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Abstract

Given prostate cancer is driven, in part, by its responsiveness to androgens, treatments historically
employ methods for their removal from circulation. Approaches as crude as castration, and more
recently blockade of androgen synthesis or receptor binding, are still of limited use long term,
since other steroids of adrenal origin or tumor origin can supersede that role as the ‘castration
resistant” tumor re-emerges. Broader inhibition of steroidogenesis using relatively nonselective
P450 inhibitors such as ketoconazole is not an alternative since a general disruption of steroid
biosynthesis is neither safe nor effective. The recent emergence of drugs more selectively targeting
CYP17 have been more effective, and yet extension of life has been on the scale of months rather
than years. It is now becoming clear this shortcoming arises from the adaptive capabilities of many
tumors to initiate local steroid synthesis and/or become responsive to novel early pathway adrenal
steroids that are synthesized when lyase activity is not selectively blocked, and ACTH rises in the
face of declining cortisol feedback. Abiraterone has been described as a lyase selective inhibitor,
yet its use still requires co-administration of prednisone to suppress such a rise of ACTH and fall
in cortisol. So is creation of a selective lyase inhibitor even possible? Can C19 steroid production
be achieved without a prominent decline in cortisol and corresponding rise in ACTH? Decades of
scientific study of CYP17 in humans and nonhuman primates, as well as nature’s own experiments
of gene mutations in humans, reveal ‘true’ or “isolated’ 17,20 lyase deficiency does quite
selectively prevent C19 steroid biosynthesis whereas simple 17 hydroxylase deficiency also
suppresses cortisol. We propose these known outcomes of natural mutations should be used to
guide analysis of clinical trials and long term outcomes of CYP17 targeted drugs. In this review,
we use that framework to re-evaluate the basic and clinical outcomes of many compounds being
used or in development for treatment of castration resistant prostate cancer. Specifically, we
include the nonselective drug ketoconazole, and then the CYP17 targeted drugs abiraterone,
orteronel (TAK-700), galaterone (TOK-001), and VVT464. Using this framework, we can fully
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discriminate the clinical outcomes for ketoconazole, a drug with broad specificity, yet clinically
ineffective, from that of abiraterone, the first CYP17 targeted therapy that is limited by its need for
prednisone co-therapy. We also can identify potential next generation CYP17 targeted drugs now
emerging that show signs of being far more 17,20 lyase selective. We conclude that a future for
improved therapy without substantial cortisol decline, thus avoiding prednisone co-administration,
seems possible at long last.
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1): The Problem

One area of modern medicine that continues to evade us is the treatment of prostate cancer.
Like breast cancer, prostate cancer is commonly referred to as an ‘endocrine’ cancer due to
the fact initial growth is driven by naturally occurring C19 bioactive steroids, including
testosterone and its respective metabolites 1. Two recent approaches towards treatment of
both of these steroid hormone-driven malignancies involve blockade of steroid binding to, or
downregulation of androgen receptors (AR) 2 or estrogen receptors (ER) 3, respectively, or
by inhibition of steroidogenic enzymes late in the steroidogenic pathway, particularly from
the use of CYP19 (aromatase) inhibitors®. Steroid receptor blockade strategies, however, can
fail due to treatment-induced removal of negative feedback regulation on hypothalamic
gonadotropin releasing-hormone (GnRH) and pituitary gonadotropins, resulting in overdrive
of endogenous steroid biosynthesis and so requiring accompanying GnRH analog therapy to
ensure inhibition of pituitary gonadotropin release®. While steroid receptor antagonists may
prove to be of future use, a more effective contemporary method is needed for controlling
steroid biosynthesis in order to prevent induction of natural or drug-derived steroid ligands
capable of driving tumor resurgence.

An alternative approach to this problem would be to inhibit the biosynthesis of
dehydroepiandrostenedione (DHEA), which in humans and nonhuman primates is an
obligatory intermediate in all C19 steroid biosynthesis from CYP17A1 6. There has indeed
been a great deal of excitement in the oncology field over recent success in going beyond the
initial use of general steroid biosynthesis inhibitors, such as ketoconazole 7, and testing of
newer CYP17A1 inhibitors, such as abiraterone 8 % 10 to limit DHEA biosynthesis. Recent
trials have suggested that the CYP17ALl inhibition strategy is indeed successful, with ~ 5
months of additional overall survival accruing to subjects receiving abiraterone who had
already developed castration resistant prostate cancer 11 12: 13, 14:15 There is, nevertheless,
a major problem that remains to be overcome; while tumor cells develop steroid producing
ability of their own, as in the case of prostate cancer 10: 13: 14:15 they are not the major
biosynthetic source of steroid hormones in the body. That title is clearly claimed by the
adrenal, which dwarfs steroidogenic output by testes, ovaries or other organs, including
adipose and the brain. There is also the specific problem that the CYP17 enzyme which
creates DHEA and all subsequent C19 steroid metabolites, is also the same enzyme
necessary for cortisol biosynthesis. Complete and absolute inhibition of CYP17 in itself
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creates major problems that we will detail below. Not only is it possible for normally
circulating C19 steroids to drive these malignancies, but suppression of normal circulating
levels of DHEA and androstenedione (A4) can also lead tumors themselves to locally
express CYP17 and other enzymes necessary to maintain local biosynthesis 8. In this
review we will consider normal and alternate tumor biosynthesis of C19 steroids, and how
the selective targeting in either case of 17,20 lyase activity inhibition, while sparing 17
hydroxylase activity, is the ‘holy grail’ necessary to overcome these problems.

Impact of CYP17 inhibition on the HPA axis

By far the greatest source of circulating C19 steroids is the adrenal cortex, producing mg
quantities of DHEA production daily’. This function is normally undertaken by the zona
reticularis (ZR) where, after adrenarche, CYP17 is co-expressed with abundant cytochrome
b5 (CytB5) and lower levels of HSD3B2. This maximally enables 17,20 lyase oxidative
cleavage of the 17-20 carbon-carbon bond within 17-hydroxypregnenolone to release
DHEA 18:19:20:21 Muych of the DHEA so produced is then acted upon by SULT2A and the
resulting sulfotransferase conjugation creates DHEAS, a unique circulating biomarker for
adrenal androgen production. Constantly high circulating DHEA and DHEAS in males then
provide the key steroidogenic precursors needed to form bioactive androgens in the adrenal
ZR, the testicular Leydig cells, and also to be further converted in prostate tumor cells
expressing the right enzymes 14: 15:16 1n addition, the adrenocortical zona fasciculata (ZF)
continues to normally synthesize and releases considerable daily quantities of the
glucocorticoid, cortisol 7. Such glucocorticoid steroidogenic production is critically
dependent on 17-hydroxylation of pregnenolone into 17-hydroxypregnenolone, an
enzymatic activity located within CYP17A1 immediately prior to its potential 17,20 lyase
activityl’.

An important point to recognize is that while DHEA from the ZR is also made under the
predominant control of ACTH (Figure 1), it is only cortisol that provides effective negative
feedback regulation of hypothalamic corticotropin releasing-hormone (CRH) and pituitary
adrenocorticotropic hormone (ACTH) release 22. CRH is also enhanced by co-
neuroendocrine release of vasopressin in its stimulation of pituitary ACTH release. Thus, it
is the diminution of normal cortisol synthesis and release that leads to excess
neuroendocrine drive to produce excessive amounts of steroid hormone intermediates earlier
in the steroidogenic pathway, and in the case of excess ACTH, may even further promote
alternate early steroidogenic pathway products to enter the circulation (Figure 1). In the ZR,
where CYP17 is already abundant, excess CRH and ACTH may cause even higher CYP17
expression, and so continue to contribute to greater DHEA and DHEAS, even as 17-
hydroxylase remains partly inhibited 14. It is already clear that biosynthetic inhibitors that
cause generalized inhibition of CYP17A1 leading to additional blockade of cortisol
biosynthesis and associated loss of feedback on the neuroendocrine axis, will result in
increased ACTH release and as the remaining steroid pathway literally enters overdrive,
there is now physiologically abnormal over-production of ear/y steroidogenic pathway
steroids in the ZF of the adrenal cortex, including pregnenolone (Figure 1). As this spills
into the circulation, it can supplement continued conversion to DHEA (in the ZR) or to
progesterone (in the ZF), and may even be converted to inappropriately high levels of
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aldosterone (in the ZG). These are indeed all observations that have been reported with the
use of abiraterone, and such ACTH-induced aldosterone excess in particular is most likely
responsible for abiraterone-associated increases in cardiovascular disorders 14: 15,

Further complications caused by cortisol replacement

In order to counteract abiraterone-mediated progestogenic stimulation of prostate tumor
survival, supplementation strategies employ prednisone or dexamethasone in conjunction
with abiraterone to reverse elevations in circulating ACTH levels. While this co-treatment
alleviates progestogenic excess 14 15, it does not always alleviate aldosterone excess, and
requires additional mineralocorticoid receptor antagonism in such situations 23. One
immediate concern is that high levels of synthetic glucocorticoids, such as prednisone and
dexamethasone, are also not therapies that can be tolerated for indefinite periods, and their
inevitable forced withdrawal can lead to subsequent problems in simply regaining adrenal
function in an already compromised patient. More recent data also suggest that prednisone
itself may stimulate the mutant AR, further defeating the point of prednisone co-therapy 2.
What is needed is a better way to starve prostate cancer of both C19 androgens and early
steroid pathway intermediates, such as pregnenolone and progesterone, while preserving
cortisol feedback, and thus avoiding a need for prednisone. But is that possible? The answer
is “yes”, but only if we make inhibition selective for 17,20 lyase activity alone within
CYP17AL.

Tumor survival strategies to escape CYPL17 inhibition

As a result of CYP17A1 inhibition, prostate tumors will initially regress, but because of
pituitary ACTH escape from cortisol negative feedback, increased ACTH stimulates
adrenocortical steroid pathways causing excessive release of accumulating early pathway
intermediates into the circulation. There is now an alternative option for malignant cells that
survive through expression of an alternate mutated AR receptor 14 25 that can bind and
respond to these steroids, including progesterone and pregnenolone 19: 14, The continued
excess of these progestogenic steroids appears to stimulate any newly expressed mutant

AR 14 thus resulting in strong selection for malignant cells expressing the mutant AR and
corresponding resurgent tumor growth. Such a situation potentially limits any further
extension of cancer patient longevity using CYP17A1 inhibitors acting on 17 hydroxylase
activity. It is thus not surprising that abiraterone only extends prostate cancer patient survival
for ~ 5 months beyond the life expectancy provided by therapeutic or surgical castration 14,
when prostate tumors become refractory to abiraterone therapy 14: 15,

In addition, abiraterone also inhibits HSD3B1. Some reports have indeed shown that
HSD3B1 can be expressed in abiraterone-resistant tumors 26: 27: 28 and other reports show
CRPC tumors can express HSD3B2 29, Since HSD3B isoforms are needed to convert DHEA
to androstenedione, the assumption has been made this is a beneficial additional property,
but other data regarding relative levels of CYP17 vs HSD3B activity suggest otherwise.
Given human and nonhuman primate CYP17 is deficient in delta 4 lyase activity converting
17-hydroxy progesterone to androstenedione ©, then the major obligatory pathway for
androstenedione production is via DHEA (Figure 1). This is the case not only in human
adrenal ZR, but also in both gonads and the tumor. Previous mathematical modeling of
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relative enzyme activity confirms that progressive limitation of HSD3B activity relative to
CYP17 raises DHEA production, and does not lower it 30.

Beyond the major pathways indicated above, another consideration of relevance is the
possible synthesis of C19 steroids by drug resistant tumors via alternative biosynthetic
pathways. As shown in Figure 2, there are alternative pathways from progesterone or DHEA
to 5 alpha DHT, including several other steroid metabolizing enzymes that are found in drug
resistant CRPC tumors 16, The key point, nonetheless, is that CYP17A1 is still necessary for
either of these pathways to receive DHEA substrate, or convert progesterone in particular to
DHT independently of DHEA/androstenedione substrate. Clearly, based on Figure 2, if
17,20 lyase is selectively inhibited, not only is adrenal DHEA blocked without adrenal
progesterone being elevated enough to enter the circulation, but also those tumors that
initiate alternate steroid pathway biosynthesis will remain starved of C19 steroids in general,
and DHT in particular, from other sources.

2) The Search for a selective 17,20 Lyase inhibitor — is it even possible?

We now explore the evidence that selective lyase inhibition is indeed attainable. We then
further explore how close the already established CYP inhibitors, and more recent
compounds targeted to CYP17A1 in particular have progressed towards achieving that goal.
Because the focus of this review is ultimately human therapy, we will focus only on the
literature for species that show similar characteristics for CYP17A1 activity, namely humans
and nonhuman primates, and we will also refer to data from the human-derived
steroidogenic cell line, H295R, and its homologues. Before we begin, however, we first need
to describe the normal role of CYP17A1 in steroid biosynthesis and ask what criteria can be
effectively employed to distinguish between combined 17-hydroxylase and 17,20 lyase
inhibition, and ‘true’, or ‘isolated’ 17,20 lyase deficiency. How much do circulating
concentrations of steroids change in each instance? Can cortisol biosynthesis be preserved
while completely inhibiting DHEA production? Fortunately the past 25 years have yielded
an extensive understanding of the role of CYP17A1 in the normal adult male primate, and
have allowed time to identify and characterize the outcomes of point mutations to the
CYP17A1 gene itself, and indeed genes for accessory proteins (such as CytB5) that, when
mutated selectively, impair 17,20 lyase activity while leaving 17 hydroxylase activity largely
intact 3. In many clinical trials, there is little reference to this basic steroidogenic literature,
and yet it is key to both an understanding of the problem and achieving future therapeutic
success. The data are indeed already there to guide the way to achieving our goal of a
CYP17A1 selective drug capable of “clean” androgen ablation without ACTH excess.

What nature teaches us about the importance of independent control of 17-hydroxylase vs
17,20 lyase enzymatic activities within CYP17A1

With the cloning and expression of CYP17A1 cDNA, it was immediately apparent that the
two previously reported 17-hydroxylase and 17,20 lyase enzymatic activities were inherent
within one protein sequence 32. Since that time, the question has been: Is it truly possible to
differentially regulate the two enzymatic activities within CYP17A1? We 6 have previously
reviewed the evidence that there is both a clear preference of P450c17 CYP17A1 in humans
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for pregnenolone over progesterone, and further, that the relative delta 4 pathway 17,20 lyase
insufficiency in humans, effectively disabling conversion of 17-hydroxyprogesterone into
androstenedione, makes DHEA biosynthesis a prerequisite for androgenic and estrogenic
C19 steroid biosynthesis. The studies of Miller and colleagues 33 confirm that the DHEA-
route of biosynthesis of C19 steroids is preserved in many nonhuman primate species. Given
that the 17-hydroxylase reaction converting pregnenolone to 17-hydroxypregnenolone
occurs with higher substrate affinity than that of HSD3B conversion of pregnenolone to
progesterone, then progesterone will only be synthesized in abundance when CYP17A1
expression is diminished or its activity is limited 6. While the absence of CYP17A1 activity
is indeed the norm in both the adrenal ZG (Figure 1) and in ovarian follicle granulosa cells,
it should be remembered that in the adrenal ZG, the additional abundance of CYP21A1
normally causes rapid conversion of any progesterone straight to deoxycorticosterone, and
so limits release of progesterone into the circulation. In contrast, in the ovarian granulosa,
the lack of CYP21A1 expression, except during mid-cycle luteinization 34, means that
conversion of pregnenolone to progesterone is an end point, resulting in the release of this
progestagen. It is therefore no surprise that under normal circumstances, while progesterone
is made in both adrenal and ovary, circulating levels are relatively low and are only a
reflection of the ovary when progesterone becomes an end product of granulosa cells of the
dominant, pre-ovulatory follicle (late follicular phase of the menstrual cycle), and following
ovulation when granulosa cells are luteinized (during the ovulatory LH surge) and form the
majority of the corpus luteum (luteal phase). Luteinized granulosa cells within the post-
ovulatory corpus luteum are mostly LH-driven and the fact they exhibit exaggerated HSD3B
expression is what enables nM concentrations of progesterone in the circulation in support
of potential fertilization, implantation and early pregnancy.

In the case of the adrenal ZF, however, expression of abundant 17-hydroxylase enables
conversion of pregnenolone to 17-hydroxypregnenolone, and this is followed by the choice
of further 17,20 lyase activity by CYP17ALl or further ‘dehydrogenase’ activity by HSD3B.
In contrast to its 17-hydroxylase properties, 17,20 lyase activity within CYP17A1 is
generally slower and the Km shows relatively lower affinity for 17-hydroxypregenolone, so
HSD3B can compete effectively if HSD3B is sufficiently abundant and it becomes the
predominant pathway. In the normal human ZF, once pregnenolone is converted to 17-
hydroxypregnenolone, it is then converted to 17-hydroxyprogesterone. Once made, 17-
hydroxyprogesterone cannot be effectively converted to androstenedione, since the human
and nonhuman primate, CYP17A1 uniquely lacks effective delta 4 lyase activity ® (Figure
1). Due to the additional presence of abundant CYP21ALl in the ZF, the fate of 17-
hydroxyprogesterone in this zone of the adrenal cortex is also immediate conversion to
deoxycortisol. Once again, while produced as an intermediate in the adrenal ZF itself,
circulating levels of 17-hydroxyprogesterone are not normally a reflection of adrenal
production, but of both ovarian pre-ovulatory theca and post-ovulatory luteinized theca cell
function, particularly from the latter during the post-ovulatory luteal phase of the ovarian or
menstrual cycle 3% 36, Only in conditions of CYP21A1 deficiency will circulating levels of
17-hydroxyprogesterone reflect adrenal activity 8 37: 38 and so are used as diagnostic criteria
for congenital adrenal hyperplasia 39 40 41; 42,
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There are also normal circumstances during which 17,20 lyase activity can predominate and
so lead to substantial production of DHEA and so feed into the C19 androgen pathway. This
occurs in the adult adrenal ZR of both human and nonhuman primates where CytB5 is co-
expressed with CYP17ALl at high levels, while competing HSD3B expression and activity is
severely limited relative to CYP17AL. It is particularly noteworthy that the selective
enhancement of 17,20 lyase activity is made possible re/ativeto 17-hydroxylase activity by
the presence of substantially elevated CytB5, and more so when it is recognized that electron
transfer by CytB5 is also not required. Indeed activation of 17,20 lyase activity by CytB5
has been proposed to be purely allosteric 43 44, Such an observation is not only critical in
understanding normal physiologic regulation of DHEA synthesis in the normal adrenal goes
beyond CYP17ALl expression alone, it also suggests selective inhibition of 17,20 lyase
activity may indeed be possible.

Clearly, nature has revealed to us that the need to control DHEA production (for the sake of
controlling C19 androgens) should not occur at the expense of diminishing an essential
function, such as glucocorticoid production. When we also look further at hypothalamic-
pituitary negative feedback regulation of adrenocortical steroidogenesis, exquisite feedback
control exists for tightly maintaining cortisol in response to ACTH and there are further
automated gain controls at the level of hypothalamo-pituitary 11BHSD expression
(regulating intra-cellular inter-conversion between cortisol and inactive cortisone) 4°, ACTH
stimulating its own receptor level, and ACTH driven adrenal hyperplasia to fine tune the
system 46:47: 48 |n contrast, while ACTH is at least one powerful stimulant of adrenal ZR
DHEA synthesis and release, and this entire adrenal zone is geared to the additional
production of sulfoconjugated DHEAS (Figure 1), neither DHEA nor its metabolites offer
substantial negative feedback control on hypothalamo-pituitary regulation of adrenal cortex
steroidogenesis 4°.

Studies in subjects with CYP17 mutations

To summarize, while nature imposes tight control of 17-hydroxylase activity by simple
control of expression relative to HSD3B and superimposed endocrine stimulation of
pathway activity, the differential control of 17,20 lyase activity can be further achieved in
humans and nonhuman primates through i) exploitation of competing reactions in the
absence of significant delta 4 lyase activity and ii) further CYP17A1 allosteric interaction
with CytB5 (through co-expression). The question now is can we exploit this
pharmacologically by targeting the 17,20 lyase component of CYP17A1? Ironically, even
before our more recent understanding of the dual nature of CYP17A1 enzymatic activity,
nature had already run this experiment for us. With the discovery of natural CYP17A1l
mutations 2% 51, many affected subjects have now been investigated for changes in steroid
metabolism and associated signs and symptoms 42: 52: 53:54 The findings of such studies
certainly underscore the view that deficiency of 17-hydroxylase activity has the more
substantial health consequences through disruption of cortisol biosynthesis (Figures 3 and
4) 42.52,53,54 |n contrast, a general finding in those proposed to have ‘true’, selective 17,20
lyase deficiency is they still have 17-hydroxylase activity sufficient for cortisol biosynthesis
at basal levels (Figure 5), but have diminished capacity to raise cortisol synthesis through
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ACTH stimulation 31. The latter strongly suggests that such “true’ 17,20 lyase deficient
subjects are indeed also showing some partial reduction in 17-hydroxylase activity.

Structure-function studies on human and nonhuman primate CYP17A1 mutations, combined
with our understanding of the importance of CytB5 co-expression, have started to unravel
which amino acids in the primary CYP17A1 sequence are most important to 17,20 lyase
activity. It is no surprise then that the amino acids most related to interaction with P450
oxido-reductase and CytB5 are indeed the ones most effective in reducing 17,20 lyase
activity while maintaining the most hydroxylase activity 21 5556, |t is also no surprise that
subjects with mutations in CytB5 are also found to result in truly selective, fully isolated
17,20 lyase deficient. The important difference is that at least one mutation of CytB5 results
in complete loss of DHEA and its metabolites, while leaving cortisol at completely normal
levels and normally responsive to ACTH challenge 7. The latter finding contrasts with
multiple cases of CYP17A1 mutations classified as true lyase activity mutations wherein
17,20 lyase activity of the protein expressed /n vitrois reduced to less than 10%, and an
associated reduction of 17-hydroxlase activity to ~65 % of control is routinely

observed 31 57: 58 While circulating cortisol in such subjects would be near normal at rest,
the adrenal capacity to respond with additional cortisol synthesis and release on ACTH
challenge is usually limited. This leads us to the question: What happens to the levels of
ACTH and circulating upstream steroids in individuals with each class of impaired
CYP17A1 function?

Certainly if untreated, in the simplest case of severe 17-hydroxylase deficiency, ACTH is
increased through lack of adrenal ZF cortisol negative feedback, and upstream steroids are
elevated, especially including those that are not 17-hydroxylated. The result is that
progesterone and corticosterone are particularly increased in the circulation (Figures 3 and
4)%9. Of note, in addition to both cortisol and C19 steroids in general being equally
depressed in these individuals (see for instance 6% 61) 17-hydroxyprogesterone is
diminished in contrast to clear elevation of progesterone in these subjects (Figures 3 and 4).

In subjects with ‘true’ 17,20 lyase deficiency (wherein hydroxylation is largely still
possible), near minimal levels of DHEA and associated C19 steroids are also seen in the
circulation, but without a substantial loss of cortisol production (Figure 5), and further
ACTH challenge may to some extent stimulate cortisol levels marginally higher 31 62, While
full steroid profiles are not yet published for subjects with “true” 17,20 lyase deficiency,
reports to date suggest that they do show some increases in progesterone, but they also show
more obvious increases in 17-hydroxyprogesterone, particularly when considered as a ratio
to C19 steroid products 3. By comparison, in the subjects with “isolated” 17,20 lyase
deficiency due to CytB5 mutations, there are no such pronounced increases in circulating
levels of earlier steroid intermediates in the cortisol biosynthetic pathway, including 17-
hydroxyprogesterone. Continued 17-hydroxylase activity is also indicated by normal low
levels of corticosterone relative to cortisol, while the relative circulating concentrations of
17-hydroxyprogesterone are elevated when compared to the very low levels of androgens
and estrogens 57 63,
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Thus far, the natural endocrine physiology of the adrenal and spontaneous mutation
experiments of nature have given us much information about how selective/differential
alteration of 17-hydroxylase and 17,20 lyase activity is possible, and what the consequences
may be in the altered steroid profile in vivo of ‘true’ or ‘isolated” forms of 17,20 lyase
deficiency. The lessons of these /n vivo observations are that 17-hydroxylase inhibition can
suppress C19 steroid output of the adrenal ZF and ZR, but at a price associated with cortisol
deficiency and ACTH excess (with Addison’s-like signs and symptoms) and so
corresponding deleterious elevation of pregnenolone, progesterone, deoxycorticosterone and
corticosterone in particular (Figures 3 and 4). In contrast, selective forms of 17,20 lyase
inhibition do not drive such a strong increase in ACTH and not only avoids depression of
cortisol, but also elevation of early steroid pathway intermediates (Figure 5). In testing
pharmaceutical agents clinically in humans and nonhuman primates, in addition to loss of
cortisol, substantial elevation of progesterone, but not 17-hydroxyprogesterone, provide a
good set of indicators for 17-hydroxylase inhibition. In contrast, the more cortisol release is
retained, and the less early steroid pathway intermediates are elevated (particularly those not
17-hydroxylated such as pregnenolone, progesterone, deoxycorticosterone and
corticosterone), then the more selective the 17,20 lyase inhibition. While the ideal
observation in this regard in normal subjects or nonhuman primates treated with a selective
17,20 lyase inhibitor would emulate that of subjects with naturally occurring CytB5
mutation, it is most likely the best that can be achieved with a drug targeted to the CYP17
binding/active site itself is the same as those homozygous for isolated 17,20 lyase
deficiency, wherein lyase activity is <10% normal and hydroxylase remains at about 65% or
more (see above).

3) Clinical Realities

Given these caveats, the remainder of this review will now focus on comparing what is
known of putative adrenal CYPL17 inhibitors in general, and of 17-hydroxylase vs 17,20
lyase selective inhibitors in particular in human subjects and nonhuman primates with
normal CYP17A1 activity. In particular, we will further consider if the reported alterations
in circulating steroids match that of human subjects with congenital 17-hydroxylase
deficiency, or ‘isolated’ or ‘true’ 17,20 lyase deficiency, and which alternate steroid products
arise in each case. We will then finish with a discussion of the likelihood that the
development of a selective 17,20 lyase inhibitor can be achieved for clinical use that would
be more beneficial in prostate cancer treatment than the drug currently most in use.

Reference data from use of general P450 inhibitors

Early compounds, such as ketoconazole, were developed as broad spectrum P450 inhibitors.
It was therefore no surprise that while its use resulted in inhibition of 17-hydroxylase
activity, general suppression of all adrenal steroids also occurred. Studies in H295R cells
have clearly shown that ketoconazole not only inhibits CYP17A1, but also CYP11Al,
CYP21A2, CYP11B1 and CYP19 64 65 As such, while ketoconazole treatment has been
used as a way of preventing C19 steroid production as an adjunct to anti-cancer treatments
for breast and prostate cancer, it is not by any means a selective treatment that achieves our
goal of doing so while maintaining sufficient cortisol output. Nor could it be considered safe
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for long-term use, as it induces Addison’s-like symptoms and hypotension. Likewise, while
it may be that ketoconazole-induced generalized inhibition of adrenal P450’s , (including
CYP11A1) prevents the production of large amounts of pregnenolone, progesterone,
deoxycorticosterone and corticosterone that normally accompany more targeted 17-
hydroxylase inhibition, it is also true that the required dose dependent decline in DHEA
release parallels the decline in aldosterone output in monkey adrenal cell preparations 62,
and so mineralocorticoid disruption will also occur. While the historic observations of
ketoconazole’s effects may well be argued to have been pivotal in driving the use of
steroidogenic inhibitors for prostate cancer therapy, its lack of specificity means
ketoconazole is not an appropriate drug of choice for anti-prostate cancer therapy.

First generation CYP17 inhibitors without 17,20 lyase selectivity

The more recent development of CYP17A1 targeted inhibitors such as abiraterone has
certainly led to the best current adjunct to chemotherapy for prostate cancer. The action of
abiraterone is far more selective to CYP17A1 than ketoconazole, and clinical trials have
demonstrated abiraterone to be successful in reducing C19 steroid products in

general 1114, 15166, 67 Unfortunately, it also has significant off-target effects 15 66: 68,
Notable declines in circulating cortisol and corresponding simultaneous elevation of
deoxycorticosterone and corticosterone 14 66: 67 confirm the site of action is clearly more at
the level of 17-hydroxylase 11: 1567 Sybstantial increases in pregnenolone and progesterone
are also consistent with 17-hydroxylase inhibition, leading to elevated ACTH through lack
of cortisol feedback 11: 23, Certainly in clinical use, the ACTH elevation can be reversed by
co-treatment with glucocorticoids such as prednisone 11:23: 69 Glucocorticoid replacement
therapy can also lower the accumulation of pregnenolone and progesterone, and relieves
hypertension with concomitant lowering of deoxycorticosterone 11: 67, but it also adds the
further complications associated with long-term synthetic glucocorticoid therapy. While
abiraterone does indeed represent a substantial advance in available therapy 11: 14: 15: 67 jt
does not yet present the profile expected of a truly selective 17,20 lyase inhibitor. Recent
studies of tumor xenografts in mice have also shown that in the presence of abiraterone,
further local CYP17A1 expression can be induced in the tumors and, more significantly,
mutant AR expression has been reported 16: 25, As stated above, more recent data also now
suggest that prednisone itself may stimulate the mutant AR, so defeating the point of
prednisone co-therapy further 24,

One additional drug with abiraterone like properties is orteronel (TAK-700). Extensive
studies have been published on this compound and that of Yamaoka et al 70 gives a detailed
study of this compound’s effects in both H295R and nonhuman primate adrenocortical cells,
as well as /n vivo effects in nonhuman primates. While the compound has previously been
shown to inhibit 17,20 lyase activity using human P450c17 preparations and 17-
hydroxypregenolone as substrate, comparative effects on 17-hydroxylase vs 17,20 lyase
activity were not reported. More recently, using a monkey adrenal microsomal preparation,
the ED50 for effects of TAK-700 on 17-hydroxylase vs 17,20 lyase were reported to be
similar at 38 vs 27 nM, respectively. This difference in ED50 was comparable to that
observed for abiraterone run in parallel. In a human P450c17 preparation, the affinity for
TAK-700 was less, but at the same time the inhibitory discrimination of lyase vs
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hydroxylase activity was reportedly improved at 140 vs 760 nM respectively. In monkey
adrenal cells, dose dependent suppression of DHEA and androstenedione was slightly better
than for cortisol, but cortisol levels were still lowered up to 80% when DHEA and
androstenedione output were at basal. While the ability to show some degree of separation
for the dose dependent inhibition of C19 steroid products compared to cortisol was better for
TAK-700 than was observed for ketoconazole, the decline in cortisol output in response to
TAK-700 was still associated with corresponding dose dependent increases in corticosterone
and progesterone, clearly indicating 17-hydroxylase inhibition was significant in addition to
any observed 17,20 lyase inhibition. This likely explains TAK-700’s clinical use in
conjunction with prednisone, and its tendency to produce signs of mineralocorticoid

excess 14, while data for changes in pregnenolone remain unreported 7°.

In vivo studies, reported by Yamaoka et al 2012 79, also confirmed that when TAK-700
inhibited testosterone down to minimum levels it was associated with substantial loss (90%)
of circulating DHEA, but cortisol levels were also reduced by more than 60%. While further
circulating levels of corticosterone, progesterone, pregnenolone, and indeed ACTH were not
reported, it is also relevant that in the H295 cell model, side by side comparison of the
effects of TAK-700 and abiraterone showed similar effects to inhibit DHEA output more
effectively than cortisol, suggesting while there is some lyase specificity in comparison to
ketoconazole, both TAK-700 and abiraterone dose dependently increased aldosterone ahead
of progesterone over the same dose range. This confirms the inhibitory effects of these drugs
on 17,20 lyase vs 17-hydroxylase activity is similar and is consistent with the observation /in
vivo that suppression of testosterone and/or circulating DHEA is accompanied by an
approximate 60% loss of cortisol and likely a substantial rise in progesterone and
pregnenolone. As such, TAK-700 appears to have about the same lack of 17,20 lyase
specificity in vivo as abiraterone, and it is likely clinically that the same undesirable co-
dosing with a synthetic glucocorticoid will be needed to prevent the anticipated rise in
ACTH 4,

Next generation selective CYP17 lyase inhibitors

There are already enough data emerging to show that the dose dependent inhibition of C19
steroids such as DHEA/androstenedione, and the further metabolites such as testosterone
can be achieved with some degree of separation from the decline in cortisol. Detailed data
on TAK-700 and abiraterone therapy gives some hope that a more selective 17,20 lyase
inhibitor is both possible and could clinically be more successful 7. If we go back to our
natural mutation experiments and look at the in vivo effects of selective lyase deficiency due
to mutation of CYP17Al itself, we can see that 17-hydroxylase activity levels can be
retained at 65% even with near complete 17,20 lyase inhibition, and cortisol levels in vivo
can be largely maintained at rest even if they do not substantially increase further on ACTH
challenge. The ideal drug, therefore, is not likely to exceed these values. In vivo, for those
with tumors expressing mutant AR, the pivotal goal of any therapy is to starve the tumor of
C19 androgen, but without a dramatic rise in ACTH that would otherwise drive increases in
upstream early ZF alternate pathway steroids such as pregnenolone and progesterone, or
require the use of prednisone to suppress them (because of their combined mutant AR
stimulating effects) 16. Certainly data from those with naturally occurring CYP17A1
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mutations resulting in “true’ 17,20 lyase inhibition suggest this is possible 31 50, Given the
availability of nonhuman primate models, primate adrenocortical cell models, and indeed
H295 cell models, the tools are in place to ‘work up’ such compounds to a considerable
degree before clinical trials begin. In addition, the existence of ketoconazole as a negative
control and abiraterone or TAK-700 as reference compounds for partial 17,20 lyase activity
should make such assays reliable. The goal then is to exceed the specificity of abiraterone or
TAK-700 as indicated by equal ablation of circulating C19 steroids, but with minimal loss of
cortisol or rise in ACTH, and so minimal corresponding elevation of pregnenolone or
progesterone or indeed corticosterone or aldosterone. Based on the realization that these are
the markers that identify a truly selective lyase inhibitors necessary to more effectively treat
castration resistant prostate cancer with the least adverse side effects, at least two promising
drugs are in development for clinical use that fulfil those criterion 72 73,

Galaterone (TOK-001) has been proposed to act as both a CYP17A1 inhibitor and AR
antagonist 14 74, Nonetheless, very little information is publically available regarding its
effects on steroid profiles in vitro or in vivo beyond putative ED50 values 7> 76: 77, The
compound has been described as a 17,20 lyase inhibitor and the assay used to determine
EDS50 values was human P450c17 expressed in £. Coliusing 17-hydroxypregnenolone as
substrate. Complete data on relative hydroxylase vs lyase specificity have only been
presented in preliminary form, but studies in steroidogenic cells also suggest Galaterone is
indeed capable of suppression of testosterone synthesis without substantial suppression of
cortisol 14, While a crystal structure has been reported for P450c17 crystalized with
abiraterone and galaterone, there is no apparently obvious difference in the orientation of the
substrate in each case /8 and it has also been further proposed that galaterone’s main action
may be at the level of the AR itself 74 76, Clinical trial data do indicate prednisone co-
administration is not required, and mineralocorticoid excess is not observed 74, but complete
clinical trial data of any effects on circulating ACTH or cortisol in humans have not been
reported. It is reasonable to conclude that Galaterone shows 17,20 lyase selectivity
exceeding that of abiraterone, but just how much more selective it is remains unclear.

VT464 is another recently developed compound proposed to act as a selective lyase
inhibitor, and more complete data is available in the public domain to support this claim. A
review of preliminary data released suggest the 1C50 for Human CYP17 lyase activity is ten
times lower than for hydroxylase 1® and in nonhuman primates VVT464 was able to suppress
circulating testosterone as effectively as abiraterone, but with minimally depressed cortisol
(remaining at 82% control compared to only 9% with aberaterone), and without associated
increases in pregnenolone, progesterone and mineralocorticoids otherwise observed with
abiraterone 1°. Like Galaterone, VT464 is also in use in clinical trials without co-
administration of prednisone. Together with the clear lack of suppression of circulating
cortisol in nonhuman primates, these data argue that VT464 may indeed be a selective 17,20
lyase inhibitor.

4) Commentary on uses of selective 17,20 lyase inhibitors

If continued monitoring of these same parameters along with tracking of circulating ACTH
in human trials confirms these new drugs are the long sought after 17,20 lyase inhibitors,
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then we may for the first time be able to control both circulating C19 androgen precursors
(and so androgens) that initially drive tumor growth, and alternatively derived steroids in
drug resistant tumors without diminishing circulating cortisol and thus elevating circulating
ACTH (with all its deleterious side effects). The immediate relevance is first and foremost
improving the treatment of castration resistant prostate cancer, and hopefully the second
would be extending life beyond the ~5 months achieved so far with abiraterone in clinical
trials (see above). Given the availability now of drugs showing greater 17,20 lyase
selectivity, we should know the answer to this question quite soon.

There are also other diseases of androgen, but not cortisol, excess which may also benefit
from treatment with such new compounds. One prevalent example is polycystic ovary
syndrome (PCOS), a condition afflicting ~15% of women. Ovarian androgen excess is
present in the majority of women with PCOS and comprises one of the key diagnostic
criteria, namely hyperandrogenism, intermittent or absent menstrual cycles and polycystic
ovaries (at least two out of these three required for diagnosis)’®. The excess androgen results
in hirsutism, acne and disrupted ovarian, hypothalamic and adipose function. Oral
contraceptives effectively lower androgens and block the effect of androgens via suppression
of ovarian androgen production and by increasing sex hormone-binding globulin. To
especially block the effects of androgen in skin pilosebaceous units or hair follicles,
androgen action is diminished either through the use of competitive androgen receptor
antagonists such as spironolactone, cyproterone acetate and flutamide, or by using
finasteride to inhibit 5a-reductase and preventing the conversion of testosterone to its more
potent form, 5a-dihydrotestosterone. The selection of antiandrogen therapy is guided by
presenting symptoms 81,

Another area where selective lyase inhibition may also be of value is in premature
adrenarche. The past decade of study suggests that in such subjects premature elevation of
adrenal androgens is coincident with premature expression of Cytb5 and reduction of
HSD3B2 82 within the ZR. Recent studies also suggest that bioactive androgens may be
derived from adrenal androstenedione itself or 11BOH-androstenedione, but both are still
dependent on 17,20 lyase activity. It is therefore highly likely that the use of a selective lyase
inhibitor would moderate premature symptoms and avoid the need for subtype specific
HSD17B inhibitors which are proposed for use but don’t yet exist. One reason this approach
may be appealing is while the increased expression of HSD17B5 is observed in ZR
development 82 83 it is also widely expressed in other tissues including kidney, bladder as
well as prostate and testis 84. Thus while a specific HSD17B5 inhibitor may be attractive as
a treatment, it may also have undesired side effects. It is more likely the best approach is a
combined use of CYP17ALl lyase inhibitor alone or in combination with a selective HSD17B
isoform inhibitors at more modest doses, so avoiding unwanted side effects.

In closing, it is important to recognize that only by considering decades of biomolecular
study of CYP17A1 expression and function in the normal and abnormal adrenal that we can
fully understand the true action of CYP17A1 inhibitors. As we now approach the third
generation of inhibitors, namely those truly selective for 17,20 lyase activity, we may finally
be turning the corner in our battle to treat castration resistant prostate cancer (and potentially
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other hyperandrogenic responses) with a scalpel-like approach instead of a hammer because
we considered both basic science and clinical outcomes fogether.
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Highlights
Using CYP17 inhibitors to target prostate cancer has had only limited success.

Advances are limited by a failure to properly allow for effects on adrenal steroids.

Naturally occurring CYP17 mutation studies provides much needed reference data.

Based on such analysis, at least two new lyase specific drugs are identified.

Use of lyase selective inhibitors avoids the need for prednisone cotreatment.
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Figure 1. ACTH-dependent, specialized steroidogenic pathways of the adrenal cortex
In the zona glomerulosa (ZR, green shading), an absence of CYP17A1 leads to aldosterone

as the major hormone released, while in the zona fasciculata (ZF, grey shading), expression
of CYP17A1 without CytB5 leads to predominant 17-hydroxylase activity and cortisol as
the major hormone released. In the zona reticularis (ZR, orange-pink shading), expression of
CYP17A1 together with CytB5 now enhances 17,20 lyase activity. Coexpression of
sulfotransferase, but diminished expression of 3beta-hydroxysteroid dehydrogenase, within
the ZR leads to DHEA and DHEAS as the major products released post adrenarche, and
androstenedione as a minor product (dashed arrow). Under physiological conditions, ACTH
stimulated ZF and ZR steroidogenic function is regulated by cortisol negative feedback
alone, while angiotensin 1l (and circulating K+) predominantly regulate ZG steroidogenic
function.
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Figure 2. An alternative “backdoor” steroidogenic pathway to androgen production can operate

in parallel to the “classical” steroidogenic pathway

The “backdoor” pathway utilizes pregnenolone and progesterone to synthesize
dihydrotestosterone, a highly potent androgen, without progressing through “classical”

pathways of production to DHEA and androstenedione. Co-expression of CYP17A1 and
CytB5, however, are required for both pathways to operate. Modified from 33.
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Figure 3. Altered steroid hormone production in the adrenal cortex induced following
diminished CYP17AL1 expression or selective 17-hydroxylase inhibition

In the case of selective 17 hydroxylase inhibition, 17,20 lyase function is also
correspondingly lost (red Xs).. While androgen biosynthesis is now prevented, cortisol is
also lost (grey text). This releases negative feedback control of circulating ACTH, and the
ensuing excess ACTH levels over-stimulate production and release of both aldosterone and
early steroid pathway products into the circulation (red arrows). Other details are provided in
the legend to Figure 1.
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Figure 4. Altered steroid hormone production in both “classical” and “backdoor” pathways
following diminished expression of CYP17A1 or selective 17-hydroxylase inhibition (red Xs)

While androgen biosynthesis is absent, cortisol is also absent (grey text), releasing negative
feedback control on ACTH, and resulting in excessive ACTH drive also over-stimulating
“backdoor” products of 5alpha-DHP and allopregnanolone, in addition to supraphysiologic
over-stimulation of the adrenal ZG aldosterone pathway (red arrows; see also Figure 3).

J Steroid Biochem Mol Biol. Author manuscript; available in PMC 2017 October 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Bird and Abbott

Page 24

“ : “Back ” path
Classic” Pathway Choloeral 7G Backdoor” Pathway

1 StAR Aldosterone
CYP11A1
HsD382 L SRD5A1
" |7
Isolated Pregnenolone |===—==——%| Progesterone |—0| S5a-DHP |
Lyase l %21 7A1 omzAs | 2F akp1c2
Inhibition 0362 =" Cortisol
I 170H-Pregnenolone i——-bl 170H-P | Allopregnanolone
CYP17A1 cvp17a1
ORand bS lSRDSM POR
HsD382 AKRIC2
IAndrostenedione I -~ [ DHEA l—. 170H-DHP |==%| 170H-Allopregnanolone
+sp1783| P sp1782 Hsp1783) Fysp1782 CYP17A1
AKR1C3 AKR1C3 'OR and b5
HsD362 =
[Testosterons. | @=f222. [androstensdio
SRD5A1 S
1SRDSA2 = | Androstanedione

HSD1783
P_’__“_’f_lﬁ/ AKRIC3
DHT Soi7E2 HsD1786 -
S | Androstanediol

AKR1C2

Figure 5. Altered steroid hormone production in both “classical” and “backdoor” pathways
following selectively diminished lyase activity within CYP17A1 (red Xs)

While androgen biosynthesis through both “classical” and “backdoor” pathways is now
absent (grey text), sufficient cortisol biosynthesis remains to maintain negative feedback
control on ACTH, thus avoiding the abnormal steroid hormone excesses of hydroxylase
deficiency or blockade shown in Figures 3 and 4.
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