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ABSTRACT

DESIGN, SYNTHESIS AND EVALUATION OF NOVEL INHIBITORS
OF TYPE 5 AND 10 173-HYDROXYSTEROID DEHYDROGENASES

Ahmed Morsy, Ph.D.
University of Nebraska, 2020
Supervisor: Paul C. Trippier, Ph.D.

17B-Hydroxysteroid dehydrogenases (173-HSDs) are essential enzymes in
steroid metabolism. More and more evidence points to the pivotal contributions of these
enzymes in various other metabolic pathways. Therefore, the latest research results give
new insights into the complex metabolic interconnectivity of the 173-HSDs with human
diseases. This dissertation focuses on the metabolic activities of type 5 and 10 173-HSDs.
More specifically, regarding 173-HSDS contributions to the progression of prostate cancer
(PCa) and 17B-HSD10 aggravation of amyloid-beta (AB)-induced toxicity in Alzheimer's
disease (AD).

The second leading cause of cancer-related death in males is PCa, with the
highest incidence rate of all cancers reported in the U.S. The treatment paradigm is
dependent on androgen deprivation therapy (ADT) via surgical or medical castration,
targeting the production of androgens, primarily testosterone, in the Leydig cells of the
testis. This therapy usually leads to an initial clinical improvement with concomitant
suppression of prostate-specific antigen (PSA) levels. However, within 2-3 years,
castration-resistant prostate cancer (CRPC) develops in most patients, despite low
circulating androgens levels and has more significant metastatic potential. Such
adaptations lead to increased intratumoral androgen biosynthesis, along with an increase

in tumor responsiveness to circulating castrate levels of androgens. The enzyme 173-



HSD5 is responsible for androgen biosynthesis, and a significant upregulation of its
expression is observed in CRPC patient tumor samples. It plays a vital role in the
downstream synthesis of dihydrotestosterone (DHT), the predominant intracellular
transcriptional signal to androgen-responsive genes in intact human prostate cells. Hence,
the delivery of 17B-HSD5 inhibitor represents a promising therapeutic target to manage
CRPC and combat the emergence of resistance to clinically employed therapy. In our lab,
we developed a highly potent and selective 173-HSD5 inhibitor, KV-49g (ICso = 70 nM,
>2800-fold selectivity over its homologous isoforms). The work described herein continues
to elucidate the structure-activity relationship (SAR) around this chemotype in inhibiting
173-HSD5 activity. Further, we show PCa cells' resistance to newly approved AR
antagonists, apalutamide and darolutamide. This resistance was abstained with 24 hours
pre-treatment of KV-49g and led to PCa cells death in vitro, showing potentiation to AR
antagonists' chemotherapeutic effect. Further, we showed that the combination therapy's
synergic effect translated to a significant decrease in PSA expression. These results
demonstrate a promising therapeutic strategy for treating drug-resistant CRPC that
invariably develops in PCa patients following initial treatment with AR antagonists.

The most common form of dementia is AD, affecting an estimated 46.8 million
people worldwide in 2015, a number predicted to increase to 74.7 million by 2030 and
131.5 million by 2050. Current therapeutic agents against AD are palliative in nature,
managing symptoms without addressing the underlying cause, and thus, disease
progression and patient death remain a certainty. Whereas the leading underlying cause
for the development of AD was initially thought to be an abnormal deposition of the soluble
oligomeric form of AB-derived plaques within the brain, the failure of several high-profile
therapeutic agents, which were shown to reduce the plaque burden without improving

cognition, has recently prompted a shift in focus to disease-modifying therapy. A therapy



Vi

that aims to restore a normal target's function that has been compromised by AR
accumulation, alleviating AB-induced toxicity. Soluble AB oligomers have been identified
in various subcellular compartments, including the mitochondria, where they form a
complex with the 173-HSD10 enzyme resulting in cytotoxicity. The latter suggests two
therapeutic approaches that may hold merit in treating AD: disrupting the interaction
between the 173-HSD10 enzyme and AR, or directly inhibiting the catalytic activity of the
17B-HSD10 enzyme. AG18051 was identified as a small molecule 173-HSD10 inhibitor.
The work described herein details the synthesis of AG18051 and its analogues to
elucidate the SAR around this chemotype. Further, the generation of robust screening
assays allowing the catalytic activity of the 173-HSD10 enzyme to be measured in vitro
and the neuroprotective effects of 173-HSD10 inhibitors in ameliorating AB-induced
toxicity to be assessed. As a result, we have identified more potent compounds than
AG18501, with more 'drug-like' structures, that showed significant protection from AR
toxicity. As such, we now have a number of hit compounds that will form the basis for the
generation of subsequent series of derivatives with improved potency, as well as the
robust assays required to measure such criteria, potentially leading to the generation of

novel therapeutic agents against AD.
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CHAPTER 1: INTRODUCTION



INTRODUCTION

A biochemical reaction involving a nicotinamide adenine dinucleotide (NAD™)
molecule, acting as a hydrogen donor or acceptor to reduce or oxidize an endogenous
steroidal compound, plays a critical role in cell health. This reaction occurs in a Rossmann
fold of a 17B-hydroxysteroid dehydrogenase (17p-HSD) enzyme. It facilitates the
interconversion between the active and inactive forms of specific steroidal hormones in
their biosynthesis's final steps (Figure 1). Thus, the 173-HSD enzymes play a vital role in
cell function by regulating the amount of active steroid available to bind to a particular
receptor. A disturbance in these enzymes' usual function is involved in several diseases,
especially when a hormonal imbalance is present. The 173-HSD enzymes are mostly
NAD(P)(H) dependent dehydrogenases/reductases acting on a large, heterogeneous set
of substrates including steroids, retinols, prostaglandins, polyols, and xenobiotics.’

To date, 15 types of 173-HSD enzymes have been identified (Table 1), and with
one exception, 173-HSD type 5 (17p-HSD5), an aldo—keto reductase (AKR), they are all
short-chain dehydrogenases/reductases (SDRs).? The 17B-HSDs share several amino
acid sequences containing conserved motifs, such as those within the Rossman fold, and
are generally similar in size (250-350 amino acids). However, the overall homology across
the 17B-HSDs is low.?

Although the name, 173-HSDs, suggests the primary redox activity is at the 173-
position of the steroid, we now know that several of the 173-HSDs can convert multiple
substrates at multiple sites, such as at the 3-position on the steroid ring,* and most have
bidirectional capabilities, catalyzing either the oxidative or reductive activity. While the
major substrates of 173-HSDs are steroidal hormones, a few are believed to be dedicated
primarily to other substrates, such as fatty acids,® ¢ cholesterols,” bile acids,® or retinoids.®

Many 173-HSDs are expressed explicitly in patterns across tissues and organs. Others



have specific expression in the cytosol (178-HSD1), microsomes (173-HSD3),
mitochondria (178-HSD10), and peroxisomes (173-HSD4). These observations, along
with kinetic studies, have demonstrated that although the enzymes have multifunctional
capabilities, most have preferential substrate usage and directionality in vivo. For instance,
17B3-HSD10 is localized in the mitochondria. Since the mitochondrial matrix is slightly more
basic than that of the cytosol, the enzyme plays a role in the metabolism of the estrogenic

hormones by unidirectional catalysis, namely the oxidative inactivation of 17B-estradiol.

Inactive active
(o} OH
—
- J@(Sjﬁ
HO HO
Estrone Estradiol
178-HSD
(Co-factor OH
(o) NAD(P)/NAD(P)H)
—
-
(o]
(o]
A4-Androstenedione Testosterone

Figure 1. The conversion between active and inactive steroidal hormones by
17B-HSDs.



Table 1. 173-HSDs and their relation to diseases

GENE NAME PATHOLOGY REFERENCE
HSD17B1 Breast cancer, prostate cancer, endometriosis 1,12
HSD17B2 Breast, prostate cancer, endometriosis, osteoporosis | 1. 13
HSD17B3 17B-HSD3 deficiency, prostate cancer 14
HSD17B4 Perrault syndrome, ovarian cancer, endometriosis 13, 15,16
HSD17B5 (AKR1C3) | Breast cancer, prostate cancer, Leukemia 17-19
HSD17B6 Prostate Cancer 20
HSD17B7 Breast cancer 21
HSD17B8 Polycystic kidney disease 22
HSD17B9 Fundus albipunctatus 23
HSD17B10 (ABAD) Alzheimer’s disease, prostate cancer 24,25
HSD17B11 Prostate Cancer 26
HSD17B12 Breast cancer, ovarian carcinoma 21,27
HSD17B13 Non-alcoholic fatty liver disease 28
HSD17B14 Breast cancer 29
HSD17B15 Retinitis pigmentosa 30




1.1. PROSTATE CANCER
1.1.1. INTRODUCTION

The success of chemotherapeutic drugs has been hindered mainly by cancer
resistance.3' 32 Cancer cells reprogram themselves to become unaffected by previously
effective drugs. Traditional drug development approaches for cancer therapy are
transitioning to be more focused on understanding the underlying biological causes of
drug resistance and cancer treatments' design to overcome it. Prostate cancer (PCa) is
the most frequently diagnosed cancer in men in the US. In 2020, the estimated incidence
of PCa exceeded lung cancer and was the second leading cause of mortality in malignant
tumors in males.*

The typical prostate cell growth mechanism starts from the hypothalamus that
releases a luteinizing hormone-releasing hormone (LHRH), which signals the pituitary
gland to secrete a luteinizing hormone (LH; Figure 2).3* The latter then reaches, through
blood circulation, the Leydig cells in the testes. These cells then secrete testosterone (T),
which is translocated to prostate cells and converted to dihydrotestosterone (DHT).3* The
binding of DHT to the androgen receptor (AR) leads to its activation, acting on androgen
receptor elements (ARES) in the nucleus, leading to the release of antigen (PSA), a serine
protease produced by prostate cells, commonly used as a marker for PCa proliferation.*
These AREs also lead to the growth and survival of prostate cells. In PCa, cells’ typical
growth mechanism is overly activated and leads to cancer progression and tumor

formation.3*
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Figure 2. The hypothalamic-pituitary-gonadal axis.
Abbreviations: ARE, androgen receptor element; AR, androgen receptor; DHT,
dihydrotestosterone; LH, luteinizing hormone; LHRH, luteinizing hormone-releasing
hormone; PSA, prostate-specific antigen; T, testosterone.



1.1.2. TREATMENT OPTIONS FOR PROSTATE CANCER

Statistics on PCa demonstrate that one man in nine will be diagnosed with the
disease in their lifetime, and one man in 41 will die of this type of cancer.?® As a result, in
2020, the estimated number of deaths due to PCa is 33,330.3% Besides PSA testing, the
clinical stages of PCa are primarily defined by tumor status and whether it is a metastatic
or non-metastatic type.3 3¢ Metastasis is commonly identified in regional lymph nodes and
bone.*® The treatment paradigm of PCa is dependent on its type and clinical stage, side
effects of the treatment, and overall health of the patient. Active surveillance and watchful
waiting strategies are used in the early stages of the disease, where the tumor growth is
slow and asymptomatic.*® It is often used in older men or with men where severe or life-
threatening iliness is present. As the term suggests, the tumor's active surveillance is
achieved by monitoring tumor status through PSA testing and prostate biopsy, determining
whether to delay or start treatment.®® Surgical procedure involving the removal of the
prostate and some surrounding lymph nodes is considered the first treatment option for
non-metastatic PCa patients.?” Side effects such as erectile dysfunction and urinary
incontinence are expected with surgical procedures.® Another treatment option for early-
stage PCa is radiation therapy. External-beam radiation therapy that aims to destroy PCa
cells is used as a monotherapy or in combination with surgical procedures.*® Expected
short-term side effects are increased urinary urge or frequency, problems with sexual
function, problems with bowel function, rectal discomfort or rectal bleeding, and fatigue.*®

Other treatment options are described in detail in the following sections.



. Hormone Therapy

Hormone therapy, also called androgen deprivation therapy (ADT), is a type of
systemic treatment commonly used in advanced PCa and aims to lower T and DHT levels,
thereby slowing the growth and progression of a PCa tumor.®” As described above and in
figure 2, the hypothalamus signaling ends by the secretion of T in the circulation. Lowering
T or DHT or constraining their access to PCa tumors often makes neoplasms shrink or
grow more slowly for a period of time. However, ADT alone does not cure PCa. The
decrease in T levels in the circulation sends signals to the hypothalamus and pituitary
glands to stimulate T secretion as a positive feedback regulation.*® The ADT is used in
recurrent PCa after surgery or radiation or when metastases have occurred and
interventions such as surgery or radiation are not applicable. It can also be used in

combination with radiation therapy.

LHRH Agonists

The LHRH agonists such as leuprolide, goserelin, buserelin, and triptorelin,
available as a depot injection, act by sustained pituitary overstimulation that eventually
downregulates and desensitizes gonadotropin-releasing hormone (GnRH) receptors,
causing a decrease in hormone levels.*! The overall effect of LHRH agonists as an ADT
is an initial surge in LH, T, and DHT, which are then suppressed over time.*? The initial
surge in DHT and T stimulates cancer cells' growth and causes a tumor flare in 63% of
patients, accompanied by side effects such as libido loss, impotence, hot flashes, and
bone pain.*® Long-term T control with LHRH agonists treatment in PCa patients with a

non-metastatic or metastatic type of the disease have been demonstrated to reduce



mortality risk. In 129 patients with metastatic PCa receiving an LHRH agonist, those with
high T levels at six months had a 1.33-fold increase in mortality risk.**
LHRH antagonists

Another type of ADT is LHRH antagonists that provide a reduction in T levels more
quickly than LHRH agonists, with the advantage of avoiding the initial surge in T levels in
the circulation.*® %6 In 2008, the food and drug administration (FDA) approved degarelix,
given by monthly injection, to treat advanced PCa. Degarelix represented a safe and
effective ADT for one year in patients with PCa without causing a negative impact from
testosterone suppression.*’*° Degarelix, after 14 days, provided a rapid reduction in PSA
levels (64% from baseline) and rapid onset of action in the suppression of T (65% from
baseline). An oral LHRH antagonist, relugolix, was also approved by the FDA to treat
advanced PCa.* Relugolix has a lower risk of causing severe cardiovascular side effects,
and T production tends to be restored within weeks after treatment rather than months
compared to degarelix.>’** In a phase Ill trial, patients with advanced PCa received
relugolix or LHRH agonists, leuprolide, for 48 weeks. Relugolix achieved rapid and
sustained suppression of testosterone levels that were superior to leuprolide.®> Common
side effects are present with most ADT due to T suppression such as erectile dysfunction,
libido loss, hot flashes, gynecomastia, depression, cognitive dysfunction and memory loss,
weight gain, sarcopenia, osteopenia, and osteoporosis.®®

The LHRH modulators usually lead to an initial clinical improvement with a
concomitant suppression in prostate PSA levels.*® Virtually, disease progression occurs
in some patients, despite low T levels, leading to the development of a fatal and aggressive
form of PCa termed castration-resistant prostate cancer (CRPC), which can metastasis
and leads to a decreased overall survival (14—26 months).5” %8 The AR in CRPC remains

activated despite low levels of circulating androgens. Intratumoral androgen biosynthesis,
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along with the adaptive changes of the AR, has been the focus in understanding CRPC
progression and its therapy resistance over the last decade.®® The recommended
treatment for non-metastatic CRPC (hnmCRPC) is orchiectomy and other ADT, described

in the following section.®°

Androgen synthesis inhibitors

Targeting AR signaling, abiraterone acetate (AA; Figure 3), an androgen synthesis
blocker, earned FDA approval in 2011.%" The compound acts by inhibiting the CYP17
enzyme. The CYP17 enzyme acts by catalyzing two key reactions in the production of sex
steroids; its 17a-hydroxylase activity converts pregnenolone into 17a-
hydroxypregnenolone, an essential precursor for androgens, and its 17a-lyase activity
converts the 17a-hydroxylase products into dehydroepiandrosterone and
androstenedione, substrates of testosterone synthesis.®> Besides being an orally
administered agent, the hormone therapy drug provides the advantage of having fewer
side effects than antineoplastic therapies. However, AA acts by non-specific inhibition of
CYP17 in both gonadal and adrenal steroidogenesis, thereby increasing
adrenocorticotropic hormone levels up to six-fold, which results in mineralocorticoid
excess.® This imbalance in corticoid hormones can be countered by corticosteroids such
as prednisone to prevent serious side effects such as low blood potassium levels, fatigue,
fluid retention, hypertensive crisis, and the induction of adrenal insufficiency.'® In phase Il
clinical trial, STAMPEDE, AA prolonged overall survival among patients with metastatic
CRPC (mCRPC) with concomitant suppression of PSA levels.®* % In the clinic, AA is a

first-line treatment option for metastatic PCa and mCRPC.
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Figure 3. Structures of a selection of approved hormonal therapy for prostate
cancer.

Another androgen synthesis blocker, Ketoconazole, which inhibits the CYP17
enzyme, has shown clinical efficacy, albeit without survival benefit.®® Ketoconazole is a
synthetic antifungal used off-label as a second-line hormonal treatment for mMCRPC since
the 1980s.%7:68 Ketoconazole has shown clinical efficiency before, after, or in combination
with chemotherapy.®®7? The CYP17 inhibitors provide some benefits for CRPC patients

but are not curative, and patients often ultimately develop resistance.”

Androgen receptor inhibitors

Another class of compounds that has emerged recently is the AR antagonists,
which block AR from continuous activation by DHT. This class functions by inhibiting AR
nuclear translocation and subsequent DNA binding. The AR antagonists have the
advantage of being orally administered. First-generation drugs included in this class are

bicalutamide, flutamide, and nilutamide, and second-generation (Figure 3) are



12

enzalutamide (ENZ), apalutamide (ARN), and darolutamide (ODM).” The AR antagonist
ENZ was approved in 2012 and is currently the first-line treatment option for CRPC. The
FDA approval was based on the promising effects of ENZ in two phase Il clinical trials
(AFFIRM and PREVAIL). The results demonstrated significant improvements in survival
outcomes and response compared to placebo and have been associated with benefits
across all secondary endpoints, including PSA level, soft-tissue response rates, times to
PSA progression, radiographic progression-free survival, and first skeletal-related
events.”® 7 The use of ENZ in the clinic has been hindered by patients’ resistance’’-"° and
dose-limiting CNS seizures, limiting its therapeutic usage.” 7® In 2018, another AR
antagonist, ARN, was approved.®° The SPARTAN phase Ill trial was launched to evaluate
the efficacy of ARN in nmCRPC patients at high risk of metastatic disease. The trial
enrolled 1,207 patients, and their disease state was defined by PSA doubling time of ten
months or less at biochemical progression during ADT, over 70% of patients who had PSA
doubling times of six months or less. Patients were randomized to receive ARN or placebo
with concurrent ADT and a primary endpoint of metastasis-free survival, defined as the
time from randomization to first evidence of distant metastasis or death from any cause
within 33 weeks after the last evaluative scan, whichever occurred first, was analyzed.
The use of ARN in nmCRPC significantly increased median metastasis-free survival in the
treated group (40.5 versus 16.2 months); moreover, overall survival, time to initiate
cytotoxic chemotherapy, and second-progression-free survival were longer with ARN
compared to the placebo.®’ These findings supported the clinical benefit of ARN and its
use in clinic in patients with nmCRPC as well as patients with metastatic hormone-
sensitive PCa in combination with ADT.#2 Drug resistance has also been noted with ARN
and linked to point mutations in the AR ligand-binding domain® and intratumoral androgen

biosynthesis mediated by 178-HSD5.8* The latest AR antagonist, ODM, was approved for
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nmCRPC patients in 2019.8° Approval was based on the ARAMIS phase Il trial that
evaluated the effect of ODM in 1,509 patients with nmCRPC.8° Patients were randomized
to receive ODM or placebo and a GnRH analog concurrently or had a previous bilateral
orchiectomy, and a primary endpoint of metastasis-free survival was analyzed. The use
of ODM increased the median metastasis-free survival in the treated group (40.4 versus
18.4 months). ODM was also associated with benefits regarding all secondary endpoints,
including overall survival, time to pain progression, time to cytotoxic chemotherapy, and
time to a symptomatic skeletal event.® In a recent study, performed in our lab and part of
this dissertation work, we were the first to demonstrate the resistance of PCa cell lines to
ODM in an in vitro study, and it was linked to the intercellular mediation of 173-HSD5.84

Details about this study is described in chapter two of this dissertation.

Il. Targeted Therapy

In cancer treatment, a targeted therapy refers to cancer drugs designed to interfere
with a specific target protein that has a critical role in tumor growth or progression. This
type of treatment is the contrast approach of the traditionally known non-selective to
neoplasm cytotoxic chemotherapeutics that have been widely used as a cancer therapy
in the past decades. The molecular identification of cancer-specific proteins has
developed three main types of targeted cancer therapies: 1) monoclonal antibodies, 2)
small molecule inhibitors, and 3) immunotoxins. These therapies may be combined with
hormone therapy, chemotherapy, or radiotherapy.

To date, only two targeted small molecules, rucaparib and olaparib, have been
developed for mMCRPC treatment. These compounds exhibit their antineoplastic effect by
inhibiting a key enzyme involved in repairing single-strand DNA breaks, named poly (ADP-

ribose) polymerase (PARP). In certain types of tumors that carry mutations in the BRCA1


















