaining
concentrations of DHT are still sufficient to activate AR and
induce cancer growth.

Given the abundance of DHEAS in the circulation and the
limited number of steps to testosterone (3) or DHT (4) via
redundant pathways, adrenal-derived 19-carbon steroids and
their metabolism have received considerable study as a mech-
anism driving CRPC. In some prostate cancer cell lines and
tumor xenografts, DHEA stimulates growth similar to that of
testosterone, but only if converted to A*-metabolites. The
limiting enzyme in this conversion to active androgens is
3BHSD [79], but in prostate cancers, the major species is
generally the type 1 isoenzyme rather than the type 2 found
in the adrenal and testis. Inhibitors of 33HSD shift the dose—
response curve for DHEA in proportion to the enzymatic
blockade [80]. In 2013, a common allelic variant of the
HSD3BI gene was reported to increase enzyme stability and
to prevent proteasomal degradation. The prolonged half-life of
the 33HSDI1-N367T variant results in greater amounts of
DHT synthesis from DHEA compared to wild-type enzyme
[77]. In human CRPC metastases, the selection pressure leads
to overrepresentation of this allele, and the presence of this
variant portends poor prognosis. The 3HSD1-N367T variant
has major implications for prostate cancer, as its increased
expression can promote increased androgen synthesis from
adrenal-derived precursors.

While the conversion of testosterone to the more potent
androgen DHT is required for normal prostate development
and prostate hyperplasia, the importance of DHT in prostate
cancer is not as clear. Of the two 5-reductase isoenzymes, the
type 2 (SRD5A2) is the principal enzyme expressed in the
normal or hyperplastic prostate tissue as well as genital skin,
where it catalyzes the synthesis of DHT in the fetus during
male sexual development. The type 1 isoenzyme (SRD5A1) is
normally expressed in the liver and all other skin; however,
SRDS5AL1 is also the predominant isoenzyme in prostate can-
cers [28]. While both isoenzymes have broad substrate spec-
ificity for most 21-carbon and 19-carbon A*-steroids, their
relative efficiencies for various substrates varies somewhat,
particularly under castrate conditions when circulating
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testosterone concentrations are low. In prostate cancer cell
lines and tumor xenografts, Chang et al. demonstrated that
SRDS5A1 converts androstenedione—derived from DHEA
via 3HSD—to 5x-androstanedione, which is then converted
to DHT via 173HSD-mediated catalysis. This alternative
pathway to DHT, which bypasses testosterone as an interme-
diate, appears to be the dominant route to DHT from circulat-
ing adrenal-derived 19-carbon steroids in CRPC [81]. More
recent studies using metastatic tumor samples from patients
have confirmed this pathway to DHT and characterized its
impact in men with prostate cancer, who had stopped
responding to traditional AR antagonists. In addition to this
pathway, another alternative or “backdoor pathway” to DHT
involves the SRD5A1-catalyzed 5oc- and subsequent 3 o-
reduction of 21-carbon steroids, which then undergo cleavage
via the 17,20-lyase activity of CYP17A1 to androsterone [82,
83]. Androsterone undergoes 173HSD-catalyzed reduction to
So-androstane-3,173-diol and then 3aHSD-catalyzed oxi-
dation to DHT. Evidence for contributions from these alternate
pathways to DHT, neither of which use testosterone as an
intermediate, in the progression of CRPC derive from several
laboratories and independent studies.

In addition to further metabolism of gonadal and adrenal
precursors, other studies show that androgens can derive de
novo from the CRPC tumor itself (Fig. 4). Dillard et al.
showed that, in cell culture models of prostate cancer that have
been passaged to mimic an androgen-deprived state, the ex-
pression of steroidogenic enzymes necessary for intracine tes-
tosterone synthesis are increased [7]. Thin-layer chromatogra-
phy (TLC) analysis suggested that these cells could convert
radiolabeled cholesterol into testosterone, presumably due to
higher expression of steroidogenic enzymes not present in the
parental prostate cancer cells. Montgomery and colleagues
confirmed these findings by extensively characterizing which
androgen signaling mechanisms are still present in human
tissues of those with CRPC. They also identified several ste-
roidogenic enzymes that are upregulated in CRPC tumor me-
tastases compared to the primary tumor tissue, including
CYP17A1, 33HSDI1, 173HSD3, and CYP19A1 [84].

Targeting of Androgen Synthesis and Action in Prostate
Cancer

Long-acting GnRH agonists and antagonists achieve med-
ical castration by suppressing LH release and thus ablating
testicular androgen synthesis. Long-acting GnRH agonists
such as leuprolide acetate produce an initial surge in LH
and testosterone, and then disrupt the pulsatile stimulation
of pituitary gonadotropin receptors, resulting in receptor
desensitization. GnRH antagonists such as degarelix com-
petitively inhibit GnRH binding and do not produce an
initial hormone surge; chronically, both treatments decrease
LH and testosterone concentrations to castrate levels.
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GnRH analogs are the cornerstone of ADT in prostate can-
cer, and these drugs have been used also for ovarian estro-
gen suppression in premenopausal women with breast can-
cer [85-87]. Although GnRH agonists and antagonists ef-
fectively ablate most androgen and estrogen production in
the tissues primarily responsible for sex steroid production,
these drugs do not block adrenal steroid synthesis or
intracrine steroid production.

Androgen-receptor antagonists directly inhibit ligand bind-
ing to AR [88, 89]. Because testosterone and DHT have such
high affinity (~1 nM) for AR, the early generations of
antiandrogens were not sufficiently potent to block all andro-
gen action and showed limited efficacy in men with CRPC.
Flutamide and bicalutamide bind to AR with affinities approx-
imately 30-fold less than DHT. These drugs bind AR in the
cytoplasm and inhibit ligand binding but still permit nuclear
translocation. A next-generation, more potent AR antagonist
is enzalutamide, which has a much higher affinity for AR
compared to older drugs and also prevents nuclear transloca-
tion [90]. Enzalutamide treatment after chemotherapy in men
with CRPC resulted in a 4.8-month increase in overall surviv-
al and 37 % reduction in risk of death compared to placebo
[91]. In chemotherapy-naive men with metastatic prostate
cancer, enzalutamide decreased the risk of death by 29 %
and delayed chemotherapy initiation by a median of 17 months
compared to placebo [92].

Beyond suppressing LH secretion and blocking AR, a third
strategy to treat CRPC is to inhibit the synthesis of testoster-
one. Ketoconazole is an azole drug commonly used to treat
fungal infections by inhibiting lanosterol demethylase
(CYP51A1) [93] and thus ergosterol production, which is es-
sential for fungal cell membrane integrity. Ketoconazole
gained traction as a viable treatment option for CRPC, be-
cause ketoconazole demonstrates clinically relevant off-
target inhibition of several human cytochrome P450s, includ-
ing CYPI1A1l, CYPI11IBI1, and CYP17A1 [94, 95].
Unfortunately, ketoconazole is a weak CYP17A1 inhibitor
(Ki ~130 nM) [96], and it strongly inhibits the important
drug-metabolizing enzyme CYP3 A4, thus limiting its clinical
use. Consequently, considerable effort has been expended to
develop selective CYP17A1 inhibitors to treat CRPC, and the
“holy grail” of these efforts is the development of a drug that
specifically inhibits only the 17,20-lyase activity.

Abiraterone is a potent (~3 nM) [96], functionally irrevers-
ible inhibitor of both the 17x-hydroxylase and 17,20-lyase
activities of CYP17A1. Inhibition of 17,20-lyase activity with
abiraterone significantly reduces circulating concentrations of
all 19-carbon steroids, including DHEA, androstenedione,
and testosterone. Simultaneous inhibition of 17«x-
hydroxylase activity prevents the conversion of pregnenolone
into cortisol, relieves cortisol negative feedback, allows
ACTH to rise, and drives the accumulation of cortisol precur-
sors with mineralocorticoid activity, primarily 11-
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Fig. 4 Pathways of androgen
synthesis in CRPC. Shown in this
figure are the pathways
contributing to androgen
synthesis that occur in the testes,
adrenals, and prostate tumor itself
in men with CRPC. Expression of
CYP17ALl in all three tissues
produces androgens, and further
metabolism of these androgenic
substrates results in the synthesis
of the potent androgen receptor
agonists, testosterone and DHT.
Highlighted in purple is the
backdoor pathway to DHT
synthesis that bypasses
testosterone as an intermediate.
Independent studies have shown
evidence to support this particular
pathway being intact in CRPC

SRD5A

deoxycorticosterone (DOC) and corticosterone [97]. DOC ac-
cumulation causes hypertension and hypokalemia similar to
genetic 17-hydroxylase deficiency [98], and administration of
mineralocorticoid antagonist or glucocorticoid normalizes
these side effects [97]. Consequently, abiraterone treatment
requires concomitant administration of a glucocorticoid (such
as prednisolone 5 mg BID) to avoid these side effects. An
improved CYP17A1 inhibitor that only blocks the 17,20-lyase
activity could have a profound impact on the clinical care of
CRPC patients, allowing early stage treatment without chronic
glucocorticoid coadministration.

Early clinical trials demonstrated abiraterone’s ability to
completely suppress testosterone, DHEA, and androstenedi-
one synthesis in men with CRPC to below the limits of detec-
tion within 20 days of starting treatment [99]. In the first
randomized phase III trial, de Bono and colleagues showed
that abiraterone prolongs overall survival in men with CRPC,
who had been previously treated with docetaxel, a commonly
used chemotherapeutic agent. Overall survival increased by
3.9 months in the abiraterone-treatment group compared to
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placebo [100]. A subsequent study in docetaxel-naive patients
with CRPC demonstrated that abiraterone plus prednisone
prolonged radiographic-free survival by 8.2 months over pla-
cebo plus prednisone and showed a trend toward improved
survival [101].

Some of the CYP17A1 inhibitors under current develop-
ment also bind directly to AR and antagonize its activity.
In vitro binding studies have shown that abiraterone binds to
AR with rather weak affinity in the high micromolar range
compared to 1 nM for T and DHT [102]. In contrast, the A*-
metabolite of abiraterone is a more potent AR antagonist than
enzalutamide, and this compound also inhibits 33HSD and
Sa-reductase [103]. Galeterone represents another drug that
has exhibited preclinical success with respect to androgen
synthesis and androgen signaling blockade. Galeterone has
the same chemical A’-background structure as DHEA and
abiraterone with the A'®-modification of abiraterone but a
benzimidazole moiety to bind the heme iron rather than the
3'-pyridyl group of abiraterone. Galeterone shows some pref-
erential inhibition of 17,20-lyase activity and also antagonizes
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AR in the 1-10 uM range [104]. Galeterone not only antago-
nizes AR activity but it also promotes AR protein degradation,
representing a novel antiandrogen mechanism of action [105].
In phase I and I1 trials of men with CRPC, galeterone was well
tolerated at 2550 mg/day administered orally. Galeterone
treatment decreased serum testosterone without an increase
in DOC or hypertension and hypokalemia characteristic of
abiraterone treatment, suggesting preferential inhibition of
17,20-lyase activity [106].

VT-464 is a CYP17A1 inhibitor that has been shown to
preferentially inhibit 17,20-lyase activity in preclinical
models. VT-464 was rationally designed to both inhibit
CYP17A1 and antagonize AR [107]. Orteronel (TAK-700)
is another purported 17,20-lyase-specific CYP17A1 inhibitor
that underwent clinical testing. Preclinical studies of orteronel
demonstrated a 5.4-times greater potency for 17,20-lyase ac-
tivity compared to the 17x-hydroxylase activity in cell-free
assays; however, circulating progesterone concentrations rose
in monkeys treated with orteronel, consistent with significant
17x-hydroxylase inhibitory activity [108]. In phase III clinical
testing, orteronel plus prednisone failed to prolong overall
survival compared to placebo plus prednisone in men with
CRPC who failed docetaxel chemotherapy [109].

The 5a-reductase inhibitors finasteride and dutasteride re-
duce the conversion of testosterone to the DHT, which is five
times more potent than testosterone as an AR agonist.
Finasteride is selective for SRD5A2, but dutasteride inhibits
both SRD5A1 and SRD5A2. The Prostate Cancer Prevention
Trial (PCPT) aimed to determine the effectiveness of prophy-
lactic SRDSA?2 inhibition at preventing or delaying the onset
of prostate cancer [110]. The study results showed that finas-
teride blocked DHT synthesis and demonstrated a 24.8 % re-
duction in prostate cancer prevalence over the 7 years of treat-
ment; however, the risk for high-grade tumors increased to
6.4 % in finasteride-treated men compared to 5.1 % in the
placebo group [110]. These risks have outweighed any poten-
tial benefit of using 5Sc-reductase inhibitors for prostate cancer
prevention or treatment.

Alternative Agonists, Estrogen Receptor Mutations,
and Androgens in Breast Cancer

Despite the high initial response rate to tamoxifen and Al
therapies, breast cancer recurrence still poses a major treat-
ment hurdle for women already treated with hormonal thera-
py. One possible mechanism of tumor recurrence and drug
resistance is alternative pathways to steroid synthesis and
non-canonical endogenous ER ligands. One example of such
a ligand is the androgen metabolite 5o-androstane-3(3,17[3-
diol (33Adiol). Sikora et al. showed that 33Adiol binds to
and activates ER, and this binding can be blocked with the
pure antiestrogen fulvestrant [111].
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Another example of an endogenous ligand with estrogenic
properties is 27-hydroxycholesterol (27HC). The oxysterol
27HC is synthesized from cholesterol by the cytochrome
P45027A1 (CYP27A1) enzyme [112]. 27HC was first shown
to exhibit SERM properties in the cardiovascular system
where it antagonized the cardioprotective effects of estrogen
in smooth muscle and endothelial cells using mouse and rat
models [113]. Dusell et al. later characterized 27HC’s agonist
activity in the ER-positive breast cancer cell line MCF-7 and
showed that 1 uM 27HC induced expression of ER-regulated
genes, while 100-nM fulvestrant blocked this induction.
Additionally, 27HC treatment in MCF-7 cells resulted in a
dose-dependent increase in cell number [114]. Such findings
illustrate the potential impact alternative endogenous steroid-
receptor ligands can have on disease progression and therapy
response.

Mutations in the ligand-binding domain of ER have also
been recently identified [115, 116]. Of interest, these muta-
tions seem to be significantly more frequent in women that
have been treated with Als, suggesting that estrogen depriva-
tion selected for cells bearing these mutations. Consistent with
this model, preclinical data suggest that these patients might
still respond to direct ER antagonists [116]; however, this
strategy has not been validated in appropriate clinical trials.

During Al treatment, local conversion of androgens to es-
trogens is impaired, therefore leading to accumulation of an-
drogens. Consequently, another plausible mechanism of resis-
tance to Al therapy is the acquired expression of AR and an
active signaling pathway. Indeed, AR expression in breast
cancers has been recognized for some time, and recent evi-
dence suggests that AR expression is increased during Al
treatment [117], with increases in circulating androgens also
detected [118]. Because abiraterone acts upstream of aroma-
tase and blocks the production of androgen precursors,
CYP17A1 inhibition has been tested for the management of
ER-positive breast cancer. The first clinical trial testing
abiraterone in breast cancer patients compared the efficacy
of abiraterone plus prednisone to the Al exemestane, alone
or in combination [119]. The patient population for this study
was women with metastatic, ER-positive breast cancer, who
had failed previous endocrine therapies. The trial’s pharmaco-
dynamic endpoints showed that abiraterone use successfully
suppressed both circulating androgen and estrogen concentra-
tions; however, this reduction in circulating sex steroids did
not translate into significant clinical benefit. Progression-free
survival in the three treatment arms was similar, 3.7, 3.7, and
4.5 months in exemestate, abiraterone, and abiraterone-plus-
exemestane arms, respectively [119]. A limitation of this study
is that only heavily pretreated patients with advanced tumors
were randomized, raising the possibility that they were unlike-
ly to respond to any form of treatment. Indeed, these data are
consistent with studies on alternative growth signaling path-
ways beyond AR and ER, which are not targeted with a
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CYP17Al inhibitor like abiraterone and might be active in
some breast cancers [120].

A subset of triple-negative breast cancers (TNBCs) ex-
presses AR, and these tumors are believed to be androgen-
dependent [121]. TNBCs, which account for approximately
10 % of all breast cancers, are characterized by lacking ex-
pression of ER, progesterone receptor, and the receptor
tyrosine-protein kinase erbB-2, also known as HER2 [122,
123]. These tumors have historically been harder to treat,
due to limited options for targeted treatment [124].
Antiandrogen therapies commonly used to treat CRPC have
been investigated recently in AR-positive TNBC, based on the
hypothesis that these tumors are dependent upon AR for cel-
lular growth. One study using a mouse xenograft model of
AR-positive TNBC cells demonstrated that these tumors were
sensitive to bicalutamide treatment [121]. A clinical case
study highlighted the potential success of bicalutamide as an
option for TNBC with intact AR signaling pathways. A 55-
year-old woman with metastatic AR-positive TNBC exhibited
a complete response to bicalutamide despite disease progres-
sion on all previous forms of chemotherapy [125]. A phase II
trial testing bicalutamide in women with AR-positive, ER-
negative metastatic breast cancer showed promising but mod-
est activity. Of the 26 patients evaluated for the primary end-
point, 5 exhibited evidence of stable disease translating to a
clinical benefit rate of 19 % [126]. Similar preclinical data
have been reported using the more potent antiandrogen,
enzalutamide [127]. Preliminary analysis from a phase II trial
assessing enzalutamide therapy in advanced AR-positive
breast cancer suggests that patients with tumors characterized
by androgen-driven gene signatures display a robust response
to enzalutamide, as evidenced by a significant increase in
progression-free survival compared to patients with tumors
lacking this gene signature [128]. These studies demonstrate
that AR is a viable target in AR-positive breast cancers that
rely on AR-mediated signaling for growth.

Limitations to Current Knowledge and Future
Directions

Because metastatic breast and prostate cancers are treated
medically and not surgically, few studies have been able to
obtain adequate amounts of metastatic tumor specimens for
detailed biological studies. Among the critical questions that
need to be answered include: What are the intracellular con-
centrations of androgens and estrogens in these tumors? To
what extent do CYP17A1 inhibitors and Als inhibit the
targeted enzymatic steps in these cells, and how much precur-
sors accumulate? Do the tumors use precursor steroids and
metabolites as agonists for driving growth pathways? What
is the level of AR and ER activation in the presence of antag-
onists? These studies require informed consent for invasive

procedures that are not standard of care, and informative stud-
ies with limited samples require sophisticated and sensitive
analytical techniques. The use of tandem mass spectrometry
(LC-MS/MS) allows for sensitive and specific measurement
of multiple steroids in a single sample [129], but current as-
says struggle to meet performance characteristics necessary
for some analytes, particularly E2 and DHT. An alternative
source of metastatic tumor cells is the harvesting of circulating
tumor cells (CTCs), but current methods yield insufficient
cells for most experiments using even the most sensitive ana-
lytical techniques, except for DNA and RNA analyses.
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