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ABSTRACT
Prostate cancer (PCa) is a major cause of cancer-related deaths in men. Its prevalence varies
by region, with higher rates in North America, Europe, and Australia. The incidence of prostate
cancer tends to increase with age, making it particularly relevant in aging populations. PCa
cells are stimulated by Androgens through intracellular Androgen Receptor (AR). AR acts as a
transcriptional activator for the expression of genes responsible for growth and survival of
the tumor (Tan et al., 2015). Therefore, lowering the levels of Androgens in circulation and/or

blocking AR is the most employed method for treatment of PCa (Harris et al., 2009). However,

during metastatic conditions such as Castration Resistance Prostate Cancer (CRPC), the tumor
cells develop mechanisms to evade androgen dependency for their growth and survival.
These mechanisms include expression of AR variants which bind to androgen precursors of
adrenal origin and de novo intra tumoral androgen production. Therefore, androgen
biosynthesis seems to be the key target for treatment of Castration Resistant Prostate Cancer
(R. Bruce Montgomery et al., 2008).

In humans, androgens are primarily produced in the male testis, female ovaries, and adrenal
glands. Androgens control male sex traits and development as well as influence female sexual
behavior. The Zona Reticularis (ZR) of adrenal cortex produces dehydroepiandrosterone
(DHEA) and its sulphate, DHEAS. DHEA(S) acts as precursors for production of androgens
(testosterone and androstenedione). An essential enzyme that plays an important role in
adrenal androgen production is cytochrome P450c17 (encoded by CYP17A1). CYP17A1
localized in the endoplasmic reticulum, can catalyze both 17a-hydroxylase and 17,20 lyase
reactions (Zuber et al., 1986). It is known that CYP17A1 is the qualitative controller of
steroidogenesis. The 17, 20 lyase activity of CYP17A1 is supported by at least three factors.

First, the amount of POR for electron transfer (Fliick et al., 2004), second, presence of
allosteric activator microsomal CYB5 (Pandey & Miller, 2005b; Storbeck et al., 2013; Yin et al.,
2015), and third, phosphorylation of the CYP17A1 protein at serine residues (Petra Kempna
et al., 2010; Amit V. Pandey et al., 2003; Pandey & Miller, 2005b; Tee et al., 2008).

Given the major role of CYP17A1 in androgen production, finding specific CYP17A1 inhibitors
for clinical use is of great interest. Abiraterone is a CYP17A1 inhibitor already in use for
prostate cancer treatment but unfortunately it also alters activities of other CYP enzymes
(Attard et al., 2008; Yin & Hu, 2014). Recent identification of an active site mutation in
humans that specifically abolishes 17,20 lyase activity of human CYP17A1, provides hope for

design of specific CYP17A1 inhibitors (Fernandez-Cancio et al., 2018). Therefore, with new

drug development strategies more selective CYP17A1 17,20 lyase inhibitors are currently
being designed and tested. In addition, the focus is on finding molecules that do not
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resemble steroid hormones and should not be metabolized into androgen like molecules,
which could act as strong inducers of androgen receptor mediated signaling.

In this thesis, we report outcomes resulting from screening a number of small molecule
inhibitors that could be developed as potential selective inhibitors of CYP17A1 lyase activity.
This included computationally designed and chemically synthesized small molecules that
were predicted to bind to the active site of CYP17A1 in a similar way as Abiraterone and
native substrates of the enzyme. Also, the possible role of Endocrine disruptors in the
regulation of androgen production was explored through screening essential oil metabolites
and certain plant extracts for inhibition of CYP17A1 activity. Few case reports have
suggested that long term exposure to certain natural products can be causative
environmental factors contributing towards increased risk of cancer (Ramsey et al., 2019;

Ramsey et al., 2020). Therefore, findings from this work can help in providing structural

leads for designing better and efficient inhibitors of CYP17A1.

Another way to target CYP17A1 lyase activity is to understand mechanisms involved in the
regulation of CYP17A1 activity through phosphorylation. It has been shown that the
increased production of adrenal and ovarian C19 steroids may be regulated through an
unknown signal transduction pathway that ultimately enhances the Ser/Thr
phosphorylation of CYP17A1 (Zhang et al., 1995). In a recent finding, CYP17A1 was found to
be phosphorylated by p38a in a manner that selectively enhances its 17,20 lyase activity.

This suggests possibility that other kinases may also play a role in this process. In addition,
a protein phosphatase, PP2A dephosphorylated CYP17A1, that can in turn be inhibited by
the phosphoprotein SET (A. V. Pandey et al., 2003). ROCK1, a protein previously associated

with CYP17A1 phosphorylation might act as an upstream scaffolding protein in a MAPK
pathway. The involvement of these kinases or phosphatases have helped in prediction of a
signaling cascade leading to phosphorylation of CYP17A1 (Tee & Miller, 2013). Therefore,

finding the missing links in these pathways can provide insight into mechanism involved in
regulation of CYP17A1 activity.

We have identified a potential role of PLK1 in this signaling cascade. A continuous
deprivation of PLK1 resulted in decreased CYP17A1 lyase activity. Additionally, a
transcriptomic analysis was performed to find out differentially expressed kinases and
phosphatases expressed in case of PCa and PCOS. Overexpression of these genes in human
adrenal cell line caused changes in the lyase activity. A protein-protein interaction database
search suggested that these proteins can interact with the proteins in the previously
predicted signaling cascade. If validated, known inhibitors of these proteins can be exploited
to selectively inhibit CYP17A1 lyase activity.

10
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Understanding the regulatory mechanisms of 17,20 lyase activity is important for the

understanding of hyperandrogenic disorders such as premature, exaggerated adrenarche and
the polycystic ovary syndrome (PCOS) (Essah et al., 2006). Development of drugs to reduce
the levels of circulating androgens without affecting cortisol levels can overcome the side

effects of currently used drugs. Moreover, this property can also be used to treat androgen
excess disorders such as PCOS and premature adrenarche offers a broader therapeutic
application in context of overall reproductive health.

11



12

u

b
UNIVERSITAT
BERN



u

:,JNIVERSITAT
BERN
Table of Contents

WX (4 Lo dNYd [T F=d=T s 0 T=T o | 7
Y < 1 T o U 9
Table of Contents........cccceiiiiiiiiiii 13
List of Figures and Tables ........cccceiiiiiuiiiiiiiiiiiiinniiiiiieinesniesssssiressssressssssnee 15
List of AbBreviations.........cuveeeuuiiiiiiiiiiiiiiicr e e 16
INErOdUCHION ..o 19
1. Prostate CANCEIr (PCO) ..ceeeeeeereneeeeuneeeeusereenseeeesesenssessnssessasssssssessnssessassssnsssssnsssssnssnsnnne 21
0 R 1 oY 1o [=Y o YT [} -V O SRURR 21

L 2. HIiSTO Y ettt aan 21

1.3, RISK FACTOrS ..o e 22

3 S - 1 o T o] 0 V7] T ] [o =4V 25 SSURR 23

1.5.  Clinical ManifeStation ........coooiiiiiiiiiieeeee e 26

I G B T T=4 o 10 1] 3 26

1.7, Classical TreatmMeNT . .....coiuiiiiiiie ettt 27

2. Human Steroid Biosynthetic Pathway (Steroidogenesis) .....ceeeeeeeereenerereereensereesenennns 30
P20 B [ 011 o o [FTotu o o PP PP P PP PU T PPRRPPRPRPPRI 30

2.2. Chemistry of SteroidogENESIS ..cuieiiieicciiieeeee e 30

2.3.  Cytochrome P450 enzymes (CYPS) ...cuuueiieeiiieeeeeitiee ettt et e e e e e e e 32

2.4. Androgen synthesis and Cytochrome P450 c17 (CYP17A1) ccccvveeeeeeeeeecccrnvreeeeeennn, 32

2.5. Role of CYP17A1 in Estrogen synthesis and PCOS ..........ccoovevvrveveeeeeeeecicrrreeeeee e, 33

2.6. Role of CYP17A1 in Hyperandrogenic diSOrders.......cccceeeeiecvinrrereeeeeeeeeicirrreneeeeenn, 34

2.7. Regulation of CYPL7AL aCtiVItY.....coovieiiiieeeee ettt e rrree e e 34

[ V7 o o] d 4 LT3 £ TN 39
AlIMIS.cuiiiiieeiiititeiiitteeii ettt rea e s traes st eesaseseeaassesstessssesttssssssstesssseserenssssstessssassennnssans 39
Materials and methods............ueeiiiiiiiiiiiiiiiiiir e 41
3. Experimental detQilS .....cceveeeuecirneeusiisrienuiisineniiisnsenmissnmsmssissssnsssssssssssssssssssssssssnsssnns 43
3.1. General Laboratory PraCtiCe ...ttt eeerrrrer e e e e 43

3.2. Handling of Radioactive materials.......ccccceeeeieiiiiiiiieiiiiee e 43

3.3. Preparation of cell culture media, buffers, and other reagents.........cccccevvvveeeeeennn. 43

B4, Cell CUIUIE e 45

3.5, Cell Viability ASSAYS...ccieiieiceiiiieeie e e e e ettt e e e e e e ettt ee e e e e e e s e artr e e e e e e e e seenntrareeeaaaaens 48



u

b
UNIVERSITAT
BERN
3.6. General Protocol for cell-based enzyme assay.......ccccoccueeeeeeiieeeccciieee e 50
3.7. Transformation of competent cells........cccoooviiiiiiiieiiciee e, 55
3.8, Maxi-Prep for Plasmid ......c..eeeiiiiiieiiiiieccciiee ettt e 56
3.9, Transient transfeCtiON ..ciivcuiiie e 57
3.10.  Stable transfeCtioN .....cccuviie i 58
3.11 SIRNA transfeCiON...ciiiiiiie e s e e e e s 59
3.12 StAtistical @NAIYSIS coeeeeieeeeee e 60
RESUILS ..ceiiiiiiiiiiiiieiitine et rreeerensesrea e senesesensssnenssstnssessnssssensssenssssenssssenssssansassnnsnen 61
(0 1+ o1 (=] o OO 65
Screening computationally designed and chemically synthesized compounds against
CYPI7AL GCHIVITY. ceuuerueereenseeserusornsorssessssssssssnsssnsssnssssssssosssssssssssssssssossssssssssssssnsssnsssnsssnss 65
Section A: Synthesis and Structure-Activity Relationships of Novel Non-Steroidal
CYP17A1 Inhibitors as Potential Prostate Cancer Agents .......cccceeeeeeeecciviieeeeee e, 67
Section B: Exploring the Potential of Sulfur Moieties in Compounds Inhibiting
Y (=] o] e T T= =T g =Ty PSP 69
(0 1+ ] o1 (=1 2 OO 71
Endocrine Disrupting Chemical as structural cues for the development of inhibitors of
CYPI17A1 QCLIVITY evuvruiressnnsenisessnssescsessassnsssssssssnsssssssssossssssssssssnsssssssssssssssssssssssssnssasssssss 71
Section C: Essential oil components may act as antiandrogen compounds in prostate
cancer by inhibition of steroidogenic cytochrome P450 activities. ......ccccveeeeeeeereccnnnnnnenn. 73
Section D: Effect of crude extracts from plant tissue of Ghost pepper and Viethamese
coriander 0N CYPL7AL aCtiVity. .ooeeeicciiiiieiee et e e e e e e e e e nna e 75
CRAPLEE 3...eeeeeeeeieeeeietiitcseitieeeiceteaessestsseesessnsssssesssssassssnsssssnssssssssssnsssssnssssnasnsnnns 81
Study the role of specific Kinases and Phosphatases involved in the regulation of CYP17A1
Vo KT =2 ot 11/ 1 OO UT OO 81
Section E: Effect of selected kinases and phosphatases in the regulation of CYP17A1
ACTIVITY e, 83
Section F: Effect of PLK1 in the regulation of CYP17A1 activity. .....ccoeecvviieeeeeeeeecinineen, 87
General diSCUSSION......cceuuuueiiiiiiiiiiirriiiiiieiiirerrasssssstsrrressssssssssssssnnrssssssssssssssssssnnsssssss 93
2 =] =T =T TN 95
CUrTICUIUM ViItae ..ciiiiiiiiieiiiiiiiiiiiiiniiissnisn s s s s ssasssssssssssssssassssssssssssnsnnnsnssens 111
[T o 3 o] ¢ 1o o 3 TN 113
o =1 1T ] 115
VYo T=T1 1s [l | O OON 117



u

b
UNIVERSITAT
BERN

List of Figures and Tables

Figure 1: Schematic Representation of Human Steroidogenic Pathway in a simplified form,

depicting the major Cytochrome P4505S iNVOIVE(. .....ccceuurerrrevesiisriveniisiennsiisssenncsssssnnssssenns 31
Figure 2: Animated representation of interaction between P450c17, POR and Cytochrome B5
(o [V Tq o Mo TuI=10V4Y 041 L x ol 4 =T Lot 3 (o o N 36
Figure 3 Outline of common steps followed to assay CYP17A1 enzyme activity......cccceeeeuee.. 51
Figure 4 Schematic representation of the 17,20-lyase reaction.. .....c.cceeeveescrveeereesseseescssnnns 53

Figure 5 Inhibition of CYP17A1 Hydroxylase activity by test compounds for 24 hours in NCI
H295R COIIS. cevevvrrruurceiiinniriirseisisisssssinesssussisisssssssssssssssisssssssmsssssssssssssssssssssssssssssssssssssnnns 76

Figure 6: Steroid profile by LC-MS in cells treated with 50 ug/mL extracts for 24 hours. ...... 77

Figure 7: Cell viability assay performed in LNCaP cells to determine the effect of increasing
concentration of the extracts on tumor growth for a duration of 24 hours. ..........ccceeueeeene.. 78

Figure 8: Gene Map of pcDNA 3.1 plasmid (GenScript) used in transfection experiments. ... 83

Figure 9: Inhibition of CYP17A1 Lyase activity in transiently transfected NCI H295R cells with
plasmids of Kinases and Phosphatases at 48, 72 ANd 96 NOUIS.......eeeeeeeeeneeveerereeesereeserennnns 84

Figure 10: Inhibition of CYP17A1 activity by PLK1 inRibitOr.. c..cceeveeeecersreenissseensscssnennnsssnenns 88

Figure 11: Inhibition of CYP17A1 Lyase activity by test compounds at 10 uM concentration for
3R 0N NCIH295R CEIIScuuuveuuuueeiiiriniiennuussisssssinnssnessssissssmssssensssssssssssssssssssssssssssssssssnsssssses 89

Figure 12: PLK1 knock-down in NCI H295R cells transfected with siPLK1 using Lipofectamine
D000 =T T =] | PN 90

Figure 13: PLK1 inhibits cellular growth of LNCaP cells in a dose-dependent manner with an
JC50 At 11.6 UM.uu. covireiieriresieinninnssseirusiaissseresssssssesssssssssnsssssressnsssssssssssssssssssssssssnsssssssssnss 91

Figure 14: Signaling pathway involving different protein kinases and phosphatases in post
translational requIAION Of CYPI7A L. .uuueeeueerenrereenserenerensserensserssssssnssessssossnsssssnsssssnsosens 92

Table 1: Small molecule inhibitors from Boehringer Ingelheim. Selective PLK1 inhibitor, Bl 2536
were used to test CYP17A1 activity in NCI H295R cell [iN€..........uuuueeeeeeeeciiveeeieieeeeeiciiiveveennnn, 87

15



ABT
ACTH
ADT
ANOVA
AR
ARE
BRCA
cAMP
CDK
CPR/POR
CRPC
CYB5
cyp
DHEA
DHEAS
DHT
DMSO
DNA
DUSP
EDTA
EOs
FAD
FDX
FDXR
FMN
GFP
GnRH
GSK
HEPES
HSD
IC50
IUPAC
LB

u

b
UNIVERSITAT
BERN

List of Abbreviations

Abiraterone

Adrenocorticotropic Hormone
Androgen Deprivation Therapy
Analysis of Variance

Androgen Receptor

Androgen Response Element

Breast Cancer genes

cyclic Adenosine monophosphate
Cyclin Dependent Kinase
Cytochrome P450 Reductase
Castration Resistance Prostate Cancer
Cytochrome B5

Cytochrome P450
Dehydroepiandrosterone
Dehydroepiandrosterone sulfated form
Dihydrotestosterone

Dimethyl sulfoxide
Deoxyribonucleotide acid

Dual Specificity Phosphatase
Ethylenediamine tetra acetic acid
Essential Qils

Flavin adenine dinucleotide
Ferredoxin

Ferredoxin reductase

Flavin mononucleotide

Green Fluorescent Protein
Gonadotropin Releasing Hormone
Glycogen Synthase Kinase
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
Hydroxysteroid dehydrogenase
Inhibitory Concentration 50
International Union of Pure and Applied Chemistry
Luria Bertani

16



u

b
UNIVERSITAT

BERN
LC Liquid Chromatography

LH Luteinizing hormone

LHRH Luteinizing hormone-releasing hormone

MAPK Mitogen-activated protein kinase

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
NADPH Nicotinamide adenine dinucleotide phosphate hydrogen.
PBS Phosphate buffered saline

PCa Prostate Cancer

PCOS Polycystic ovary syndrome

PLK Polo-like kinase

POR/CPR P450 Oxidoreductase

PP/PPP Protein phosphatase

Preg Pregnenolone

Prog Progesterone

170H-Preg 17a-hydroxy pregnenolone

170H-Prog 17a-hydroxy progesterone

RNA Ribonucleotide acid

ROCK Rho-associated protein kinase

SF-1 Steroidogenic Factor-1

SREBP Sterol regulatory element binding protein

SULT2A1 Sulfotransferase Family 2A Member 1

TLC Thin Layer Chromatography

uv Ultraviolet

ZF Zona fasciculata

2G Zona glomerulosa

ZR Zona reticularis

17



18

u

b
UNIVERSITAT
BERN



b

u

b
UNIVERSITAT
BERN

INTRODUCTION

19



20

u

b
UNIVERSITAT
BERN



u

b
UNIVERSITAT
BERN

1. Prostate Cancer (PCa)

It is a prevalent malignancy that arises from the prostate gland, an essential component of
the male reproductive system. It primarily affects older men, with most cases occurring in
individuals over 50 years of age. PCa is a significant global health concern, with substantial
morbidity and mortality rates (Giwercman & Giwercman, 2000). The disease is characterized

by its potential to exhibit diverse clinical behavior, ranging from slow-growing, indolent
tumors to aggressive, rapidly spreading cancers. Understanding the etiology, risk factors,
pathogenesis, and diagnostic strategies for PCa is crucial for effective management and the
development of targeted therapies.

1.1. Epidemiology

With about 1.4 million new cases and 375,000 deaths worldwide, PCa is the second most
frequent cancer and the fifth leading cause of cancer death among men. The occurrence of
PCa differs across various ethnic groups and geographical regions. The most affected are black
men and the prevalence rate are 3 times higher in developed countries than in developing
countries, probably due to longer life expectancy. Countries in sub-Saharan Africa, the
Caribbean, and Central and South America as well as Sweden have the highest number of PCa-
related deaths (Rawla, 2019; Taitt, 2018).

1.2. History

The first detailed description of Prostate was documented by the Venetian anatomist Niccolo
Massa in the 16™ century, however, PCa was not discovered until 1853 by J. Adams, a surgeon
at The London Hospital (Denmeade & Isaacs, 2002; Lytton, 2001). The first successful radical
prostatectomy (complete removal of the prostate gland) was performed in 1904 by Hugh

Hampton Young (Lepor, 2005). Terence Millin, an Irish urologist revolutionized prostate
surgery for both benign and malignant diseases. By the end of the 1920s, there were 3 main
operations to relieve bladder outflow obstruction because of prostatic enlargement (O'Brien
et al., 2009). The introduction of transurethral resection of the prostate (TURP) in the 1930s
provided a less invasive option for managing prostate enlargement and early-stage cancer
with maintenance of penile function (Walsh et al., 1983). This marked a significant

advancement in the surgical treatment of PCa, although it was still a high-risk procedure with
substantial effects. In 1941, Charles B. Huggins conducted studies that utilized estrogen to
counter testosterone production in men with metastatic PCa. This groundbreaking approach
of "chemical castration" earned Huggins the prestigious 1966 Nobel Prize in Physiology and
Medicine (Huggins & Hodges, 1972). In a parallel breakthrough, Andrzej W. Schally and Roger

Guillemin explained the significance of the gonadotropin-releasing hormone (GnRH) in
reproduction, leading to their joint receipt of the 1977 Nobel Prize in Physiology and Medicine.
The development of GnRH receptor agonists, including leuprolide and goserelin ensued new

21
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approach towards PCa treatment (Schally et al., 1971). The 21t century has seen a focus on

understanding the genetics and molecular biology of PCa. Advances in targeted therapies,
immunotherapy, and precision medicine has gained preference for the treatment of PCa.

1.3. Risk factors
PCa is a complex disease influenced by various genetic, environmental, and lifestyle factors.

1.3.1. Age: Age is the most significant risk factor for prostate cancer. The incidence of
prostate cancer increases with age, particularly after the age of 50. This suggests that
cumulative exposure to risk factors over time contributes to the development of the disease
(Hankey et al., 1999).

1.3.2. Genetics and Family History: Family history plays a role in prostate cancer risk.
Having a first-degree relative (father or brother) with prostate cancer increases the risk.
Certain genetic mutations and variations have also been linked to an elevated risk of
developing prostate cancer (Zeegers et al., 2003).

1.3.3. Race and Ethnicity: Prostate cancer is more common in certain racial and ethnic
groups. African American men have the highest incidence of prostate cancer, followed by
Caucasian men. Asian and Hispanic men have lower incidence rates (Rawla, 2019).

1.3.4. Hormonal Factors: Androgens, including testosterone, play a crucial role in the
development and growth of the prostate. Men with higher levels of testosterone might be
at a slightly increased risk. This is supported by observations that prostate cancer risk
decreases after surgical or medical castration (Gann, 2002).

1.3.5. Dietary Factors: Diet may influence prostate cancer risk. Diets high in red meat,
particularly processed meats, and low in fruits, vegetables, and whole grains have been
associated with a higher risk. Obesity might also contribute to an increased risk of aggressive
prostate cancer (Bylsma & Alexander, 2015).

1.3.6. Environmental Factors: Exposure to certain environmental factors, such as toxins
or chemicals, might increase the risk of prostate cancer. However, the specific mechanisms
behind these associations are not yet fully understood (Ferris et al., 2011).

1.3.7. Genetic factors: While often associated with breast and ovarian cancers, mutations
in the Breast Cancer, (BRCA1 and BRCA2) genes also increase the risk of prostate cancer in
men. These mutations impair DNA repair mechanisms, increasing the likelihood of cancer
development (Nyberg et al., 2020). Certain mutations in the genes like Homeobox

transcription factor (HOXB13), Microseminoprotein-B (MSMB), elaC homolog-2/hereditary
prostate cancer (ELAC2/HPC2), Ribonuclease L (RNASEL); Ataxia-Telangiectasia and Mantle
Cell Lymphoma Serine-Threonine Kinase (ATM), Tumor suppressor (TP53), proto-oncogene
(MYC) and androgen-regulated homeodomain gene (NKX3.1) have been linked to an
increased risk of PCa (Ewing et al., 2012; Gurel et al., 2010; Karlsson et al., 2021; Maxwell et
al., 2022; Meyer et al., 2010; Qiu et al., 2022; Sjoblom et al., 2016; Wang et al., 2001).

22
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1.4. Pathophysiology

1.4.1. Tumor initiation and progression: PCa develops when abnormal cells within the
prostate gland undergo uncontrolled proliferation, leading to the formation of a tumor. The
prostate gland is located in the male pelvis at the base of the penis, below the urinary
bladder and immediately anterior to the rectum. Prostate cancer is categorized as an
adenocarcinoma, a type of cancer originating from glandular tissues. It initiates when
regular cells within the prostate gland, responsible for producing semen, undergo genetic
mutations, transforming into cancerous cells. The peripheral zone of the prostate gland is
where adenocarcinoma is predominantly observed. Initially, minute clusters of cancer cells
remain confined within structurally normal prostate gland, a condition referred to as
carcinoma in situ or prostate intraepithelial neoplasia (PIN). While not definitively proven as
a precursor, PIN is closely linked to the presence of cancer. Over time, these cancerous cells
undergo rapid multiplication, infiltrating the adjacent prostate tissue (known as the stroma)
and forming a distinct tumor. Eventually, this tumor might enlarge significantly, invading
neighboring organs like the seminal vesicles or the rectum. Alternately, the cancer cells
could develop the capability to migrate through the bloodstream and the lymphatic system
leading to metastasis. Among the common sites of metastasis are bones and lymph nodes.
With local progression, the cancer may also extend to the rectum, bladder, and lower
ureters. It's thought that the path of metastasis to the bones occurs via the venous route,
as the prostatic venous plexus, which drains the prostate, is interconnected with the
vertebral veins (Castillejos-Molina & Gabilondo-Navarro, 2016).

1.4.2. Role of Androgens: Apart from mutations or alterations in the genetic make-up of
prostate cells, abnormal levels of the male sex hormone, Androgen contributes to the
progression of PCa. Androgens play a vital role in the normal development and function of
the prostate gland (Mustafa et al., 2016). Androgens are also responsible for secondary sex

characteristics in males and act as precursor for sex hormone, Estrogen in females. The
synthesis of androgens occurs primarily in the testes, where Leydig cells produce
testosterone under the regulation of luteinizing hormone (LH) secreted by the pituitary
gland. Testosterone is transported via the bloodstream to the prostate, where it is converted
into the more potent and biologically active form, Dihydrotestosterone (DHT), by the
enzyme 5-alpha-reductase. DHT exerts its effects on prostate cells by binding to and
activating the androgen receptor (AR), a transcription factor that modulates gene expression
involved in cell growth, differentiation, and survival (Bluemn & Nelson, 2012).

1.4.3. Castration-resistant Prostate Cancer (CRPC): Initially, cancer cells remain
dependent on androgens for growth and survival, and this dependence is exploited
therapeutically through Androgen Deprivation Therapy (ADT), which aims to suppress
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androgen production or block androgen receptor activation. ADT effectively reduces tumor

burden and slows disease progression in most patients. However, over time, PCa cells may
adapt and develop mechanisms to overcome androgen deprivation, leading to a more
aggressive form of the disease known as Castration-resistant PCa. In CRPC, despite low

circulating levels of androgens, cancer cells find alternative pathways to sustain androgen

signaling.

There are several mechanisms that contribute to the development of CRPC:

Androgen Receptor Mutations: Cancer cells can acquire mutations in the AR that make
it more sensitive to lower levels of androgens or even allow it to be activated by ligands
other than Androgens.

Intra-tumoral Androgen Production: Some cancer cells start producing androgens de
novo, allowing them to sustain growth even when systemic androgen levels are low.
Alternative Signaling Pathways: Cancer cells may find ways to grow by activating other
growth-promoting pathways that are not dependent on androgens.

Androgen Receptor Amplification: Tumor cells might increase the number of androgen
receptors on their surface, making them more responsive to even trace amounts of
androgens.

Epithelial-Mesenchymal Transition (EMT): This is a process by which cancer cells
become more aggressive and invasive. During EMT, cancer cells can lose their
dependence on androgens for growth.

1.4.4. Role of Genetic mutations:

1.4.4.1. Tumor suppressor genes: Mutations in genes like Rb (retinoblastoma), CDKN2,
and p53, which have been detected in both hereditary and non-hereditary (sporadic)
cancer cases, are not commonly changed during the initial stages of prostate cancer
development. However, these mutations have been observed to undergo alterations in
advanced prostate cancer cases (MacGrogan & Bookstein, 1997).

1.4.4.2. Oncogenes: Growth factors such as Insulin like Growth Factor, (IGF), human
epidermal growth factor (Her2-Neu), Fibroblast growth factors (TGF-B), Vascular
endothelial growth factor, and Phosphoinositide-3 Kinase have been implicated in PCa
development. It acts as an endocrine hormone and activates several downstream signaling
pathways involved in antiapoptotic and proneoplastic processes. Her2-Neu facilitates
androgen independent activation of AR, thus playing a crucial role in metastasis of tumor
(Dasgupta et al., 2012; Reynolds & Kyprianou, 2006).

1.4.4.3. DNA repair genes: AR transcriptional activity is important for normal prostate
development as well as tumor development. Defects in DNA repair mechanisms can alter
the expression of AR related genes and affect the overall signaling pathway leading to
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abnormal development of prostate cells. Several DNA repair genes like BRCA2 and BRCA1,

Cyclin-dependent kinase (CDK12), Serine-threonine kinase (ATM), cell cycle checkpoint
regulator (RAD51C) have been associated with prostate cancer (Mateo et al., 2017).

1.4.4.4. Epigenetic changes: Hypermethylation of the promoter region of several genes
repress activity of tumor suppression and cell cycle regulation. Genes such as
adenomatous polyposis coli (APC) , Retinoic acid receptor (RARB), Ras association domain
family (RASSF1), Cyclin D2 family (CCND2), Cyclin dependent kinase (CDKN1B) have been
studied for its role in PCa development (Albany et al., 2011).

1.4.4.5. Androgen Receptor mutations: The AR belongs to a nuclear receptor
superfamily which includes the estrogen, progesterone, glucocorticoid, and thyroid
hormone receptors. The AR gene is located on chromosome X (Xq11-12) comprising 8
exons. AR has four regions: the N-terminal, an NH2 terminal transactivation domain (NTD)
encoded by exon 1, a DNA-binding domain (DBD) encoded by exons 2—3, a hinge region
encoded by exon 4, and a ligand binding domain (LBD) encoded by exons 5—-6 which results
in the production of an 11 kDa protein. Upon binding of testosterone or DHT to the ligand-
binding domain, AR undergoes a conformational alteration. Then it relocates to the
nucleolus, where it dimerizes and subsequently attaches to the androgen-response
element (ARE) located in the promoter and enhancer regions of specific genes. This
binding is facilitated by the zinc-finger present in the DBD of the receptor (Fujita &
Nonomura, 2019).

e Point mutations such as T878A, F876L, L702H in the LBD or NTD domain of AR gene
renders the receptor to lose its ligand specificity resulting in activation of AR by other
steroids such as progesterone and estrogen. These mutations are also responsible for
resistance towards AR antagonists like enzalutamide, flutamide, and bicalutamide used in
the treatment of PCa (Azad et al., 2015).

e Gain of function Mutations lead to the overexpression of AR and enable tumor cells
transform to an androgen independent mechanism to grow and proliferate.
Overexpression of genes encoding enzymes like 3B-hydroxysteroid dehydrogenase type 1
(HSD3p), Cytochrome P450 (CYP17A1, CYP11A1), aldo-keto reductase family 1 member C3
(AKR1C3), involved in production of androgen and its precursor tends to over activate AR
(Chang et al., 2013; R. B. Montgomery et al., 2008). This facilitates the tumor cell to grow

independent of circulating adrenal androgens. It is a common mechanism observed in the
case of an advanced form of PCa, known as Castration Resistant PCa (Cai et al., 2011) .
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1.5. Clinical manifestation

Although not specific, some symptoms may imply onset of benign state of prostate tumor,
these might include frequent urination, nocturia (heightened urination during the night),
challenges in initiating and sustaining a consistent urine flow, presence of blood in urine
(hematuria), and discomfort during urination (dysuria) (Hamilton et al., 2006; Kim & Kim,

2017). Urinary issues are most common due to the proximity of the prostate gland to the
prostatic urethra. Alterations within the gland have a direct impact on urinary capabilities.
As the vas deferens releases seminal fluid into the prostatic urethra, and the prostate
gland contributes to semen composition, PCa can additionally lead to challenges related to
sexual function. These might encompass difficulties in attaining an erection or
experiencing painful ejaculation (Hyun, 2012). Advanced PCa has the potential to
metastasize to different body regions, potentially leading to supplementary symptoms.
Among these, the prevalent indication is discomfort in the bones, frequently observed in
the spine, pelvic area, or ribs. When cancer migrates to bones like the femur, it generally
affects the proximal or adjacent sections of the bone. Furthermore, prostate cancer
located in the spinal region can exert pressure on the spinal cord, inducing sensations of
tingling, leg weakness, and difficulties with urinary and bowel control (Leslie et al., 2023).

In its advanced stages, the condition might also bring about fatigue due to reduced red
blood cell levels.

1.6. Diagnosis
1.6.1. Maedical History and Physical Examination: A healthcare provider will start by
taking a detailed medical history and conducting a physical examination. This may involve
discussing any symptoms you're experiencing and your risk factors for PCa.

1.6.2. Imaging Studies: The identification of prostate irregularities can be done through
a digital rectal examination. A type of cystoscopy, involving the insertion of a slender,
flexible camera tube through the urethra, enables visualizing the interior of the bladder
and urinary tract. Transrectal ultrasonography employs sound waves emitted from a probe
in the rectum to generate an image of the prostate. Prostate Magnetic Resonance Imaging
(MRI) outperforms ultrasounds in depicting soft tissues with greater precision. Presently,
MRI serves as advanced diagnostic tool for prostate biopsy by either merging MRI with
ultrasound or employing MRI-guided procedures independently (Descotes, 2019; Ghadimi

& Sapra, 2023).

1.6.3. Biopsy: In the process of a biopsy, either a urologist or a radiologist acquires tissue
specimens from the prostate by means of the rectum. A biopsy gun is employed to swiftly
insert and withdraw specialized hollow-core needles, usually ranging from three to six
needles on each side of the prostate. The use of antibiotics is recommended to mitigate
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potential complications like fever, urinary tract infections, and sepsis. Subsequently, the

collected tissue samples undergo analysis to ascertain the presence of cancer cells and to
assess their microscopic characteristics (Shariat & Roehrborn, 2008; Streicher et al., 2019).

1.6.4. Prostate Specific Antigen (PSA): A blood test measures the level of PSA, a protein
(Serine protease) produced by the prostate gland. PSA is naturally present in small
amounts in the blood, and its main function is to liquefy semen, aiding in the movement
of sperm. Elevated PSA levels can indicate the possibility of PCa, though other factors like
age, prostate size, and infection can also influence PSA levels. PSA serves as a prominent
biomarker for PCa, but sometimes its specificity is constrained due to the frequent
occurrence of falsely elevated values in individuals with benign prostatic hyperplasia (BPH)
(Stenman et al., 1999).

1.6.5. Gleason score: A grading system used to evaluate the aggressiveness of prostate
cancer based on the microscopic appearance of cancer cells in a tissue biopsy sample. The
Gleason score is named after Dr. Donald Gleason, who developed the system in the 1960s.
The score is determined by examining the patterns of cancer cells under a microscope and
assigning two grades. The sum of these two grades constitutes the Gleason score, which
can range from 2 to 10. Lower Gleason scores (6 or below) indicate less aggressive while
higher Gleason scores (8, 9, or 10) indicate more aggressive form with a higher potential
for rapid spread.(Epstein et al., 2016; Gordetsky & Epstein, 2016)

1.6.6. Determination of Stages: If PCa is confirmed, additional tests may be performed
to determine the stage of the cancer which indicates its size, extent of spread, and
whether it has metastasized to other parts of the body. The primary system used for
staging PCa is developed by the American Joint Committee on Cancer and the Union for
International Cancer Control. Based on Gleason score, PCa is categorized into 4 stages (I-
IV) with certain tumor characteristics defined by TNM (Tumor, Node, Metastasis) system
(Cheng et al., 2012; Telloni, 2017).

1.7. Classical Treatment
1.7.1. Androgen Deprivation Therapy (ADT): This aims to reduce the levels of androgens
that fuel the growth of prostate cancer cells. It can involve medications that suppress
hormone production or block hormone receptors and surgical methods to lower
testosterone levels.

1.7.2. Surgical Castration (Orchiectomy): A surgical procedure that entails the removal
of the testes, which was performed as a straightforward operation. The basic form of
orchidectomy is conducted through the scrotum and was historically a prominent method
of hormonal control in treating patients with PCa that had progressed locally. However,
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this has been gradually replaced by a reversal and less invasive hormonal treatments like
GnRH agonists or antagonists (Okoye & Saikali, 2023).

1.7.3. Hormone Therapy: Diethylstilbestrol, a semi-synthetic estrogen compound,
emerged as an early nonsurgical choice in PCa treatment. Its extensive use has been
restricted due to notable cardiovascular and thromboembolic risks. Cyproterone acetate
is a steroidal anti-androgen which inhibits the interaction of androgens with AR and reduce
serum testosterone levels through a mild anti-gonadotropic effect towards LH (Hellerstedt
& Pienta, 2002). LHRH (Luteinizing Hormone releasing hormone) agonists such as

leuprolide and goserelin operate through a negative-feedback process. This process
triggers an initial rise in testosterone levels, which could worsen clinical symptoms of PCa.
On the other hand, GnRH antagonists provide consistent hormonal suppression without
the initial testosterone surge linked to LHRH agonists (Kluth et al., 2014). This form of
treatment is occasionally referred to as medical castration, as it effectively decreases

androgen levels comparable to orchiectomy. However, use of hormone therapy is limited
as it has been associated with acute and long-term side effects, such as hyperlipidemia,
fatigue, hot flashes, flare effect, osteoporosis, insulin resistance, cardiovascular disease,
anemia, and sexual dysfunction (Seidenfeld et al., 2000).

1.7.4. Chemotherapy: This treatment uses drugs to kill rapidly dividing cancer cells.
Chemotherapy is often used in more advanced stages of prostate cancer when hormone
therapy is no longer effective. Docetaxel is regarded as the primary standard treatment
which functions by binding to B-tubulin, preventing microtubule depolymerization during
mitotic cell division and initiates apoptosis. However, the activation of Docetaxel relies
significantly on CYP3A, a group of Cytochrome P450 proteins involved in drug metabolism.
The development of resistance to Docetaxel has been linked to relapse. This resistance is
associated with an increased upregulation of the multidrug resistance (MDR1) gene (Zhu
et _al., 2013). Cabazitaxel represents a second-generation treatment designed to
counteract resistance to docetaxel (Abidi, 2013).

1.7.5. Radiation Therapy:
1.7.5.1. External Beam Radiation Therapy (EBRT): High-energy beams are directed at
the prostate from outside the body to destroy cancer cells.

1.7.5.2. Brachytherapy: Radioactive seeds or sources are implanted directly into the
prostate, delivering targeted radiation to the tumor.

1.7.5.3. Proton Therapy: A type of radiation therapy that uses protons instead of X-
rays to treat cancer cells.

Radiation therapy, when combined with ADT, is recognized as an effective treatment for
intermediate-risk and high-risk PCa. This approach is well-suited for mitigating the
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spread of cancer cells to other parts of the body. Compared to surgical intervention, it

addresses early-stage cancer and presents fewer associated risks. Additionally, it can
alleviate symptoms like bone and joint pain. Some of the side effects of radiation therapy
include urinary urgency and frequency, erectile dysfunction, painful urination, diarrhea,
and inflammation of the rectal lining (proctitis) (Budaus et al., 2012; Martin & D'Amico,
2014).

1.7.6. Immunotherapy: Sipuleucel-T stimulate the immune system to recognize and
attack cancer cells. Delivered through vaccination, the process involves harvesting a
patient's dendritic cells, cultivating them with a PCa-associated antigen and subsequently
reintroducing the engineered product to the patient. Another antigen used, PA2024, is a
synthetic combination protein containing prostatic acid phosphatase (PAP), a protein
expressed in most prostate adenocarcinomas and specific to prostate tissue, along with
granulocyte macrophage colony-stimulating factor (GM-CSF), a cytokine that aids in the
maturation and activation of immune cells against PCa cells. Although sipuleucel-T does
not exhibit evident anticancer effects, there have been instances of remarkable responses
to this vaccine reported in case studies (Bilusic et al., 2017; Fay & Graff, 2020) .

1.7.7. Bone-Targeted Therapy: The most common location for PCa metastasis are
bones. Medication like Bisphosphonates, the synthetic non-hydrolysable analogs of
pyrophosphate with structural similarity to inorganic phosphate, is used to control
metastasized PCa cells. The receptor activator of nuclear factor-kappa B (RANK) is a
transmembrane receptor found on osteoclast precursor cells, while its ligand (RANKL) is
expressed by osteoblasts and bone marrow stromal cells. When RANKL binds to RANK, it
triggers the maturation, activation, and survival of osteoclasts. Denosumab, a human
monoclonal antibody developed to attach and counteract RANKL. This action effectively
hinders the function of osteoclasts, preventing both widespread bone resorption and
localized bone damage. Thus, helping in reducing bone pain and the risk of fractures (Deng
et al., 2014).

1.7.8. Recent Advances in Targeted Drug Therapeutics

Use of single treatment approach leads to a substantial reduction of circulating
testosterone levels. However, residual amount of circulating testosterone remains due to
the peripheral conversion of adrenal steroids to testosterone contributing to the
development of resistance to these therapies. A combination of these therapies still
improves patient survival but only for few months and with risk of relapse of disease. In
case of CRPC, adaptation of tumor cells to survive independent of androgen often
surpasses these therapies. In addition, there is no respite from adverse side-effects
associated with above treatment procedures.
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Whether it is increased sensitivity to androgens or androgen-like ligands or de novo intra-

tumoral androgen production, studying the regulation of androgen production is crucial for
developing effective therapeutic strategies. Targeting androgen production has been the
most employed therapeutic approach for PCa treatment, with drugs such as anti-
androgens, AR antagonists, and inhibitors of androgen synthesis demonstrating efficacy in
various stages of the disease. Ongoing research continues to explore novel approaches to
disrupt androgen signaling and overcome treatment resistance in PCa and CRPC, with the
ultimate goal of improving patient outcomes and survival (Dai et al., 2023)

2. Human Steroid Biosynthetic Pathway (Steroidogenesis)

2.1. Introduction

A complex process by which the body synthesizes steroids, a group of lipid molecules that
play crucial roles in various physiological processes, including regulating metabolism,
inflammation, and reproductive functions. The synthesis of steroids primarily occurs in
specialized endocrine glands and tissues, with the adrenal glands and gonads (testes and
ovaries) being the major sites of steroid production. A common precursor, Pregnenolone
produce mineralocorticoids, glucocorticoids, and androgens (sex steroids). These hormones
regulate processes such as salt-water balance, glucose metabolism, and sexual
development respectively. The adrenal gland produces these distinct steroid groups within
specific layers of the cortex: the zona glomerulosa (ZG), the zona fasciculata (ZF), and the
zona reticularis (ZR) respectively. In contrast, the testes and ovaries exclusively synthesize
sex steroids, namely testosterone in males and estradiol in females.

2.2. Chemistry of Steroidogenesis

The first rate-limiting step in biosynthesis of all steroid hormones is the cleavage of the
cholesterol side chain by the mitochondrial P450 enzyme CYP11A1 system (CYP11A1-FDX-
FDXR) also called P450scc, to convert cholesterol into pregnenolone (Preg) (Figure 1).

Cholesterol is transported into the mitochondria by a protein called the Steroidogenic Acute
Regulatory protein (StAR). The basic structure of all the steroids including Cholesterol is
derived from a cyclopentanoperhydrophenanthrene, having 17 carbons arranged in a three
six-member carbon rings (named as A-C) and a five-member carbon ring (named as D
according to IUPAC).

Preg, the first 21-carbon steroid precursor, can take one of two pathways:

e it may undergo 17a-hydroxylation, resulting in 17a-hydroxypregnenolone (170H-Preg),
through the action of the CYP17A1 enzyme.

e Alternatively, it can be converted into progesterone (Prog) with the help of the 3R-
hydroxysteroid dehydrogenase (HSD3B2) enzyme.
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Prog can then undergo further transformations into aldosterone through a series of
sequential reactions catalyzed by the CYP21A2 and CYP11B1/2 enzymes. Additionally, Prog
gets converted to 17 hydroxyprogesterone (170H-Prog) by CYP17A1, via the A4 pathway.

Alternatively, the A5 pathway leads to the conversion of 170H-Preg to
dehydroepiandrosterone (DHEA) through the 17,20-lyase activity of CYP17Al.
Subsequently, DHEA is converted to DHEA sulfate (DHEA-S) by sulfonyltransferase
(SULT2A1). To a lesser extent, DHEA is converted to androstenedione (A4A) by HSD3B2 and
further to testosterone by AKR1C3 (HSD17B5). The 19-carbon products of A5 pathway are
collectively known as Androgen precursors.

It is important to note here that in human ovary, the synthesis of Estrogen precursors occurs
via the A5 pathway, where A4A and Testosterone is converted to Estrone and Estradiol
through the action of Aromatase enzyme (Andersen & Ezcurra, 2014).
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Figure 1: Schematic Representation of Human Steroidogenic Pathway in a simplified form, depicting
the major Cytochrome P450s involved. The diagram also shows the target sites of a common CYP17A1
inhibitor, Abiraterone. Created by BioRender.com
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2.3. Cytochrome P450 enzymes (CYPs)

These are enzymes belonging to superfamily of Hemoproteins found across species. These
enzymes play a pivotal role in catalyzing reactions that utilize molecular oxygen to oxidize a
diverse range of substrates involved in metabolism of drugs, lipids, and steroid synthesis.
CYPs can also be categorized based on their location of action. In corticosteroid synthesis,
five specific CYP450 enzymes are involved: CYP11A1 (cholesterol side-chain cleavage),
CYP11B1 (steroid 11B-monooxygenase), and CYP11B2 that are located within the
mitochondria, while CYP17A1 (P450 17a-hydroxylase-17,20-lyase) and CYP21A2 (Steroid-
21-hydroxylase) are found in the endoplasmic reticulum, where they are referred to as
microsomal CYPs. Within the adrenal glands and gonads, these enzymes facilitate a
monooxygenase reaction. This process involves the incorporation of an oxygen atom into
the steroid substrate R-H, with the assistance of an electron donor, typically nicotinamide
adenine dinucleotide phosphate (NADPH). Importantly, the precise position and orientation
of the resulting hydroxyl group are unique to each specific enzyme. The basic chemical
equation is as follows (Guengerich, 2018).

NAD(P)H + O2 + R-H — NAD(P)* + H20 + R-O

Mitochondrial and microsomal CYPs adapt different mechanism to carry out oxidation
reaction. Mitochondrial enzymes receive electrons through an electron transfer chain.
Initially, two electrons are transferred to the flavoprotein adrenodoxin reductase (FDXR)
when bound to NADPH. These electrons are then relayed to adrenodoxin (FDX1), a non-
heme iron-sulfur protein. Adrenodoxin transfers the electrons to the heme iron within the
CYP450 enzyme before eventually transferring them to the substrate. In contrast,
microsomal CYP450 enzymes employ a single flavoprotein known as P450 oxidoreductase
(POR), which contains two flavin molecules: flavin adenine dinucleotide (FAD) and flavin
mononucleotide (FMN) for the transfer of two electrons, one at a time to its respective
substrate. In case of CYP17A1, a soluble Cytochrome bs also participate in the electron
transfer mechanism to facilitate the 17,20 Lyase reaction. These distinct electron transport
mechanisms may have a significant impact on regulating enzymatic activity of different CYPs
(Yoshimoto & Auchus, 2015).

2.4. Androgen synthesis and Cytochrome P450 c17 (CYP17A1)
The zona reticularis of adrenal cortex produces the androgens namely, DHEA and its

sulfate DHEA(S). DHEA(S) acts as precursors for production of androgens and estrogens
(Kempna et al., 2015).

e An essential enzyme that plays an important role in adrenal androgen production is
cytochrome P450c17 (encoded by CYP17A1 gene). CYP17A1 localized in the endoplasmic
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reticulum, can catalyze both 17a-hydroxylase and 17,20 lyase reactions. It is known that

CYP17A1 is the qualitative controller of steroidogenesis. Through its characteristic dual
activity, it catalyzes both 17alpha-hydroxylase and 17,20-lyase reaction to produce 170H-
Preg or 170H-Prog and DHEA respectively. In humans the conversion of 170H-Preg to DHEA
is preferred pathway than conversion of 170H-Prog to A4A.

e Another enzyme important for androgen production is HSD3B2. It competes with
CYP17A1 and SULT2A1 in ZR for substrates such as Preg, 170H-Preg and DHEA to synthesis
Prog, 170H-Prog and A4A respectively.

e The ZR contains limited activity of type 5 17B-hydroxysteroid dehydrogenase (AKR1C3),
which results in the production of minor quantities of the potent androgen, testosterone.
However, even small quantities of testosterone, has approximately ten times greater
potency when interacting with the androgen receptor compared to A4A.

e Furthermore, peripheral tissues expressing enzymes such as 3B-hydroxysteroid
dehydrogenase type 1 (HSD3B1) and/or 17B-hydroxysteroid dehydrogenases (HSD17B) can
convert circulating androgen precursors to potent forms (Simard et al., 2005).

e Similarly, androgen production in Leydig cells of the testes follows the delta 5 pathway,
resulting in the production of DHEA from Preg. Significant expression of HSD3B2 and type
3 17B-hydroxysteroid dehydrogenase (HSD17B3) but no SULT2A1 results only in
conversions of DHEA into A4A or androstenediol and subsequently into testosterone.

e During the prenatal stage of development, the human fetal adrenal glands exhibit a
steroidogenic enzyme expression pattern that closely resembles the zona reticularis. These
fetal adrenal glands produce significant quantities of DHEA-S. However, shortly after birth,
this fetal organ undergoes differentiation and is substituted by a two-layer adrenal cortex,
comprised of the Zona Glomerulosa and Zona Fasciculata. Initially, ZG primarily synthesizes
mineralocorticoids, while ZF focuses on glucocorticoid production. The formation of the
third layer, ZR, in the adrenal cortex is a gradual process that occurs postnatally. It becomes
active in the synthesis of androgens during a physiological event known as Adrenarche,
which typically occurs around the ages of 6 to 8 years (Miller, 2009; Miller & Auchus, 2011).

It's worth noting that adrenarche is a unique phenomenon exclusive to higher primates and
humans (Cutler et al., 1978; Smail et al., 1982).

2.5. Role of CYP17A1 in Estrogen synthesis and PCOS

In the ovarian theca cell, Pregnenolone, originating from the granulosa cell, undergoes a
conversion to DHEA in a manner like that observed in the ZR and Leydig cells due to CYP17A1
activity. HSD3B2 further transforms DHEA into A4A. This A4A can then either be returned to
the granulosa cell for use as a substrate in estrogen production or released into circulation
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in small quantities (Cui et al., 2013; Gowtham Kumar et al., 2022). An early and pronounced

onset of adrenarche can potentially result in hyperandrogenic condition like polycystic ovary
syndrome (PCOS). Conditions of PCOS are very much similar to PCa, where high levels of
androgens can be found in blood circulation. This indicates a prominent role of CYP17A1l in
the pathophysiology of both PCa and PCOS (Carey et al., 1994). Therefore, a better
understanding of mechanisms of androgen production through CYP17A1 enzyme activity

can help in developing therapeutics (Baston & Leroux, 2007). This thesis primarily focuses

on PCa and CRPC but will address from time to time the effect of therapeutics use to target
CYP17A1 in the pathogenesis of PCOS.

2.6. Role of CYP17A1 in Hyperandrogenic disorders

Congenital adrenal hyperplasia (CAH) is an autosomal recessive disorder caused due to
defect in genes encoding enzymes of steroidogenesis. Although the classic form is caused
due to mutation in CYP21A2 leading to impaired cortisol and aldosterone production. The
absence of 21-hydroxylase activity directs the synthetic pathway towards the production of
excessive androgens through CYP17A1 activity. This can lead to various symptoms and
complications, including virilization (masculinization) of female genitalia, early development
of male secondary sexual characteristics in both sexes, and other androgen-related issues.

2.7. Regulation of CYP17A1 activity
The regulation of CYP17A1 activity involves multiple factors and mechanisms. These can be
loosely divided into following categories:

2.7.1. Transcriptional Regulation: The transcription of the CYP17A1l gene is tightly
regulated by a combination of transcription factors, hormonal signals, and epigenetic
modifications. Various transcription factors, including SF-1 (steroidogenic factor-1) and
DAX-1 (dosage-sensitive sex reversal, adrenal hypoplasia critical region, on chromosome
X, gene 1), play a crucial role in regulating CYP17A1 gene expression (Hanley et al., 2001).

SF-1 is particularly important as it acts as a master regulator of steroidogenesis and binds
to the SF-1 response element in the CYP17A1 promoter. Another family of transcription
factors known as GATA are found to be involved in regulation of CYP17A1 gene expression
in the adrenal cortex. GATA-6 or GATA-4 in complex with specificity protein, Sp1 helps in
constitutive expression of CYP17A1 (Flick & Miller, 2004).

e Sterol regulatory element binding protein 1c (SREBP1c), are group of transcription
factors which also acts as cholesterol sensors. In the presence of sphingosine-1-
phosphate, SREBP1c translocate to the nucleus upon cleavage and activates the
transcription of CYP17A1 (Ozbay et al., 2006; Sewer & Jagarlapudi, 2009).
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e Epigenetic changes, such as DNA methylation and histone modifications, can also

influence the accessibility of the CYP17A1 promoter to transcription factors (Martinez-
Arguelles & Papadopoulos, 2010).

e Transcriptional regulation of CYP17A1 can vary depending on the tissue type and
hormonal signals present. For example, in the adrenal cortex, Adrenocorticotropic
Hormone (ACTH) plays a significant role in stimulating CYP17A1 transcription, while in
gonads, luteinizing hormone is a key regulator. Upon binding to its receptor, ACTH
activates G protein-coupled receptors such as melanocortin 2 receptor (MC2R) leading to
the production of cyclic adenosine monophosphate (cAMP) inside the cell. cAMP activates
protein kinase A (PKA), which in turn phosphorylates and activates SF-1. Activated SF-1

then binds to the CYP17A1 promoter, promoting gene transcription (Ruggiero & Lalli,
2016). Additionally, ACTH levels are regulated through a negative feedback inhibition by
adrenal cortisol involving the hypothalamic-pituitary-adrenal (HPA) axis (Melau et al.
2021).

2.7.2. Protein-Protein interaction

2.7.2.1. Presence of POR: Cytochrome P450 enzymes are considered external
monooxygenases, relying on interactions with electron-transporting proteins to obtain
electrons from reduced coenzymes such as NAD(P)H. In microsomal systems, these
electrons are efficiently transferred from NADPH through POR also known as
Cytochrome P450 Reductase (CPR) containing FAD and FMN domains (Figure 2). Initial
investigations have indicated that the connection between microsomal CYPs and their
redox partner CPR is primarily dictated by electrostatic attractions due to the positively
charged proximal surface near the CYP heme and the negatively charged FMN and
FAD/NADPH domains of CPR (Shen & Strobel, 1993; Shimizu et al., 1991). Minor
alterations in structure, like the substitution of a single amino acid, can yield profound

impacts on the capacity of CPR to effectively transfer electrons to a specific CYP isoform.
Recent investigations have delved into the influence of genetic diversity within the
human CPR gene on specific CYP-mediated metabolism. Pathogenic mutations in POR
gene, especially in its FMN, FAD and NADPH binding domain cause severe disruption in
the activity of several CYP450 including CYP17A1. For instance, P228L, R316W, G413S,
and G504R have been reported to severely affect the CYP17A1 activity. (Kandel & Lampe,
2014) (Bernhardt & Neunzig, 2021; Huang et al., 2005).
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P450 Oxido-reductase (POR) CYP17A1

Endoplasmic Reticulum

Figure 2: Animated representation of interaction between CYP17A1, POR and Cytochrome B5 during
an enzymatic reaction. Transfer of electrons from reducing equivalent, NADPH is facilitated by the
FAD and FMN domain of the redox partner, POR. Cytochrome B5 enhances the allosteric
arrangement of the enzyme and substrate. Phosphorylation at Ser/Thr residues regulates the 17,20
Lyase activity of CYP17A1. Created by BioRender.com
2.7.2.2. Presence of Cytochrome bs: Cytochrome bs (CYB5) is a small, heme-containing
protein that plays a crucial role in various enzymatic reactions, particularly those
involving cytochrome P450 enzymes. The presence of CYB5 can enhance the catalytic
activity of CYP17A1. CYB5 functions as an allosteric modulator facilitating the interaction
between CYP17A1 and POR (Figure 2). The conformational change in the presence of
CYBS5 favors the positioning of the steroid substrate for C17-C20 cleavage in 17,20-lyase

reaction (Katagiri et al., 1995; Miller et al., 1997). A homozygous W27X mutation

results in loss of function of CYB5 leading to disruption of 17,20-lyase activity of
CYP17A1 showing the importance of CYB5 (Kok et al., 2010). While CYP17A1 is
expressed in both the human zona fasciculata and zona reticularis and remains relatively

stable with age, the expression of cytochrome bs increases in the adrenal zona reticularis
at the onset of adrenarche. This coincides with the rise in adrenal 17,20 lyase activity
and the secretion of 19-carbon steroids such as DHEA and androstenedione. Similarly,
cytochrome bs is present in gonadal cells responsible for sex steroid production,
including testicular Leydig cells, follicular theca cells, theca lutein cells, and ovarian
stroma. Therefore, differential expression of CYB5 is also a medium to regulate the
production of androgens.
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2.7.3. Post-translational regulation: CYP17A1 can be regulated through phosphorylation

of the protein at specific serine and threonine residues. Phosphorylation can either
enhance or inhibit the enzyme's activity, depending on the specific residue and the kinase
involved. For example, phosphorylation by PKA can stimulate CYP17A1's 17a-hydroxylase
activity, while phosphorylation by protein kinase C (PKC) can have inhibitory effects. The
differential expression of kinases/phosphatases in a cell-specific manner and at various
developmental stages determines the pattern of steroid hormones (Pandey & Miller,

2005a). Tee and Miller showed that the phosphorylation by p38a increased the 17,20-Lyase
activity 2-fold (Tee & Miller, 2013). Similarly, Phosphatases, such as protein phosphatase 1
(PP1) and protein phosphatase 2A (PP2A), have been showed to dephosphorylate CYP17A1
leading to reduction in the lyase activity (A. V. Pandey et al., 2003). Therefore, the balance

between phosphorylation and dephosphorylation of CYP17A1 is critical for its function.
These post-translational modifications help regulate the enzyme's role in steroid
biosynthesis, allowing the cell to respond to hormonal signals and maintain the proper
balance of androgens and glucocorticoids. The specific serine and threonine residues
targeted by kinases and phosphatases, as well as the precise effects of these modifications
on CYP17A1's activity, may vary depending on the cellular context and hormonal signals.
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HYPOTHESIS

Due to its pivotal involvement in sex steroid synthesis, its relevance in hyperandrogenic
conditions, and its potential as a therapeutic target for cancers dependent on sex steroids,
the 17,20 lyase activity of human CYP17A1 has garnered heightened interest.

Moreover, PCa is driven by its sensitivity to androgens. Historically, treatments have focused
on eliminating androgens from the bloodstream. These approaches range from as basic as
castration to more modern methods like blocking androgen synthesis or receptor binding.
However, these treatments have limited long-term effectiveness and possess safety concerns
due to following reasons:

e non-specific mode of action inhibiting both CYP17A1 hydroxylase and lyase activity

e cross reactivity towards other CYP enzymes involved in steroidogenesis

e transformation into androgen-like metabolites

Therefore, mechanisms involved in the regulation of CYP17A1 activity specifically its 17,20-
lyase activity can be potential therapeutic targets for the treatment of hyperandrogenic
diseases like PCa and PCOS. The work done in this thesis explore some of these different
mechanisms for the inhibition of CYP17A1 activity in three different chapters (objectives). The
major focus will be on inhibition of CYP17A1 activity, specially 17,20-lyase activity for
development of drugs against PCa. Additionally, the potential of these mechanisms involved
in CRPC and PCOS will also be described as needed.

AIMS

» To develop small molecule inhibitors for specific inhibition of CYP17A1 17,20 lyase activity

OBJECTIVE 1 - Screening computationally designed and chemically synthesized
compounds against CYP17A1 activity.

OBJECTIVE 2 - Endocrine Disrupting Chemical as structural cues for the development of
inhibitors of CYP17A1 activity.

» To identify novel pathways involved in the regulation of CYP17Al1 through post-
translational mechanisms.
OBJECTIVE 3 - Study the role of specific Kinases and Phosphatases involved in the
regulation of CYP17A1 lyase activity.
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MATERIALS AND METHODS
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3. Experimental details

This section offers an in-depth overview of the standard laboratory protocols and
experimental techniques employed in conducting the research outlined in this thesis. While
some of these methods are shared across multiple chapters, there are dedicated materials
and methods sections within each respective section.

3.1. General Laboratory Practice

Throughout all procedures, personal protective equipment (PPE) like laboratory coat and
latex powder-free gloves were worn. Laboratory facemasks, protective eyewear, and fume
hoods were utilized as needed. Adherence to safety protocols in handling hazardous
substances were observed following the DBMR Safety Guidelines. The equipment and
reagents used to carry out scientific experiments were of the highest available grades.
Chemical were properly labelled and stored according to the safety data sheets by the
manufacturer. These general laboratory practices are essential for promoting a safe, efficient,
and productive research environment while ensuring the reliability of scientific data and
results.

3.2. Handling of Radioactive materials

Experiments involving the use of radioactive materials were performed in compliance with
the Radiation Safety rules under the supervision of DBMR Radiation Safety Officer. Safety
training courses were attended before starting any radioactivity related work. A designated
controlled workplace was utilized to perform all the experiments. Dosimeter was worn all the
time to record the exposure to any radiation. User Log sheets were maintained to control the
usage of radiation amount within the prescribed limits. Waste management were done
according to type of nuclides and their combustibility. Wipe tests were regularly performed
to detect surface contamination in case of any spillage.

3.3. Preparation of cell culture media, buffers, and other reagents
3.3.1. NCI H295R Complete media: To 500 mL base medium, Dulbecco's Modified Eagle's
Medium, DMEM/Ham’s F-12 medium 1X (1:1 Mix) containing L-glutamine, 15 mM HEPES,
0.5 mM sodium pyruvate and 1200 mg/L sodium bicarbonate (31330-038, Gibco™, Thermo
Fisher Scientific, Waltham, MA, USA) 500 pL of 0.00625 mg/mL insulin, 0.00625 mg/mL
transferrin, 6.25 ng/mL selenium, 1.25 mg/mL bovine serum albumin, 0.00535 mg/mL
linoleic acid in the form of ITS Premix (354350, Corning™, Manassas, VA, USA) was added
to final concentration of 0.1%. The addition of sodium bicarbonate in the base medium is
intended for incubation of cell culture in 5% CO. atmosphere. 5 mL of 10000 pg/mL
Penicillin and 10000 pg/mL Streptomycin (P/S) (15140-122, Gibco™, Thermo Fisher
Scientific, Waltham, MA, USA) was added to a final concentration of 1%. Finally, 25 ml of
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Nu-l serum (355500, Corning™, Manassas, VA, USA) was added to make up to 5%
concentration.

3.3.2. LNCaP Complete media: For a final concentration 10 mM HEPES, 5ml of 1M HEPES
was added to Roswell Park Memorial Institute, RPMI-1640 Medium containing 2mM L-
glutamine, 4500 mg/L glucose, 1500 mg/L sodium bicarbonate (21870-034, Gibco™,
Thermo Fisher Scientific, Waltham, MA, USA). 5 mL of 100 mM Sodium pyruvate

(11360070, Gibco™, Thermo Fisher Scientific, Waltham, MA, USA) was added for a final
concentration of 1 mM. 50 mL of Fetal Bovine Serum, FBS (Gibco™, Thermo Fisher
Scientific, Waltham, MA, USA) was added to achieve a final concentration of 10%. FBS
obtained from the manufacturer was heat-inactivated by incubating at 56°C in water bath
for 1 hour prior to use. For final concentration of 1%, 5 mL of P/S was added to the mix
(152140-122, Gibco™, Thermo Fisher Scientific, Waltham, MA, USA).

3.3.3. COS-1 Complete media: To 500 mL of base media, DMEM (1X) with High Glucose,
Glutamine, Phenol Red, no HEPES and no Sodium pyruvate (41965-039, Gibco™, Thermo
Fisher Scientific, Waltham, MA, USA), 5 mL of P/S was added for final concentration of 1%.
50 mL of heat inactivated FBS was added for 10% concentration.

3.3.4. Reagents
3.3.4.1. 5 mg/mL MTT stock solution: 50 mg MTT powder (Sigma-Aldrich®, St. Louis,
MO, USA) was weighed and dissolved in 10 mL of 1X PBS buffer (available from Institut
fiir Spitalpharmazie, Inselgruppe, Bern, Switzerland). The solution was sterile filtered with
help of 0.22 um Millex® Syringe Filters (Merck, Millipore, Darmstadt, Germany). For
experiments, the stock solution was diluted in Opti-MEM™ | Reduced Serum Medium, no
phenol red (11058021, Gibco™, Thermo Fisher Scientific, Waltham, MA, USA) to avoid
optical interference (Ghasemi et al., 2021). A final concentration of 0.5 mg/ml was used

for cell viability assays in a 96 well plate format. The stock solution can be stored at -20°C
for long term. The dilutions with the culture medium should be freshly prepared.
Minimum exposure to light is recommended while handling the dye.

3.3.4.2. 0.5 mg/mL Resazurin salt stock solution: 5 mg Resazurin sodium salt (R7017,
Sigma-Aldrich®, St. Louis, MO, USA) was dissolved in 10 mL PBS. The solution was sterile
filtered and accordingly diluted in culture media to obtain a final concentration of 0.05
mg/mL for the assay.

3.3.4.3. Stock solutions of test compounds and drugs: Abiraterone acetate
(MedChemExpress®, Lucerna Chem AG, Lucerne, Switzerland) and test compounds in
solid form were weighed and dissolved in suitable solvent, DMSO (Sigma-Aldrich®, St.
Louis, MO, USA) or Ethanol (absolute 299.8%, Sigma-Aldrich®, St. Louis, MO, USA) to
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obtain a 10 to 30 mM stock solutions. These solutions were diluted to appropriate

working solutions to obtain a final concentration of nanomolar to micromolar range in 1
mL or 0.5 mL cell culture. 1mM stock solution of Trilostane (commercially available as
tablets from Modrenal® Bioenvision, NY, USA) and Anastrozole (AstraZeneca, in form of
commercially available drug, Arimidex) was prepared by weighing an appropriate amount
and dissolving in DMSO.

3.3.4.4. 5% Charcoal/0.5% Dextran: 50 g of activated Charcoal (Merck AG, Darmstadt,
Germany) was weighed. 5 g of dextran (Sigma-Aldrich®, St. Louis, MO, USA] was weighed
and dissolved in 100 mL distilled water. This solution was added to the charcoal and the
volume were made upto 1L. A suspension solution was obtained which were
homogenized using magnetic stirrer before adding it to the sample media.

3.3.4.5. Potassium Phosphate buffer: 174.18 g of di-Potassium hydrogen phosphate,
K2HPO4 (299 %, p.a., anhydrous, Carl Roth® GmbH + Co. KG Karlsruhe, Germany) was
weighed and dissolved in 1L distilled water to obtain 1M concentration. Similarly, 1M
solution of Potassium dihydrogen phosphate, KH2PO4 (299 %, p.a., 136.09 g/mol, Carl
Roth® GmbH + Co. KG Karlsruhe, Germany) was prepared separately. 80.2 mL K;HPO4 was
mixed with 19.8 mL KH,PO4to obtain 100 mM phosphate buffer. The pH was adjusted to
7.4 and the final volume was made up to 1L.

3.4. Cell culture

3.4.1. General practice: All the work related to cell culturing were carried out under
sterile conditions within Class Il biological vertical laminar flow safety cabinets (BioWizard
Silver Line Biosafety Cabinet, Kojair Tech, Finland). Before and after each use, these
cabinets were meticulously cleaned using 70% ethanol and distilled water. UV light was
kept on for 20 minutes at the end of the day for complete sterilization of the laminar flow.
Liquid waste was decontaminated using 10% Incidin™ Pro (EcoLab GmbH, Switzerland)
while plastics were disposed in a container for incineration. The cells were grown as a
monolayer in sterile culture flasks or dishes of various sizes (25cm?, 75cm?, and 150cm?) all
equipped with vented caps (Corning Life Sciences, Amsterdam, Netherlands). Cultures
were maintained in a humidified chamber at 37°C with a 5% CO; atmosphere.

3.4.2. Celllines:
3.4.2.1. NCI H295R (ATCC® CRL2128™): In 1990, Gazdar et al. developed human

adrenocortical cell line, NCI-H295, derived in 1980 from a 48-year-old woman diagnosed
with primary adrenal cortical carcinoma Following surgical resection and subsequent
processing, these cultured cells underwent extensive long-term cultivation over several
years. Through radioimmunoassay and mass spectrometry, it was reported that these
cells demonstrated the capacity to synthesize all major adrenal steroids like
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corticosteroids, mineralocorticoids, androgens, and estrogens. Since then, NCI-H295 have
been developed into various sub-strains (H295A, H295R, H295RA, HAC13, HAC15, and
HAC50) and has become the most widely employed model to study adrenal
steroidogenesis (Gazdar et al., 1990) (K. E. M. Ahmed et al., 2018). NCI-H295R cell line
has been adapted from the original strain by employing different growth conditions to

promote adherence to culture plates and reduce cell cycle durations. Compared to the
original H295 cell line, H295R cells exhibit a compact adherent monolayer growth pattern
and a decreased population doubling time from five to two days (Hornsby & McAllister,

1991). The original strain demonstrated no response to hormonal stimulation by ACTH,
Angiotensin Il (ANG Il) and potassium ion (K*) signals (Staels et al., 1993). NCI-H295R cell
strain has been characterized to determine the responsiveness to ACTH, ANG IlI, and K*

signals. While responsiveness of the cells towards ANG Il and K* signals can be used to
study the mechanisms regulating aldosterone production, however, poor ACTH response
is a drawback in these cells to study the regulation of cortisol production. Therefore,
addition of either forskolin (to activate adenylylcyclase) or cAMP analogues are needed
to examine cAMP dependent signaling pathways (Bird et al., 1993; Mountjoy et al., 1994;
Rainey et al., 1993). NCI H295R cells also show influence of culture conditions like growth
medium in the production of steroids. Studies have shown that serum starvation

increases the production of androgens along with CYP17A1 lyase activity in NCI H295R
cells (P. Kempna et al., 2010). NCI H295R was obtained from the American Type Culture
Collection (ATCC® CRL2128™), Manassas, VA, USA. Cells were grown in complete media
described in section 3.3.1.1 at 37°C in a humid atmosphere with a constant supply of 5%
carbon dioxide to maintain the physiological pH (Kurlbaum et al., 2020).

3.4.2.2. LNCaP clone FGC (ATCC® CRL1740™): This cell line was established by
cultivating explants of needle biopsy specimens obtained from a Lymph Node metastasis
of PCa. The LNCaP-FGC cell line was adapted from rapidly growing colony of original
LNCaP cells. These cells exhibit responsiveness to 5a-dihydrotestosterone (DHT), as
indicated by their ability to modulate growth and produce acid phosphatase.
Furthermore, they express Prostate-Specific Antigen and Prostatic Acid Phosphatase
(PAP), and possess Androgen Receptors (Horoszewicz et al., 1980; Okada et al., 1976; van
Steenbrugge et al., 1989). In our work the LNCaP cells were used to study cell cytotoxic
effects in the presence of small molecule drugs. Standard test conditions using MTT-based

assay have been established in these cell lines by Romijn et al (Romijn et al., 1988). They

do not form a uniform monolayer but instead grow in clusters, which results in formation
of aggregates through repeated pipetting during subculture preparation. Their adhesion
to the substrate is only minimal, preventing them from reaching confluence, and they
rapidly lower the pH of the medium. Cell cultures were maintained in complete media
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according to section 3.3.1.2. Cells from passage 12-30 were used in experiments as

previously described (Wu et al., 2013).

3.4.2.3. COS1 (ATCC® CRL-1650™): This cell line was established through the
transformation of monkey epithelial; CV-1 cell line using a defective mutant of simian
virus, SV40 containing a minor deletion in its origin of replication. This ensured that there
is no growth of the infectious viruses even after prolonged culture. The acronym "COS"
was designated due to cells being CV-1 (simian) in Origin and carrying the SV40 genetic
material. COS-1 cells exhibit the expression of nuclear large T antigen and all the requisite
proteins essential for the replication of appropriate circular genomes. Any plasmid
containing an SV40 replication origin, when introduced into COS-1 cells, undergoes
replication to achieve a high copy number. Consequently, the transfected cells will also
express any gene located on the plasmid, driven by a suitable eukaryotic promoter. This
results in a transient high-level expression of the gene of interest (Hancock, 1992).

Therefore, this this cell line was used to generate stable cell lines in our experiments. The
cells were grown in DMEM (1X) supplemented with 10% FBS and 1% P/S.

3.4.3. Maintenance of cell lines: Cells were regularly passaged when they reached an
approximately 80% confluence level. The culture medium was removed, and the cells were
washed with an appropriate volume of commercially available sterile phosphate-buffered
saline, PBS solution (1X) [available from (Institut flir Spitalpharmazie, Inselgruppe, Bern,
Switzerland). The volume of PBS depended on the size of the flask, typically ranging from
6 to 10 ml. To detach the cells from the flask, up to 5 ml of 0.25% Trypsin-EDTA solution
(Gibco™, Thermo Fisher Scientific Inc.) was added. The cells were then incubated at 37¢C
for 2-4 minutes. Trypsin-EDTA solution was subsequently neutralized by adding an equal
volume of complete growth medium. The cells were then transferred to a sterile falcon
tube and pelleted through centrifugation at 1500 rpm (rotations per minute) for 5 minutes.
The supernatant was discarded, and the cell pellet was resuspended in an appropriate
volume of fresh complete growth medium, depending on the desired sub-cultivation ratio.
Typically, the complete growth medium was changed every 2-3 days depending on the cell
line.

3.4.4. Cryopreservation: It is a technique to protect organelles, cells, tissues, or any
biological structures by damages such as osmotic shock caused by extreme low
temperature. For extended storage, cells were collected following the procedure outlined
in Section 3.3.3. However, they were resuspended in complete growth medium that
included sterile 10% (v/v) dimethyl sulfoxide, DMSO. This addition of cryoprotective agent
served to prevent the formation of ice crystals. For sensitive cell lines like NCI H295R, 7.5%
Nu-I serum was also added. The resulting cell suspensions were divided into 2 ml cryogenic
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vials (Thermo Scientific™ Nunc™ Biobanking and Cell Culture Cryogenic Tubes) and

gradually cooled at a constant rate of -1°C per minute to reach -80°C. This controlled
cooling was achieved using Isopropyl alcohol (ROTISOLV® Pestilyse® >99,8 %, Carl Roth®
GmbH + Co. KG Karlsruhe, Germany) filled in a Thermo Scientific™ Mr. Frosty™ Freezing
Container (NALGENE™, Thermo Fisher Scientific Inc). Subsequently, the vials were placed
in -130°C freezer for long-term storage. To resuscitate cells from cryopreservation, the vials
were thawed in a 37°C water bath, and the suspension was quickly transferred to a culture
plate containing complete growth medium. The cells were then allowed to attach to the
plate. The media was changed the following day and according to confluency the cells were
sub-cultured as mentioned in earlier (Jang et al., 2017).

3.4.5. Cell counting: An essential step involved in all the experimental protocols is the
assessment of cell counts prior before starting downstream procedures that requires
precise and uniform number of cells. Having an accurate count of input cells holds
significant value for standardizing experiments such as transfection, studies related to cell
proliferation and viability, enzyme assays and protein production. Cell counting can be
carried out manually using a hemocytometer, or by using an automated cell counter. In
recent times, automated cell counting has emerged as an advanced substitute from the
traditional hemocytometer-based cell counting method delivering more accurate,
unbiased, and reproducible outcomes in a fraction of the time required for manual
counting (Fagéte et al.,, 2019). Cell suspension was obtained from the pellet by
resuspending it in 1-5 ml of complete medium as described in Section 3.3.3. 10 pl of 0.4%
Trypan blue dye (from BioRad) was added to 10 pul of cell suspension and mixed gently. The

dye is used as a stain to detect live cells based on the reactivity of the negatively charged
chromophore towards internal side of the membrane. Therefore, the dye can only stain
dead cells in comparison to live cells where the cell membrane remains intact (Kwizera et
al., 2018). 10 pl of this mixture is released into the well of a dual chamber cell counting
slide (from BioRad). The slide is then inserted into Bio-Rad TC20™ Automated Benchtop
Counter (Bio-Rad Laboratories, Inc.) for counting. The measurement range is 5 x 10* — 1 x
107 cells/ml and 6 — 50 um cell diameter. Having information about the cell count per
milliliter in the cell suspension allowed for plating of cells at the desired density.

3.5. Cell Viability Assays

These assays are frequently employed to screen libraries of compounds, assessing whether
the tested molecules influence cell proliferation or exhibit direct cytotoxic effects that can
ultimately result in cell death. The assays used in our experiments are based on colorimetric
and fluorescent signals to monitor viable cells. In general, Percentage cell viability was
calculated as 100% x (absorbance of treated cells — absorbance of background controls) /
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(absorbance of matched DMSO concentration controls — absorbance of background

controls)(Larsson et al., 2020).

3.5.1. MTT assay: The MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide reduction assay was the first homogeneous method developed for assessing cell
viability in a 96-well format, particularly suited for high-throughput screening (Mosmann

1983) . This assay involves preparing the MTT substrate in a physiologically balanced
solution, typically at a final concentration of 0.2 - 0.5 mg/ml and adding it to cells in culture.
The cells are then incubated for a duration ranging from 1 to 4 hours. MTT is positively
charged and can readily penetrate viable eukaryotic cells. The amount of formazan
produced, presumably directly proportional to the number of viable cells, is quantified by
measuring changes in absorbance at 570 nm using a plate reading spectrophotometer
(SpectraMax M2, Bucher Biotec, Basel Switzerland). The mechanism behind MTT reduction
into formazan is likely associated with reactions involving NADH or similar reducing
molecules that transfer electrons to MTT. The formazan product accumulates as an
insoluble precipitate within cells and is also deposited near the cell surface and in the
culture medium. Various solubilizing agents including the use of acidified isopropanol,
DMSO, dimethylformamide, Sodium Dodecyl Sulfate, and combinations of detergent and
organic solvents are used to dissolve the formed crystals. The signal generated in the MTT
assay depends on several factors, including the concentration of MTT, the incubation
period's duration, the number of viable cells, and their metabolic activity. All these
parameters should be considered when optimizing assay conditions to achieve a detectable
level of product above background (Larsson et al., 2020). Due to MTT's cytotoxic nature,

the assay should be considered an endpoint assay. Suspected chemical interference from
test compounds can be verified by measuring absorbance values from control wells
without cells, incubated with culture medium containing MTT and various concentrations
of the test compound (Riss et al., 2004).

3.5.2. Resazurin assay: Resazurin serves as a cell-permeable redox indicator and is
utilized using methods as in case of tetrazolium compounds. Resazurin can be dissolved in
physiological buffers, forming a deep, blue-colored solution, which can then be directly
introduced to cells in culture in a homogeneous manner. Viable cells with active
metabolism possess the ability to reduce resazurin into the resorufin product,
characterized by its pink color and fluorescence. The quantity of resorufin generated is
directly proportional to the number of viable cells, and this can be quantified using a
microplate fluorometer equipped with a 560 nm excitation / 590 nm emission filter set.
While it's possible to measure resorufin quantification through changes in absorbance, this
method is less common because it is considerably less sensitive compared to fluorescence
measurements. The resazurin reduction assay offers slightly greater sensitivity than
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tetrazolium reduction assays, and it has been widely employed high-throughput screening

applications. Other key advantages of the resazurin reduction assay include its cost-
effectiveness and the homogeneous composition with culture medium. Furthermore,
resazurin assays can be combined with other methods, like measuring caspase activity, to
gain more insights into the mechanisms underlying cytotoxicity. However, the resazurin
assay has its disadvantages, including the potential for fluorescent interference from the
compounds being tested and often overlooked, the direct toxic effects on cells. Prolonged
exposure of cells to resazurin, lasting several hours or even days, can lead to observable
changes in cell morphology, indicating interference with normal cell function. Therefore,
optimization of incubation time becomes essential to avoid reagent toxicity (Kamiloglu et
al., 2020; Larsson et al., 2020; Riss et al., 2004).

3.6. General Protocol for cell-based enzyme assay

In general, NCI H295R cells were seeded overnight in a 12-well plate at a cell density of 0.5
X 106 cells per well. Appropriate concentrations of test compounds were added to respective
wells containing fresh medium and incubated for 4-24 hours. The preferred duration for drug
treatment was set at 4 hours because the test compounds were hypothesized to target
enzyme activity rather than having any drastic effect on basic cellular functions such as gene
expression. Solvents such as DMSO or Ethanol were used to prepare dilutions for test
compounds. Therefore, these were used as Controls in all the assays. Currently approved
drugs known to inhibit the activity of a particular CYP enzyme under investigation were used
as Positive control. For example, in case of CYP17A1 and CYP19A1, Abiraterone acetate and
Anastrozole were used as positive control (Malikova et al., 2017). Appropriate radiolabeled

substrates were used to determine a specific enzyme activity. The amount of enzyme activity
was detected and measured as percentage of radioactivity incorporated into the product
with respect to the total radioactivity (Figure 3) (Castafio et al., 2019; Udhane et al., 2016).

3.6.1. Isolation of Steroids from media: After appropriate incubations, steroids were
extracted from the media using suitable mixture of organic solvents. Typically, to 1mL of
sample media, 4mL of organic mixture (4 times the volume of media) was added. Steroids
soluble in the organic phase were separated out and left overnight for evaporation under
a constant flow of air. Steroids are small molecules featuring 4-membered hydrocarbon ring
system. Therefore, they tend to exhibit greater solubility in organic solvent compared to
aqueous fluids found in tissues. The choice for organic solvents for extraction is based on
the specific chemical properties of the steroids and the scale and intent of the isolation
process. Organic compounds in water-based samples have been extracted through a
classical technique known as liquid-liquid extraction (LLE), which is also the most employed
method for preparing samples from H295R incubation medium (Abdel-Khalik et al., 2013).

This method is based on the differences in solubility and distribution of the solute between
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the two immiscible liquid phases. LLE can serve various purposes, such as enhancing

selectivity by isolating the analyte from interfering matrix components or improving
selectivity by concentrating the analyte from a large sample volume (Silvestre et al., 2009).
The current solvent system used in our experiments, Ethyl acetate and Isooctane (1:1 v/v)
was developed from a series of trials with different combinations of organic reagents like

methylene chloride, methanol, ethyl ether, acetic acid, benzene and acetone.(Brown &
Fishman, 2000).
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(Chloroform:Ethylacetate) .

— Drug Treatment
@ Addition of
radiolabeled substrate

@ Steroid extraction -
(Isooctane:Ethylacetate)

Wy

-

= .
; ST \ % Liquid Scintillation Counting
Radlo-TLC Visualization L (*H,0 Release Assay)

(Phospholmager)

NCI H295R cells f\/
b il B B M e A seeded for overnight ZAVAVAN

Quantification and Analysis e B ,
(ImageQuant) Quantification and Analysis

Figure 3 Outline of common steps followed to assay CYP17A1 enzyme activity. Based on the type of
radionuclide and substrate used, two approaches, a., and b., were employed to detect the
radioactive signals and subsequent analysis of data. Created by BioRender.com

3.6.2. Separation of steroids using Thin Layer Chromatography (TLC): This technique
falls under the category of solid-liquid chromatography. In this method, a polar absorbent
serves as the stationary phase, while the mobile phase can consist of a single solvent or a
mixture of solvents. The typical stationary phase employed in TLC is silica gel, characterized
by the empirical formula SiO,. Silica gel surfaces are typically occupied by oxygen atoms
bonded to protons, resulting in the presence of hydroxyl groups, which render the silica gel
surface highly polar. As a consequence, organic analytes with polar functional groups
exhibit strong interactions with the surface of silica gel particles, whereas organic analytes
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lacking polar moieties interact only weakly. For a TLC experiment, the choice of elution

solvent plays a pivotal role. For most organic analytes, a common elution solvent consists
of a combination of hexane and ethyl acetate, ethyl acetate-dichloromethane, methanol-
dichloromethane, methanol-water (Marston, 2011; Santiago & Strobel, 2013). Chloroform-

Ethyl acetate, 3:1 (Carl Roth® GmbH + Co. KG Karlsruhe, Germany) was chosen as elution
solvent used in our experiments. Whatman filter paper was inserted along the inner wall
of a glass chamber to ensure that the atmosphere becomes saturated with solvent vapor.
About 200 mL of the elution solvent was filled inside the chamber such that the lower part
of filter paper is in contact with the solvent. On the TLC plate (Silica gel coated aluminum
plate; Supelco® Analytics, Sigma Aldrich Chemie GmbH, Germany), approximately 3cm
from the bottom, samples were loaded in a straight line. The samples were dissolved in
highly volatile polar solvent, Methylene chloride (Carl Roth® GmbH + Co. KG Karlsruhe,
Germany). Using a micro capillary, a very small volume of the sample (1 uL) was applied
onto the marked positions on the TLC plate. The spots should be under 3 mm in diameter
and allowed to evaporate for a few seconds. TLC plate was placed in the elution chamber,
ensuring that the sample spots are at the bottom and above the level of the elution solvent.
Sample containing a mixture of steroids were allowed to run until the solvent front reached
the top of the TLC plate. The TLC plate was air-dried to evaporate the solvent. Since the
steroids used in our experiments were radiolabeled, the TLC was visualized using
autoradiography explained in the next section.

3.6.3. Visualization of TLC using Autoradiography: Since the widespread adoption of TLC
in the early 1960s, significant advancements have been achieved in the quantitative radio-
assay of TLC plates. Autoradiography is the most widely used method of locating radio
labelled compounds on TLC plates. The autoradiographic technique can detect all low-
energy B-emitters effectively, and monitoring tritiated compounds on TLC plates is more
convenient than on paper chromatograms. However, for 3H, extended exposure times
exceeding two weeks are typically required. Additionally, the use of an intermediate
protective layer is not needed. In contrast, for compounds labeled with *4C, 3°S, and 36Cl,
exposure times of 1 or 2 days vyield satisfactory results. The standard procedure involves
placing the TLC plate in direct contact with Storage Phosphor-screen (Storage Phosphor
Screen BAS-IP TR 2040 E Tritium Screen, 20 x 40 cm, Cytiva Life Sciences). Cassettes
designed to accommodate 20 x 20 cm TLC plates are available from photographic suppliers.
The cassettes facilitate the contact between the TLC plate and the screen with proper
alignment and provide dark environment for exposure. The limit of detection depends on
the amount and type of radioisotope and the duration of exposure. In any mixture of
labeled compounds to be separated, it's probable that the compounds will exist at varying
concentrations in terms of radioactivity. Therefore, it's advisable to select an exposure time
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that is sufficiently long to enable the detection of compounds present in lower

concentrations ("Chapter 4 Radio-thin-layer chromatography," 1978). The ionizing

radiation emitted by the radioactive isotopes interacts with the phosphor screen. This
excites the phosphor crystals layer on the screen causing them to absorb energy. In the
imager, a laser or other light source scans the screen. This stimulation causes the trapped
electrons in the phosphor to return to their ground state, emitting visible light in the
process. A detector in the imager collects the emitted visible light and converts it into an
electronic signal. This signal is then processed and used to create a digital image. The
imager is equipped with software that allows for the quantification and analysis of the
radioactive signals in terms of intensity (Leblans et al., 2011).

3.6.4. Tritiated water (3H.0) release assay: This method was employed in case when the
radioactive product of enzyme reaction was soluble in aqueous phase. During CYP17A1
lyase action, the substrate 17a-hydroxy pregnenolone gets converted into DHEA and an
equimolar amount of acetic acid in form of acetate. When a specific radiolabeled substrate,
[21-3H]-17a-hydroxy pregnenolone (SA 15 Ci/mmol; Conc. 1 mCi/mL; American
Radiolabeled Chemicals Inc., St. Louis, MO, USA) is used for enzyme assay, the tritium ion
at C21 position is transferred to the acetate ion imparting radioactivity to the water-soluble
part of sample media.

OH NADPH Q .
*HCH,
———— + 2 CI:-O
17,20-lyase OH
OH ol
[21-3H]17P5 DHEA [?H]-Acetic Acid
(Organic phase) (Aqueous phase)

Figure 4 Schematic representation of the 17,20-lyase reaction. Metabolism of [21-3H]17P5 by
CYP17A1 releases [°H] acetate that is recovered in the aqueous phase after enzymatic cleavage of
the sidechain of the substrate. Copyright © 2003 by The Endocrine Society (Moran et al., 2003).

Steroids in the media are precipitated out with help of activated charcoal (HERBERT et al.,

1965; Moran et al., 2003). The radioactivity in the supernatant can be measured with help

of Liquid scintillation counting, LSC (MicroBeta2® Plate Counter, PerkinElmer Inc.
Waltham, MA, USA). It is a widely used technique in radiochemistry and radiobiology for
measuring samples containing B-emitting or low-energy y-emitting radionuclides. The
radioactive sample to be measured is dissolved or suspended in a liquid scintillation
cocktail (ROTISZINT®eco plus., Carl Roth® GmbH + Co. KG Karlsruhe, Germany). This
cocktail has three components: an aromatic solvent, a surfactant or detergent and the
scintillators. The aromatic solvent possesses 1 electrons, which facilitates in the transfer
of energy from radioactive decay. The surfactant helps in formation of a stable
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microemulsion, especially when aqueous samples are involved. This stability is essential

for consistent and reliable performance throughout the counting period. When a -
particle interacts with a scintillator molecule, it imparts energy to the molecule. The
scintillator molecules become excited and then quickly return to their ground state,
emitting photons in the process. The emitted photons enter a photomultiplier tube which
amplifies the photons and convert them into electrical signals. The amplitude if this signal
is proportional to the radioactivity in the sample. Liquid scintillation counters are
calibrated to convert these counts into units of radioactivity, such as disintegrations per
minute (DPM) or becquerels (Bq) (Shapira & Perkins, 1960; Wiegman et al., 1975).

3.6.5. Steroid profiling by Liquid Chromatography — Mass Spectrometry: Experiments
measuring the presence of steroid in sample media through mass spectrometry followed
the same protocol as standard enzyme assay, with the exception that 1 uM of non-
radioactive (unlabeled) steroids were utilized instead of [3H]-labeled steroids. The basic
principle underlying mass spectrometry (MS) involves the generation of multiple ions
from a sample, their subsequent separation in an electromagnetic field based on their
mass-to-charge (m/z) ratios which can correspond to their relative abundances in a
mixture (Wudy et al., 2018). For small metabolites like steroids, MS is used in combination

with either gas chromatography or liquid chromatography (LC). When used in
combination MS serves as a detector (Soldin & Soldin, 2009). In general, internal

standards in form of stable isotopes are required to track characteristic signals (Owen &
Keevil, 2012). The main advantage of LC-MS over other analytical methods is the non-
requirement of radioactive labelling. The approach to analyze steroids in a sample like cell
culture media can be targeted or untargeted and qualitative or quantitative. LC-MS is the
most commonly used technique in clinical settings to analyze glucocorticoids,
mineralocorticoids, androgens, and estrogens. LC-MS provides more accurate, precise
and sensitive detection method in comparison to other analytical techniques for steroid
determination (Kareem Eldin Mohammed Ahmed et al., 2018; Shackleton et al., 1990).

3.6.6. Aromatase assay in JEG3 microsomes: Aromatase activity was quantified by
assessing the quantity of 3H,O generated from the [1B-3H]-androstenedione substrate.
This assay relies on the fact that aromatase catalyzes the stereospecific cleavage of the
covalent bond between the carbon atom at position 1 and the hydrogen located on the B
side of the steroid ring system during the aromatization of the A-ring. The techniques
employed for this approach was similar to the assay described in Section 3.5.4. Use of
human placental microsomes to assay aromatase activity was developed during 1974 to
1980 (Reed & Ohno, 1976) (Thompson & Siiteri, 1974). This system provides a direct and
rapid assay for evaluating enzymatic turnover. Microsomes resembles closely to the

cellular arrangement in which CYP19A1l is anchored to the endoplasmic reticulum
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membrane through its N-terminal sequence. NADPH or a system to regenerate NADPH is

used to provide the necessary reducing equivalents for enzymatic activity. (ince Ergiic et
al., 2022). Microsomal fractions were isolated from JEG3 Human Choriocarcinoma

derived cell line (ATCC® HTB36™) as they express several steroid enzymes including
CYP19A1 along with genes for the production of progesterone, Human chorionic
gonadotropin (hCG) and other placental hormones (Sun et al., 1998). The reaction

mixture containing the microsomes, substrate and NADPH were prepared in Potassium
phosphate buffer maintained at appropriate pH to provide cellular like environment as
described earlier (Castafio et al., 2019).

3.7. Transformation of competent cells
Following procedure (Malke, 1990) was followed:

e 0.5MKCl, 0.15 M CaCly, 0.25 M MgCl; was prepared from stocks of 4 M KCI, 1 M
CaCly, 1 M MgCl; for 5X KCM solution. 20 ul of 5X KCM was pipetted out ina 1.5 ml
Eppendorf-tube kept on ice.

e 1-2plof about 50-100 ng Plasmid-DNA, pcDNA 3.1 was added to the tube. pcDNA™3.1
is 5.4 kb vectors that is designed for high-level stable and transient expression of gene of
interest in mammalian cells (Chen & Okayama, 1987).

e The final volume was made up to 100 pl with MilliQ water. DH5a competent cells
(Subcloning Efficiency™, Thermo Fisher Scientific) was thawed on ice without mixing by
pipette or vortex. DH5a is the commonly used laboratory E. coli strains to maintain and
amplify small plasmid DNA (Thomason et al., 2014).

e 100 ul of thawed cells was added into the Plasmid-DNA mixture. This mixture
containing DH5a cells was incubated for 20 minutes on ice.

e Followed by 10 minutes of incubation at room temperature, 1 ml of Luria Bertani (LB)
medium was added to the tube and incubated for 1 hour on a microtube shaker at 372C at
maximum speed. The medium was prepared by dissolving appropriate amount of
commercially available LB powder (Carl Roth® GmbH + Co. KG Karlsruhe, Germany) in
distilled water and autoclaved for experimental use. It is the most widely used medium for
the growth of bacteria (Bertani, 1951).

e Cells were centrifuged down at low speed for 2 minutes. The medium was removed,
and cells were resuspended in the remaining volume. The cell suspension was applied on
an LB-Agar plate containing 100 pg/mL Carbenicillin. Carbenicillin is potent selective agent
used to grow transformed bacterial cells (Korpimaki et al., 2003). The culture plate was

incubated overnight at 372C.
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3.8. Maxi-Prep for Plasmid

The preparation and isolation of plasmid of interest (pcDNA 3.1) were carried out according
to Sigma’s GenElute HP Plasmid Maxiprep Kit. It offers simple, rapid, and cost-effective
method for isolating plasmid DNA from recombinant E. coli cultures. The protocol (Birnboim
& Doly, 1979) was carried out in following steps:

e Asingle colony from a freshly streaked plate was picked and inoculated in 3 to 5 ml LB
medium containing Carbenicillin. The culture was grown at 37°C for about 8 hours while
shaking at 250-300 rpm.

e The appropriate amount of starter culture was determined by measuring the
absorbance of the overnight culture at 600 nm and diluted in LB medium. The culture was
incubated at 37 °C for 12 to 16 hours while shaking at 250-300 rpm.

e 150 mL of an overnight culture was centrifuged at 5000 x g for 10 minutes. The
supernatant was discarded.

e 12 ml of Resuspension/RNase A Solution was added to the obtained bacterial pellet
and resuspended by pipetting up and down.

e The resuspended cells were lysed by adding 12 ml of Lysis Solution and the contents
were mixed by gentle inversion. The mixture was left undisturbed for 3 to 5 minutes until
it becomes clear and viscous.

e Meanwhile, a filter syringe was set up by removing the plunger and placing the barrel
in a rack so that the syringe barrel is upright.

e The mixture containing lysed cells were neutralized by adding 12 ml of chilled
Neutralization Solution gently invert 4 to 6 times until a white aggregate appears.

e 9 mL of Binding Solution was added and mixed by inversion and poured into the barrel
of the filter syringe. The lysate was allowed to sit for 5 minutes until the white aggregate
floats on top.

e GenkElute HP Maxiprep Binding Column was inserted into a 50 mL collection tube. 12
mL of the Column Preparation Solution was added to the column and centrifuged at 3000
x g for 2 minutes. The eluted solution was discarded.

e The filter syringe barrel was placed over the Binding Column and the plunger was
pressed gently to expel half of the cleared lysate into the column. To stop the flow of the
remaining lysate the plunger was pulled up to avoid overfilling of the column.

e The column was centrifuged at 3000 x g for 2 minutes. The eluent was discarded. The
above step was repeated multiple times until the rest of the cleared lysate was utilized.
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e 12 ml of Wash Solution 1 was added to the column and centrifuged at 3000 x g for 2

minutes. The eluent was discarded.

e 12 ml of Wash Solution 2 was added to the column and centrifuged at 3000 x g for 5
minutes. The eluent was discarded.

e The binding column was transferred to a clean 50 mL collection tube. 3 mL of Elution
Solution was added to the column.

e To recover plasmid, the column with the collection tube unit was centrifuged at 3000
x g or 1000 x g for 5 minutes.

e The eluate was transferred to a clean centrifuge tube. If required, the volume was
made to 100 pL by adding sterile water. 10 uL (0.1X volume) of 3.0 M Sodium Acetate Buffer
Solution (pH 5.2) and 220 pL (2X volume) of 100% ethanol was added. The mixture was
mixed well by inversion and centrifuged at 15,000 x g at 4 °C for 30 minutes. The
supernatant was discarded carefully without disturbing the pellet with help of a
micropipette.

e  DNA pellet was washed with 0.5 mL of 70% ethanol and centrifuged as before for 10
minutes. The supernatant was removed, and the remaining ethanol was evaporated under
air.

e The DNA pellet was resuspended in 50 pL sterile water (MilliQ).

e  Purity and quantity of the plasmid DNA was determined using a NanoDrop® UV-Visible
Spectrophotometer  (Thermofisher Scientific). The ratio of absorbance at
(A260-A320)/(A280-A320) should be 1.8 to 2.0.

Stocks of Maxi-prep cDNA plasmids purchased from GenScript was prepared as follows:
The sample tube was centrifuged 10,000 rpm/7500 x g for 2 minutes. 100 pl of sterile water
was added, vortexed gently and incubated at 50°C for 15 min. The solution was mixed
gently and centrifuged at 10,000 rpm for 2 minutes. 20 pl of aliquots were prepared to be
stored at -20°C.

3.9. Transient transfection

Invitrogen™ Lipofectamine™ 2000 Transfection Reagent and the prescribed protocol was
followed to perform transfection in mammalian cells.

e Oneday before transfection, 0.5 x 106 cells/well in 1 mL of growth medium was seeded
in a 12-well-plate so that cells become 70-90% confluent at the time of transfection.

e Serum free medium (Gibco™ Opti-MEM™ | Reduced Serum Medium) without

antibiotics was used to dilute the plasmid DNA and Lipofectamine reagent.
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e For each replicate, 0.5 ug of plasmid DNA was diluted in 100 pul of Reduced Serum

Medium and mixed gently.

e 4 pulof Lipofectamine 2000 reagent was mixed separately with 100 pl of reduced serum
medium and incubated for 5 minutes at room temperature.

e The ratio of DNA (ug) and Lipofectamine reagent (ul) was optimized according to the
recommended amount based on relative surface area.

e  After the 5-minute incubation, both complexes were combined by gentle mixing and
incubated for maximum 20 minutes at room temperature.

e 200 pl of above mixture was added to each well dropwise, containing cells with freshly
added reduced serum medium. The contents were mixed gently by moving the plate back
and forth.

e 6 hours post transfection, media was replaced by complete growth medium.

e Cells were visualized under microscope using a GFP control plasmid 24-48 hours post
transfection.

e After successful transfection, cells were treated with appropriate reagents to perform
further assays as needed.

3.10. Stable transfection

The pcDNA™3.1 contain the neomycin resistance gene for selection of stable cell lines
using neomycin (Geneticin®) (Southern & Berg, 1982). For stable transfection, COS-1 cells
were used due to their properties explained in Section 3.4.2.3

3.10.2 Kill curve: To successfully generate a stable cell line expressing the gene of
interest, the optimal concentration of Geneticin® (G418, Fisher Scientific) was determined.
A kill curve follows a dose-response approach, involving the treatment of cells to
progressively higher antibiotic concentrations (0.1 -2.0 mg/mL) to determine the minimum
amount required for complete cell death within one-week. 0.15 x 10° cells/well was seeded
in 0.5 mL complete growth medium one day prior to introducing antibiotic selection. Cells
should have reached high confluence (~60-80%) before antibiotic treatment. Media
containing selection antibiotic was changed every 2-3 days for up to a week. The culture
was examined every day for signs of visual toxicity and the antibiotic dose was defined as
follows:

e Low dose - the antibiotic concentration at which minimal visual toxicity is apparent

even after 7 days of antibiotic selection.

e Optimal dose - the lowest antibiotic concentration at which all cells are dead after one

week of antibiotic selection.
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¢ High dose - the antibiotic concentration at which visual toxicity is evident within the

first 2-3 days of antibiotic selection.

3.10.3 Selection of clones by serial dilution: The transfection protocol was followed as
described in Section 3.9. 48 hours after transfection, the cells were treated with complete
growth medium containing 500 pg/mL of Geneticin®. The cells were grown into
appropriate confluency under Geneticin pressure. The cells were trypsinized and subjected
to counting to determine the cell density. This protocol is adapted from Corning
Incorporated Life Sciences.

e 200 pL of 2 X 10*cells/mL suspension (4000 cells) was added to the first well (A1) of a
96-well plate.

e Using a multi-channel micropipette, 100 uL of culture medium was added except to
well Al. This medium could be conditioned medium obtained from cultures grown for 24
hours.

e 100 pL of the contents of well Al is transferred to well B1 and mixed well by pipetting
up and down. This step was repeated for the 1:2 dilution down the entire first column
discarding 100 pL of cell suspension from the last well (H1) to maintain the total volume in
each well at 200 pL.

e Using a multi-channel pipette, 100 uL of cell suspension from the first column was
transferred to the next column for 1:2 dilution. This step was repeated across the entire
plate up till the last column while discarding 100 pL of cell suspension from the last column
to maintain 200 pL/well.

e  Wells containing single clones were selected and grown under constant pressure of
Geneticin.

e Upon reaching confluency, these cells were transferred to larger plates starting from
12-well plate for further expansion and cryopreservation.

3.11 siRNA transfection

Short interfering RNA (siRNA) technology is a powerful molecular tool used in scientific
research for gene expression regulation. siRNAs work by triggering the RNA interference
(RNAI) pathway. This involves association of Dicer endonuclease with double stranded RNA
to generate small functional siRNA through cleavage. The guide strand of the siRNA is loaded
onto the RNA-induced silencing complex (RISC), which unwinds the siRNA and uses the guide
strand to recognize and bind to the complementary mRNA of the target gene. Once bound,
the mRNA is cleaved or translationally repressed, leading to reduced expression of the target
gene (Agrawal et al., 2003). Typically, siRNA of 21 to 23 nucleotides in length is used to
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selectively silence or downregulate the expression of specific genes in a cell line. These are

designed to improve the specificity and efficiency of siRNA with reduced off-targets (Elbashir
etal., 2001). In our experiments, Lipofectamine 2000 reagent was used to transfect cells with
27-mer siRNA like the protocol from Section 3.9.

3.12 Statistical analysis

We conducted statistical analysis using Microsoft Excel and Prism 3.0 Graph Pad software.
All findings are presented as mean values with standard error of the mean (SEM) unless
otherwise specified. In our in vitro experiments, we carried out a minimum of three technical
replicates for one to three independent occasions. The analysis of in vitro results involved
the use of either unpaired Student’s t-test or one-sample t-test, as indicated. For the
assessment of results encompassing multiple groups, we employed one-way analysis of
variance (ANOVA). We applied a 90% confidence interval, with statistical significance
considered at a p-value of <0.05.
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AIM: To develop small molecule inhibitors for specific inhibition of
CYP17A1 17,20 lyase activity.

Background

Early Non-specific P450 Inhibitors: Initially, compounds like ketoconazole were created with
the intention of serving as broad-spectrum P450 inhibitors. Consequently, it led to the
inhibition of 17-hydroxylase activity, along with impaired CYP11A1, CYP21A2, CYP11B1, and
CYP19 activities. The lack of specificity of this drug renders it unsafe for long term therapy (Gal

& Orly, 2014).

General CYP17A1 Inhibitors:

The development of more recent CYP17A1-targeted inhibitors, such as Abiraterone, has
provided a significant advancement. Abiraterone exhibits a higher degree of selectivity toward
CYP17A1 compared to ketoconazole. The primary site of action of Abiraterone is the inhibition
of 17a-hydroxylase activity. However, an off-target inhibition of CYP21A2 results in elevated
ACTH levels due to the absence of cortisol feedback. This can be reversed in clinical practice
by co-administering glucocorticoids like prednisone. However, recent data even suggests that
prednisone itself may stimulate the mutant AR, undermining the purpose of prednisone co-
therapy. Although abiraterone represents a significant leap in available therapy, it does not
yet exhibit the expected profile of a truly selective 17,20 lyase inhibitor (Attard et al., 2012;
Stein et al., 2014).

Another drug possessing similar properties is Orteronel (TAK-700). Extensive research has
been conducted on this compound including in H295R cells. Direct comparison of TAK-700 and
Abiraterone demonstrated similar effectiveness in inhibiting DHEA production indicating some
specificity for lyase inhibition compared to ketoconazole. However, both TAK-700 and
abiraterone exhibited a dose-dependent effect on cortisol levels (Yamaoka et al., 2012).

Selective CYP17A1 lyase inhibitors:

In cases of selective lyase deficiency resulting from a CYP17A1 mutation, it is evident that 17-
hydroxylase activity can still be maintained at around 65% even when 17,20 lyase activity is
significantly inhibited. Therefore, it is unlikely that the ideal drug would surpass these
established thresholds. For tumors expressing mutant AR, the primary objective of any
therapeutic approach is to deprive the tumor of C19 androgens. However, this must be
achieved without causing a pronounced surge in ACTH, which could otherwise lead to
elevated levels of early ZF alternate pathway steroids such as pregnenolone and progesterone.
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Achieving this balance is essential to avoid the necessity of using prednisone to suppress these
unwanted effects (Bird & Abbott, 2016).

Galeterone (TOK-001) has been suggested to function both as CYP17A1 inhibitor and an AR
antagonist. There is less publicly accessible information regarding its impact on steroid
profiles, whether in vitro or in vivo. Although a crystal structure of CYP17A1 has been
documented with abiraterone and galeterone, there seems to be no difference in the
substrate orientation in either instance. Additionally, it has been suggested that the primary
mode of action for galeterone may be at the level of the AR. Notably, clinical trial data indicate
that there is no more need of co-administration of prednisone (Njar & Brodie, 2015).

VT464 is another newly developed compound, believed to function as a selective lyase
inhibitor. A preliminary review of the data released indicates that the IC50 for human CYP17
lyase activity is ten times lower than that for hydroxylase (Yin & Hu, 2014). Given that the
current data about CYP17A1 inhibitors indicates towards the lack of specificity towards
CYP17A1 lyase activity and adverse side-effects in terms of cross reactivity with other CYPs.
This compels us to look for true inhibitors of CYP17A1 lyase activity. Therefore, this section
deals about screening of small molecule inhibitors which are designed and synthesized

chemically by our collaborators. The in silico molecular modelling is done by bioinformatician.
Brief details about the molecular docking and prediction of best candidates for cell-based
screening is explained in the attached papers in form of Chapter 1 and Chapter 2. Additional
information regarding computational modelling can be found in Appendix | section. All the
cell-based screening of compounds and in vitro experiments are performed according to the
experimental details described in Section 3. Preliminary data from experiments with crude
extract of two plant tissues is reported in form of small chapter 3. The background and
approach are similar to Chapter 2.
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Chapter 1

Screening computationally designed and chemically synthesized
compounds against CYP17A1 activity.
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Section A: Synthesis and Structure-Activity Relationships of Novel Non-
Steroidal CYP17A1 Inhibitors as Potential Prostate Cancer Agents

Status: Published

My Contributions in the paper:

All the in vitro experiments were performed by me. This includes:

e Maintenance of cell culture: NCI H295R cell line

e Cell-based enzyme assays - CYP17A1 17a-Hydroxylase activity, CYP17A1 17,20Lyase
activity.

e Dose response experiments in NCl H295R cells

Writing:
Section 2 (Material and Methods): Assay of CYP17A1 activities

Figures:

e Figure 2: Inhibition of CYP17A1 17a-hydroxylase activity by compounds 1-20 at 10 uM
concentration.

e Figure 3: Determination of IC50 of compounds 2, 12, and 20 for inhibition of the 17a-
hydroxylase activity of CYP17A1.

e  Figure 5: Inhibition of CYP17A1 lyase reaction by compounds 2,12 and 20.

Statistical analysis for enzyme assays and generating graphs for Figure 2, 3 and 5.
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Abstract: Twenty new compounds, targeting CYP17A1, were synthesized, based on our previous
work on a benzimidazole scaffold, and their biological activity evaluated. Inhibition of CYP17A1
is an important modality in the treatment of prostate cancer, which remains the most abundant
cancer type in men. The biological assessment included CYP17A1 hydroxylase and lyase inhibition,
CYP3A4 and P450 oxidoreductase (POR) inhibition, as well as antiproliferative activity in PC3
prostate cancer cells. The most potent compounds were selected for further analyses including in
silico modeling. This combined effort resulted in a compound (comp 2, IC5y 1.2 uM, in CYP17A1)
with a potency comparable to abiraterone and selectivity towards the other targets tested. In addition,
the data provided an understanding of the structure-activity relationship of this novel non-steroidal
compound class.

Keywords: cytochrome P450 17A1; CYP17A1; prostate cancer; enzyme inhibition

1. Introduction

Prostate cancer (PCa) remains the most common type of cancer diagnosed in men [1].
While the localized disease can be treated with surgery or radiation therapy, androgen
deprivation therapy (ADT) is engaged when cancer spreads. ADT continues to be the
cornerstone of prostate cancer treatment. Despite treatment, eventually, the disease devel-
ops into castration-resistant prostate cancer (CRPC), consequently yielding a poor patient
prognosis.

Current discovery efforts towards new therapies focus on androgen receptor (AR)
signaling. Those endeavors introduced the next-generation AR antagonists represented by
enzalutamide and apalutamide [2]. Other notable discoveries include proteolysis-targeting
chimeras (PROTACs), poly ADP-ribose polymerase (PARP) [3] inhibitors, histone deacety-
lase (HDAC) inhibitors [4], and various forms of immunotherapy [5]. The emergence of
novel targets such as fatty-acid binding protein 5 (FABP5) [6] also illustrates the progress
that has been made in the field of prostate cancer. However, despite these efforts, PCa still
presents a significant problem.
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In addition to the interventions mentioned above, cytochrome P450 17A1 (CYP17A1)
inhibition has in recent years received increased attention as a valid treatment modality.
CYP17A1 is a dual-function oxygenase membrane-bound enzyme that catalyzes the biosyn-
thesis of steroids [7-9]. Its dual activity stems from the ability to produce precursors for
glucocorticoids via 17x-hydroxylase reaction and androgens/estrogens via 17,20-lyase re-
action [10]. Therefore, CYP17A1 is an attractive target for the treatment of prostate cancers
that proliferate in response to androgens [11]. CYP17A1 is required in both the “classic”
and “back-door” pathways of steroid biosynthesis, and by its inhibition, the production of
androgens can be limited [12,13].

In our previous work, we identified hit compounds based on a benzimidazole/indole
scaffold with satisfactory properties (Figure 1) [14]. Encouraged by these early results, we
set off to explore related analogs in search of an optimized molecule and to analyze the
structure—activity relationships. Here, we present the synthesis of 20 novel derivatives and
their biological evaluation together with computational analysis. The compounds were
designed to determine how the following modifications influence the inhibitory activity of
CYP17A1, and compound properties: (a) substituent on benzimidazole moiety, to increase
compound polarity; (b) introduction of selected heterocycles; (c) replacing linker nitrogen
atom with oxygen bridging the aromatic moieties; (d) introduction of more sp> carbons to
improve physico-chemical properties; (e) addition of bulk to the middle-linker part of the
molecules to take advantage of hydrophobic space in a binding pocket. In addition, assays
with PC3 cells, which display a high degree of metastatic potential and tumorigenicity, were
performed to see if the compounds would affect hormone-insensitive cells, thus implying
an additional mechanism of action.

HN—™\\ N HN—™\\ /
O 1)
N/ /

Figure 1. Early hit compounds identified in the previous study.

2. Materials and Methods
2.1. Synthesis

All reagents and solvents were used as purchased from commercial sources and reac-
tions were carried out under anhydrous and air-free conditions unless stated otherwise.
Reaction conditions and yields were not optimized. Dry column vacuum chromatography
(DCVC) was performed with silica gel 60 (15-40 pm, Merck KGaA, Darmstadt, Germany).
Ion exchange chromatography was performed on ISOLUTE® MP-TsOH columns (sul-
fonated macroporous polystyrene resin, 500 mg, 6 mL, Biotage, Uppsala, Sweden). 'H and
13¢C spectra were recorded on 600 MHz Bruker Avance III HD, 400 MHz WB Bruker Avance,
or 300 MHz Bruker Fourier spectrometers (Bruker, Billerica, MA, USA). Coupling constants
(J) are reported in Hertz (Hz). Chemical shifts are reported in parts per million (ppm, &
scale) relative either to an internal standard (TMS) or residual solvent peak. High-resolution
mass spectroscopy (HRMS) was carried out on a Bruker Solarix XR 7T ESI/MALDI-FT-ICR
with positive MALDI ionization mode using NaTFA cluster-ions for external calibration
or Bruker microTOF-Q II with ESI ion source mass spectrometers (Bruker, Billerica, MA,
USA). Data obtained were processed in Bruker DataAnalysis Software. Analytical HPLC
was carried out on Dionex UltiMate HPLC system (Thermo-Fisher, Waltham, MA, USA)
consisting of LPG-3400A pump, WPS-3000SL autosampler, and DAD-3000D diode array
detector using Gemini-NX C18 column (4.6 mm x 250 mm, 3 pm, 110 A) or Kinetex PS18
column (2.1 mm x 100 mm, 2.6 uM, 100 A). Preparative HPLC was carried out on a Dionex
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UltiMate HPLC system consisting of HPG-3200BX pump, Rheodyne 9725i injector, 10 mL
loop, MWD-3000 detector, and FCA_Multi automated fraction collector using Gemini-NX
C18 (21.2 mm x 250 mm, 5 um, 110 A). Data were acquired and processed using the
Chromeleon software (Thermo Fisher Scientific).

2.2. Assays

Assay of CYP17A1 activities: Assay of CYP17A1 17x-hydroxylase and 17,20 lyase
activities were performed as described previously [15,16]. The 17«-hydroxylase activity
was measured by conversion of Prog to 17OH-Prog, while production of DHEA from 170H-
Preg was used for monitoring the 17,20 lyase activity of CYP17A1. For the 17-hydroxylase
reaction, radiolabeled [**C]-PROG (20,000 cpm/reaction) was used as a tracer. Steroids were
extracted and separated by thin-layer chromatography (TLC) on silicagel (SIL G/UV2s54)
TLC plates (Macherey-Nagel, Oensingen, Switzerland) as previously described [16-18]. The
separated steroids were visualized on a Fuji FLA-7000 Phospholmager (Fujifilm, Dielsdorf,
Switzerland) and quantified using Multi Gauge software (Fujifilm, Dielsdorf, Switzerland).
Steroid conversion was calculated as a percentage of incorporated radioactivity into a
specific steroid product to total radioactivity measured for the whole sample (internal
control). For the 17,20 lyase activity of CYP17A1, a water release assay was used. We
used 170H-Preg labeled with [*H] at the C21 position, which upon conversion to DHEA
releases an equimolar amount of [®H] H,O. Tritiated water is separated and measured by
scintillation counting based on a method described by Simpson for the assay of aromatase
activity [19].

Assay of CYP3A4 activity: The activity of the major drug-metabolizing enzyme
CYP3A4 in the presence of selected compounds was tested using the fluorogenic sub-
strate BOMCC (7-Benzyloxy-4-trifluoromethylcoumarin) (Invitrogen Corp, Carlsbad, CA,
USA) as described earlier [20]. In vitro CYP3A4 assays were performed using a liposome
system consisting of POR, CYP3A4 and cytochrome bs at a ratio of 4:1:1 (POR:CYP3A4:bs).
Reconstitution of liposomes was carried out as described before [21]. The final assay mix-
ture consisted of liposomes and proteins (80 pmol POR: 20 pmol CYP3A4: 20 pmol bs),
2.5 mM MgCly, 2.5 uM GSH and 20 uM BOMCC in 50 mM HEPES buffer and the reaction
volume was 200 pL. The catalytic reaction was initiated by the addition of NADPH to
1 mM final concentration and fluorescence was monitored on a Spectramax M2e plate
reader (Molecular Devices, Sunnyvale, CA, USA) at an excitation wavelength of 415 nm
and emission wavelength of 460 nm for BOMCC metabolism.

Assay of P450 oxidoreductase (POR) activity: POR assay was performed as described
previously, using purified human POR [22]. The activity of the bacterially expressed POR
was tested for its ability to reduce resazurin into resorufin, which is highly fluorescent. The
reaction was performed in triplicate in 96-well format using a microplate reader (Molecular
Devices, Sunnyvale, CA, USA). The reaction components were 10 uM resazurin, 100 ng
of POR in 50 mM Tris-HCL (pH 7.8) containing 150 mM NaCl. NADPH was added at a
concentration of 100 uM as the source of electrons to start the reaction, and the change in
emission (570 nm excitation, 585 nm emission for resorufin) was monitored for 30 min.

Antiproliferation assay: PC-3 prostate cancer-derived cells were propagated in RPMI-
1640, GlutaMAX + 25 mM HEPES (Gibco) supplemented with 100 U/mL penicillin, 100
mg/mL streptomycin (P/S) (Gibco), and 6% (PC-3) fetal bovine serum (FBS) (HyClone).
Cells were grown to approximately 80% confluence and harvested by 0.25% Trypsin/EDTA
(Gibco) treatment. The released cells were counted and seeded in 384-well plates (Falcon, ref.
353962). The cells were allowed to settle for 24 h, after which cell numbers in 44 wells/cell
line of one plate were determined (Ty). In parallel, the indicated compounds (10 mM stock in
DMSO) or DMSO alone were delivered to cells in three replicate 384-well plates by acoustic
droplet ejection using an Echo 550 Liquid Handler (Labcyte) for a final concentration of
0-25 uM compound and 0.25% DMSO. Cells were then incubated for an additional 72 h
before determining end-point cell numbers. CellTiter-Glo 2.0 (Promega) luminescent cell
viability assay was used as a proxy for cell number according to manufacturer instructions.
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Luminescence was measured with a 384-well plate reader on a SpectraMax Paradigm using
Softmax Pro 6.5.1 software. Liquid handling in cell seeding and CellTiter GLO addition was
performed on a MicroLab STARIet liquid handling workstation with a CO-RE 384 probe
head (Hamilton Company, Reno, NV, USA).

2.3. Molecular Modeling

For the cross-docking, the ligands were extracted from their respective protein struc-
tures and prepared for docking by the LigPrep procedure in Maestro (v. 9.8, Schrodinger
2018-3 release, Schrodinger, LLC, New York, NY, USA, 2014) securing proper atom and
bond typing, protonation and partial atomic charges [23]. The remaining compounds
were constructed in Maestro and prepared for docking in a similar way. The proteins
were extracted from the Protein DataBank [24] and subjected to the Protein Preparation
procedure [23] to secure proper protonation and hydrogen bonding.

The GOLD (Genetic Optimization for Ligand Docking) program version 5.6 [25] was
used for docking. Binding sites were defined by a 20 A sphere centered at the Fe atom in
the heme group. Ligands were docked with the slow genetic algorithm using the CYP450
version of the ChemScore scoring function [26,27]. Ten poses were sampled and analyzed
for each docking.

The MD simulations were performed with the Desmond program (version 3.6,
Schrodinger, LLC) using the OPLS4 force field [28]. The protein-ligand complexes were
embedded in an orthorhombic box of SPC water molecules with a 10 A buffer size between
protein and box boundary using the Desmond system builder. The MD systems comprised
approximately 70,000 atoms, including approximately 7500 atoms for the protein including
the heme group, 36 atoms for the ligand, one chloride ion to neutralize the system, and ap-
proximately 21,000 water molecules. The systems were equilibrated prior to the production
runs applying the Desmond default equilibration protocol. Subsequently, the systems were
simulated for 100 ns and 100 frames collected.

3. Results and Discussion
3.1. Synthesis

A total of 20 new compounds were synthesized using the previously described
method [14]. Briefly, indole or benzimidazole were N-arylated and the resulting bro-
mide intermediate was subjected to Buchwald-Hartwig coupling with amines to obtain
compounds 1-8 (Scheme 1). Access to compounds 9-11 was realized via intermediates
that had reversed polarity for Buchwald-Hartwig coupling (Scheme 2). Using hetero-
cyclic bromides, as coupling partners, required switching to tBuBrettPhos as a ligand and
LHMDS as a base. Compound 12 was obtained from a phenol intermediate, which was
synthesized employing Chan-Lam reaction (Scheme 3). Since different tautomeric forms of
5-substituted benzimidazole may react, two distinct isomers can be obtained [29]. Indeed,
after transforming 5-methoxybenzimidazole into its N-arylated derivative, two regioiso-
mers (5-methoxy and 6-methoxy) readily separable by chromatography were produced.
Similar results were obtained with 5-aminobenzimidazole. Structures of these isomers
were identified by NMR spectroscopy employing NOE experiments. Eventually, these
intermediates were converted into the final compounds 13-16 via established chemistry.
Coupling of compounds 15 and 16 required prior protection of the amino group, which
was achieved with the Boc group (Scheme 4). Compounds 17-20 were synthesized in a
similar fashion utilizing nitro compounds for the first step arylation, followed by catalytic
reduction and finally Buchwald-Hartwig coupling (Scheme 5).

The final compounds were fully characterized by 'HNMR and '>*CNMR spectroscopy,
as well as HRMS spectrometry, and were found to be >99% pure (HPLC). Detailed synthetic
procedures, spectra, and HPLC chromatograms can be found in Supplementary Materials.
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Scheme 1. Synthesis of compounds 1-8. Reaction conditions: (a) 1-bromo-4-fluorobenzene, K3POy,
DMEF, 150-160 °C, 53-78%,; (b) amine, precatalyst Pd G1 or G3, tBuXPhos, NaOtBu, THF or tBuOH,
21-73%.

3.2. Biological Evaluation

The obtained compounds were subjected to initial screening for inhibition of CYP17A1
activity at a fixed concentration (10 uM) (Figure 2). Most compounds did not display
improved activity over the previous hits [14]. However, we observed substantial activity
in the case of compounds 2, 12, and 20. Compound 2 was the most potent and compara-
ble to abiraterone used as a reference compound in this assay. These three most potent
compounds were selected for more rigorous testing comprising determination of ICsy,
selectivity towards CYP isoform CYP3A4, the ability to inhibit cytochrome P450 reductase
(POR) and the ability to inhibit the lyase reaction of CYP17A1l. Compounds 2, 12 and
20 displayed ICsg of 1.2, 3.4 and 2.6 uM, respectively, in the inhibition of the CYP17A1
17-hydroxylase activity (Figure 3). All three selected compounds exhibited selectivity vs.
CYP3A4 (2: 104 £ 4%, 12: 75 = 5% and 20: 117 £ 8% compared to untreated control) and
importantly they do not appear to inhibit POR (2: 93 £ 9%, 12: 103 £ 9% and 20: 88 £ 16%
compared to untreated control) (Figure 4), suggesting a targeted activity towards CYP17A1.
Finally, checking compounds 2, 12 and 20 against the lyase reaction, unfortunately, revealed
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little influence compared to abiraterone (2: 78 &+ 10%, 12: 77 + 4% and 20: 82 £ 5% of
untreated control, compared to 5 & 2% activity observed for abiraterone) (Figure 5).

Compound | Z R

N
o |on| m¢ D
4 N

X
Ho a @ c [
S — =7 — =7 N
CEN/ N N 10 |cH HN{»
CLy L Ly

Z=NorCH 9-11

X=No; 7] N
- -N
X =N, )

LN

Scheme 2. Synthesis of compounds 9-11. Reaction conditions: (a) 1-fluoro-4-nitrobenzene, K3POy,
DMEF 150 °C, 66% or 2-fluoro-5-nitropyridine, K3PO4, DMSO, rt, 74%; (b) 10% Pd/C, MeOH, rt, 82%;
(c) bromide, precatalyst Pd G3, tBuBrettPhos, LHMDS, THE, 60 °C, 4-15%.

—

OH N
Sl N/

12

Scheme 3. Synthesis of compound 12. Reaction conditions: (a) 4-hydroxyphenylboronic acid, O,,
Cu,S, TMEDA, MeOH, rt, 71%; (b) 4-bromopyridine hydrochloride, NaOtBu, DMF, 150 °C, 32%.

—
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5 N S0 N
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14: 6-MeO
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R=H 16: 6-NH
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Scheme 4. Synthesis of compounds 13-16. Reaction conditions: (a) 1-bromo-4-fluorobenzene, K3POy,

DME, 160 °C, 5-44%; (b) Boc,O, TEA, tBuOH, 40 °C, 74-90%,; (c) 4-aminopyridine, precatalyst Pd G1,

tBuXPhos, NaOtBu, tBuOH, 70 °C, 11-50%; (d) TFA, DCM, 23-50% (over two steps, c and d).
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Scheme 5. Synthesis of compounds 17-20. Reaction conditions: (a) 1-fluoro-4-nitrobenzene or
fluoronitrotoluene, K3PO,4, DMF, 160 °C, 18-93%; (b) 10% Pd/C, MeOH, rt, 91-96%; (c) 2- or
4-aminopyridine, precatalyst Pd G3, tBuXPhos, NaOtBu, THF, MW 100 °C, 23-32%.
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Figure 2. Inhibition of CYP17A1 17x-hydroxylase activity by compounds 1-20 at 10 uM concentration.
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Figure 3. Determination of ICsy of compounds 2, 12, and 20 for inhibition of the 17x-hydroxylase

activity of CYP17A1.
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Figure 4. The activity of compounds 2, 12, and 20 towards POR (A) and CYP3A4 (B).
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Figure 5. Inhibition of CYP17A1 lyase reaction by compounds 2, 12, and 20.

These results highlight several features regarding the structural composition of the
compounds. Introduction of the cyclohexane ring in 2 had the most profound effect and
2 showed similar potency to abiraterone. The presence of an aliphatic ring presumably
allows for better allocation in the hydrophobic binding region. This is further corroborated
when comparing 2 to 3. Both compounds have similar shapes, but compound 3 contains a
protonable amine embedded into cyclohexane. This modification causes a significant loss of
activity. Compound 7, which contains a flexible chain ending with a tertiary amine is devoid
of any activity, indicating that the presence of a ring system is a necessary requirement.
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When the ring system is directly connected to the benzene linker, the activity is attenuated
as observed with compounds 4 and 5, the effect being more pronounced in the latter. Similar
to the pattern observed with compound 3 in relation to compound 2, we observed a sharp
drop in activity when an amine moiety was introduced, evidenced by the low activity of
compound 6. Embedding polar fragments and increasing the number of sp® carbons was
aimed at improving the drug-likeness of our molecules [30]. Interestingly, replacing the
nitrogen atom, primarily serving as a part of a linker, with an oxygen atom gave compound
12, which was among the three most potent compounds investigated in this work. Here,
we hypothesize that an analog containing a 3-pyridyl fragment instead of 4-pyridyl would
have been even more potent as corroborated by computational analyses. Unfortunately, this
analog was not obtained due to difficulty in chemical synthesis. Exploration of different
heterocyclic ring systems did not deliver compounds with significant potency. However,
it is noteworthy that in those cases a benzimidazole fragment was superior to indole, as
evidenced when comparing the activity of 1 to the activity of 8. Upon considering the
structure of a five-membered ring attached to the linker, it is evident that a molecule
with triazole fragment (1) exerts stronger inhibitory activity than molecules with imidazole
(9 and 10). Comparison of two imidazole-containing compounds suggests that 2-imidazolyl
(9) is preferred to 4-imidazolyl (10), although both compounds displayed very weak activity.
The importance of having a more hydrophobic middle part of a molecule is indicated by
compound 11. This nitrogen-rich molecule has pyridine as the linker and displayed
decreased activity compared to its benzene analog 1. Compounds 13-16 were designed to
explore the effect of substituting benzimidazole with various polar groups. It was hoped
that by doing so we would make possible hydrogen bonding to Asn202 in helix F, as
observed in the X-ray structure of CYP17A1 bound to abiraterone [7]. This operation did
not bring a significant boost in the activity. However, it can be noted that the methoxy
group (13 and 14) was a better choice than the amino group (15 and 16), regardless of the
substitution pattern present in these two pairs of analogs. Lastly, we wanted to explore
the effect of adding an extra methyl group to the benzene linker, taking advantage of
the hydrophobic region of the binding site. The so-called “magic methyl” effect, which
involves the addition of a single methyl group in the “right” location on a molecule can
result in a significant activity boost [31,32]. In our case, we were able to obtain compounds
18 and 20 bearing this substituent. Interestingly, only 20 displayed significant activity.
This compound has a methyl group that is ortho to the indole ring and is the second
most potent compound in this series. In comparison, compound 18 was less active. In
that case, the methyl group is meta to the indole ring, which seemingly has less influence
and conformational benefit, as evidenced by our computational analysis. The activities of
compounds 17 and 19 deliver further rationale for designing compounds with a 3-pyridyl
substitution pattern instead of 2-pyridyl. As shown by our calculations and previous
studies, compounds with a 2-pyridyl moiety adopt unfavourable binding poses.

Although we were unable to obtain compounds with significantly improved activities
compared to the initial hits [14], we were nevertheless happy to observe that our design
was still selective for CYP17A1 versus CYP3A4, as indicated by the assay performed on
the three most potent compounds (Figure 4B). CYP3A4 is the major drug-metabolizing
enzyme in the liver that has broad specificity and can also metabolize steroids [33]. A
severe impact on CYP3A4 is, therefore, considered a negative criterion for compounds
targeting another P450 enzyme. While CYP3A4 itself does not show much variability
in humans, like CYP2D6 and CYP2C19, variations in POR have been shown to alter the
activity of CYP3A4 with potentially negative consequences [20,21,33,34]. Furthermore,
these compounds also do not influence POR activity (Figure 4A). This is important because
all microsomal P450s depend on POR for the supply of electrons and severe disruption of
POR activities may affect all microsomal P450 enzymes with serious consequences [35].
Recently, the modulation of some P450 activities by binding to POR has been reported,
indicating that a direct impact on the conformation or activity of POR may also influence
P450 enzymes [22].
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Since our research efforts are aimed at prostate cancer, we were also interested in
evaluating our compounds in the PC3 prostate cancer cell line. This cell line is hormone
insensitive and presents no AR [36]; thus, any effect observed on cell growth might be
attributed to additional mechanisms of action. Indeed, we observed a negative growth
rate inhibition (GR) value for compounds 1, 9, 14, and 16 when tested at 25 uM concen-
tration (Figure 6, Supplementary Materials). The negative GR values indicate that the
compounds are cytotoxic [37]. These compounds did not exhibit significant inhibition of
CYP17A1; therefore, it is likely that they exert a different mechanism of action responsible
for the observed cytotoxicity. They were more cytotoxic than the DNA replication inhibitor
5-fluorouracil used as a reference compound in this assay. Moreover, abiraterone, which
was also used as a reference compound, had a very small effect on PC3 proliferation.

1.5 = * % * * % % * % % % %
¥ ¥ o % ¥ ¥ ¥ ¥ *x % x
% % ORI ¥ % x %
¥ T o ¥ % ¥ % x o

1.0 -

0.5 -
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Figure 6. Growth rate inhibition (GR) of compounds 1-20. All compounds were tested at 25 uM,
with DMSO as a control and 5-fluorouracil (5-FU) and abiraterone (ABT) as reference compounds.
The sign of the GR value relates directly to response phenotype: Values between 0 and 1 show partial
growth inhibition, a value of 0 equals cytostasis, and values between 0 and —1 show that compounds
are cytotoxic. Significant differences of growth in presence of compounds compared to DMSO were
determined by the T-test and indicated by asterisks: ** p < 0.01, **** p < 0.0001.

3.3. Molecular Modeling

The three compounds, 2, 12, and 20, showing the highest affinity for the CYP17A1
enzyme were subjected to a molecular modeling analysis to determine their potential
binding mode. The compounds represent different combinations of ring systems yielding
three different scaffolds. Compounds 2 and 20 only contain a single potential heme-
coordinating moiety, a benzimidazole and a pyridine moiety, respectively. Compound 12
contains both these ring systems and, accordingly, this compound may bind to CYP17A1l in
two different modes.

We selected the five recently determined experimental structures of the A105L mutant
of CYP17Al as the target for our docking studies since they represent structures of CYP17A1
in complex with an inhibitor, abiraterone (4NKYV), two hydroxylase substrates, preg-
nenolone (4NKW) and progesterone (4NKX), and two lyase substrates,
17-hydroxyprogesterone (4NKY) and 17x-hydroxypregnenolone (4NKZ) [38].

Initially, we performed a cross-docking study of the five substrates in each of the
protein structures to test if the docking software was able to identify the correct binding
mode for these ligands. Inspection of the docking scores (Figure 7) shows that abiraterone
binds significantly better (>10 kcal/mol) to all five protein structures. It is also interesting
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to note that the hydroxylase substrates generally bind better than the lyase substrates.
The high degree of similarity in binding scores between the five proteins is probably a
consequence of the experimental structures being nearly identical.

ANKV  4NKW  4ANKX  4NKY  4NKZ

5 Abiraterone (4NKV)

=

c Pregnenolone (ANKW)

= -

[J) c

5 | 44 5 Progesterone (4NKX)

S 5

_?_:° 39 |hﬂ :-17a|pha-Hydroxyprogesterone (4NKY)
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Figure 7. Heat map showing the docking scores for cross-docking of substrates into the experimentally
determined CYP17A1 structures.

Initially, we docked all 20 compounds to the five CYP17A1 structures, but since we
observed nearly identical results for the five structures, we only describe the results for
docking into the 4NKYV structure.

The docking of 2 yields poses with the nitrogen lone pair on the benzimidazole ring
pointing towards the Fe atom in the heme moiety (Fe---N = 2.5 A). The binding mode
of 2 is similar to the binding mode we previously identified for the structurally related
compound (1d in [14]) with the cyclohexane ring located in a shallow hydrophobic cavity
formed by Leul05, I1e205, and 11206, which confirms that the enzyme may accommodate
different hydrophobic moieties in this part of the active site (Figure 8A). The benzimidazole
ring is also located nearly identical to the benzimidazole ring in the CYP17Al-galeterone
complex (PDB 3SWZ) [7]. We also observed hydrogen bonding between Asp298 and
the amine situated between the aromatic and aliphatic rings (O---N = 3.1 A). Hydrogen
bonding to Asp298 has also been observed in the structure of (S)-orteronel [39] complexed
with CYP17A1 (PDB 5IRQ) [40]. Recently, Fehl et al. designed inhibitors derived from
abiraterone with polar substituents on the B ring in the steroid framework, which formed

hydrogen bonds to Asp298 (PDB 6CHI and 6CIR) [41].
@ Helix F
Helix |

/M

Helix F

4
T § Asn202

Figure 8. Preferred binding mode predicted by the GOLD docking program of compound 2 (green)
(A), 20 (green) in comparison with abiraterone (cyan) (B) and 12 in two docking poses (pose #1 green
and pose #2 cyan) (C). Coloring: protein is beige; heme is yellow; and all heteroatoms are colored
based on type.

The docking of 20 showed, as expected, that the pyridine nitrogen coordinated to the
Fe atom in the heme group with a Fe---N distance of 2.5 A (Figure 8B). Comparison with
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the X-ray structures of the CYP17Al-abiraterone complexes (PDB 3RUK and 4NKV) [7,38]
revealed that the pyridine rings in the two structures overlap and that the benzene ring in
20 occupies the same space as the C ring of the steroid moiety of abiraterone. The methyl
group in 20 was originally introduced to fill the hydrophobic cavity occupied by the B ring
of abiraterone. It is possible that the position of the indole moiety relative to the benzene
ring is caused by steric repulsion from that methyl group. Another possibility relies simply
on a better fit to the upper part of the cavity. In any case, the indole moiety occupies
the same space as the A ring and the C10 methyl group in the abiraterone structure. The
docking of 20 also suggests that adding a polar substituent on the indole ring could make
hydrogen bonding to Asn202, as observed in the CYP17Al-abiraterone complexes.

Compound 12 contains both a pyridine and a benzimidazole system and, accordingly,
two possible binding modes are theoretically possible (Figure 8C). The docking revealed
these with moieties coordinating to the Fe in the heme group with Fe---N = 2.4 A (ben-
zimidazole) and 2.5 A (pyridine), respectively, referred to as pose #1 and pose #2. For
compound 12, pose #1 the benzimidazole system is located similarly to the benzimidazole
system in the galeterone complex (3SWZ) [7], but in the opposite end of the compound,
the pyridine is not close enough to make a contact to Asn202 as observed for galeterone.
There are distinct differences in the orientation of the pyridine ring in pose #2 and in the
abiraterone complexes 3RUK and 4N VK relative to the heme system. The 4-substituted
pyridine ring requires more space above the heme group to adopt an ideal orthogonal
orientation [42]. It suggests that the 3-substituted pyridine is the preferred moiety relative
to the 2- and 4-substituted systems.

To investigate the stability of the protein-ligand complexes described above, we have
subjected these to molecular dynamics (MD) simulations without any constraints, allowing
both the protein and the ligands to move freely. The Fe---N distance is an important
parameter when considering if the docking poses were realistic. The results of these short
MD simulations revealed that all four complexes appeared to be stable (Figure 9). Although
the Fe---N distance for 20 displayed extreme values for six frames around 80 ns, where the
pyridine ring changed orientation and lost contact with the Fe atom, the original distance
on approx. 2.4 A was quickly re-established. The average Fe---N (benzimidazole) distances
are 2.42 + 0.11 A and 2.44 + 0.1 A for compound 2 and 12, respectively. The corresponding
Fe---N (pyridine) distances are 2.42 £ 0.13 Aand 243 +0.11 A for 12 and 20 (excluding the
six frames around 80 ns).

5.5
5.0 2
— 12 pose#l
= — 12 pose#2
3 — 20
< 4.0
9
<
S
=
© 3.5
=z
4
.
3.0
2.5
2.0
0 10 20 30 40 50 60 70 80 90 100

Time (ns)

Figure 9. Fe---N distances for the four CYP17Al-ligand complexes during the 100 ns molecular
dynamics simulations.
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The MD simulations confirm that the docking complexes represent low energy struc-
tures and may represent likely binding modes for the compounds, which we hope to
confirm by ongoing efforts to get crystals and subsequently determine X-ray structures of
some of our compounds. Computational analyses indicate that benzimidazole and pyri-
dine fragments are important pharmacophores when considering the design of CYP17A1
binders. In the case of the pyridyl fragment, the preferred substitution pattern is 3-pyridyl
over 4-pyridyl, with 2-pyridyl being unable to coordinate the Fe atom in heme effectively.

4. Conclusions

A series of compounds based on benzimidazole and indole scaffolds were synthe-
sized and evaluated as inhibitors of CYP17A1 hydroxylase and lyase activity. Selected
compounds were further assessed as inhibitors of CYP3A4 and P450 oxidoreductase (POR).
Three compounds, 2, 12, and 20, were found to be potent inhibitors of CYP17A1 hydroxy-
lase activity, with an ICs of 1.2, 3.4 and 2.6 uM, respectively. Although they were not able
to inhibit the CYP17A1 lyase catalyzed reaction, they were nevertheless selective towards
CYP17A1, as indicated by their low influence on CYP3A4 and POR. Compound 2 displayed
inhibitory potency comparable to the clinically used compound abiraterone in the CYP17A1
hydroxylase assay. Compounds 1, 9, 14 and 16 were cytotoxic towards PC3 cancer cell
lines. However, as these compounds were much less potent in the CYP17A1 hydroxylase
assay, the cytotoxicity is tentatively mediated through another mechanism of action, not
further explored in this study. Finally, analysis of the SAR of the new compounds provided
valuable information for further design of this class of compounds.
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Abstract: This study reports on the synthesis and evaluation of novel compounds replacing the
nitrogen-containing heterocyclic ring on the chemical backbone structure of cytochrome P450 17 -
hydroxylase/12,20-lyase (CYP17A1) inhibitors with a phenyl bearing a sulfur-based substituent.
Initial screening revealed compounds with marked inhibition of CYP17A1 activity. The selectivity of
compounds was thereafter determined against cytochrome P450 21-hydroxylase, cytochrome P450
3A4, and cytochrome P450 oxidoreductase. Additionally, the compounds showed weak inhibitory
activity against aldo-keto reductase 1C3 (AKR1C3). The compounds’ impact on steroid hormone
levels was also assessed, with some notable modulatory effects observed. This work paves the way
for developing more potent dual inhibitors specifically targeting CYP17A1 and AKR1C3.

Keywords: CYP17A1; AKR1C3; prostate cancer; enzyme inhibition

1. Introduction

Cancer remains a major health problem and is the second leading cause of death. Of
particular concern is the rising incidence of prostate cancer (PCa) from 2014 to 2019 after
two decades of decline [1]. Despite significant advancements in treatment options for PCa,
there is still an urgent need for the development of more effective therapies. Advanced
disease can progress into castration-resistant prostate cancer (CRPC) which is characterized
by poor prognosis [2]. The androgen receptor (AR) signaling pathway plays a crucial
role in the development and progression of PCa [3]. Androgens, such as testosterone
(T) and dihydrotestosterone (DHT), bind to the AR and activate downstream signaling
pathways, leading to the growth and survival of PCa cells. Therefore, targeting the AR
signaling pathway has been the focus of therapeutic strategies for PCa. Among the potential
targets in prostate cancer, cytochrome P450 17x-hydroxylase/17,20-lyase (CYP17Al) is a
key enzyme involved in the biosynthesis of androgens. It catalyzes two essential reactions
in androgen biosynthesis: a 17x-hydroxylation and a 17,20-lyase reaction (Figure 1). The
inhibition of CYP17A1 results in decreased androgen production and has emerged as a
promising strategy for the treatment of PCa (Figure 2) [4]. CYP17A1 inhibitors can be
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classified into two categories: steroidal represented by abiraterone, and nonsteroidal [5].
Abiraterone is the only CYP17A1 inhibitor that has been approved as a drug for clinical use
in the treatment of CRPC. However, the development of resistance to abiraterone occurs
with time, and, therefore, alternative CYP17A1 inhibitors might circumvent this issue.
Nonsteroidal inhibitors, such as seviteronel or orteronel, have shown promising results
in preclinical studies [6,7]. Unfortunately, none of these compounds have reached clinical
practice [8].

PCa progression and aggressiveness have also been associated with elevated levels of
the aldo-keto reductase 1C3 (AKR1C3) enzyme, another important enzyme in the steroido-
genesic pathway to potent androgens (Figure 1) [9,10]. Recent studies have shown that
PCa cells grown in the presence of abiraterone acquire resistance to this drug through
increasing intracrine androgen synthesis and overexpressing AKR1C3. This discovery
provided a preclinical proof-of-principle for investigating the combination of targeting
AKRI1C3 drugs (e.g., indomethacin) with abiraterone or other cancer chemotherapeutics
for CRPC treatment [11,12].

CYP17A1 CYP17A1
hydroxylase lyase
[— ——
POR POR and b5
HO HO
17a-hydroxypregnenolone dehydroepiandrosterone androstenediol
ﬂ HSD3B2 ﬂ HSD3B2 ﬂ HSD3B2
o
CYP17A1 CYP17A1
hydroxylase lyase
[ —
POR POR and b5
(@) (@)
17a-hydroxyprogesterone androstenedione testosterone dihydrotestosterone
HCYP21A2 ﬂCYP19A1 HCYP19A7

CORTICOSTEROIDS

ESTROGENS

Figure 1. Androgen production depends on CYP17A1 17a-hydroxylase and 17,20-lyase activity.
While the transformation of 17x-hydroxypregnenolone to dehydroepiandrosterone can be readily
catalyzed by CYP17Al1, the analogous reaction with 17x-hydroxyprogesterone is inefficient in hu-
mans. AKR1C3 participates in further downstream transformations towards testosterone. CYP11Al,
CYP17A1, CYP19A1, CYP21A2, cytochrome P450 enzymes; AKR1C3, aldo-keto reductase family 1
member C3; 5aR2, 5a-reductase type 2; POR, cytochrome P450 oxidoreductase; b5, cytochrome b5.
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Figure 2. CYP17A1 inhibitors can impact androgen production in the testes and the adrenal glands.
Additionally, PCa cells express high levels of the AR and can produce their own androgens in patients
who have been otherwise castrated. AR, androgen receptor; Hsp, heat-shock proteins, ARE, androgen
response element; DHEA, dehydroepiandrosterone; DHEAS, dehydroepiandrosterone-sulfate; DHT,
dihydrotestosterone; ZG, zona glomerulosa; ZF, zona fasciculata; ZR, zona reticularis. Created with
Biorender.com (accessed on 30 August 2023).

The common structural feature of nearly all CYP17A1 inhibitors is the presence of a
sp?-hybridized nitrogen atom in a heteroaromatic system. The lone pair on the nitrogen
coordinates with the iron in the heme prosthetic group, thus blocking enzyme activity.
Pyridine and imidazole moieties have been used extensively for that purpose because
they offer the most favorable binding energy based on density functional theory (DFT)
calculations [13,14]. Other nitrogen-bearing heterocycles have found their way into the
design of many CYP17A1 inhibitors. However, they are less common. While the field
appears to be biased towards the utilization of the nitrogen, other atoms can be potentially
used for the purpose of coordination with the heme iron. For instance, curcumin and
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theaflavin have been described as capable of CYP17A1 inhibition [15,16]. Both compounds
do not contain nitrogen atoms and can only coordinate to the heme via oxygen atoms.
When curcumin was docked to the PDB ID: 3RUK model, it exhibited a similar binding
pose to steroid substrates, with its phenolic oxygen positioned 2.4 A away from the heme
iron [15,16]. There are also examples of the sulfur atom interacting with the heme. The
bacterial CYP BM3 (CYP102A1) mutant M11 structure displays the anionic form of the
sulfhydryl group in dithiothreitol coordinating to the heme with a 2.3 A Fe-S distance [17]. A
few nitric oxide synthase inhibitors based on thioethers have demonstrated type II binding
to the heme group, with some sulfur atoms in these inhibitors coordinating to the heme iron
with Fe-S distances of approximately 2.7 A, as observed in X-ray crystallography [18,19].

Except for limited efforts of introducing sulfur-containing moieties into a steroidal
CYP17A1 inhibitor, to the best of our knowledge, there have been no similar attempts to
design non-steroidal inhibitors [20]. Therefore, we were interested in probing potential
interactions between sulfenyl and sulfinyl groups with the heme iron of CYP17A1. In the
current work, we present the design, synthesis, and evaluation of sulfur-based CYP17A1
non-steroidal inhibitors.

2. Materials and Methods
2.1. Chemistry

All reagents were obtained from commercial sources and used as received without
additional purification. NMR spectra were acquired using a Bruker AVANCE III 600
MHz spectrometer equipped with a BBO broadband probe and referenced to either TMS
or residual solvent peak. HRMS spectra were recorded using a Bruker microTOF-Q II
spectrometer. HPLC analysis was run on a Thermo-Fisher Ultimate 3000 RS chromatograph
using a generic gradient of 20% to 100% acetonitrile in water on a C18 column.

2.2. General Procedure to Obtain Compounds 3a to 3d

A dry vial was evacuated/backfilled with argon three times and charged with 3-
bromothioanisole 2a or 4-bromothioanisole 2b (223 mg, 1.10 mmol), t-BuXPhos Pd G3
(40 mg, 0.05 mmol), t-BuXPhos (21 mg, 0.05 mmol), benzimidazole 1a or indole 1b (246
mg, 1 mmol), and t-BuONa (240 mg, 2.5 mmol). For indole derivatives, the reaction was
conducted in t-BuOH (3 mL) and in the case of benzimidazole derivatives, THF (2 mL)
was used. The reaction was microwaved at 100 °C for 1 h. It was then diluted with
EtOAc (25 mL) and filtered through a silica plug. The crude product was purified via flash
chromatography on silica as indicated below.

2.2.1. N-(4-(1H-Benzo[d]imidazol-1-yl)phenyl)-3-(methylthio)aniline (3a)

Elution with EtOAc/heptane yielded orange oil (81 mg, 24%) which can be triturated
with EtOAc and recrystallized from MeOH to obtain solid material. 'H NMR (600 MHz,
DMSO) 6 8.54 (s, 1H), 8.46 (s, 1H), 7.79-7.74 (m, 1H), 7.56 (dt, ] = 8.1, 0.9 Hz, 1H), 7.54-7.50
(m, 2H), 7.34-7.25 (m, 4H), 7.22 (t, ] = 7.9 Hz, 1H), 7.00 (t, | = 2.0 Hz, 1H), 6.95 (ddd, ] = 8.1,
2.3,0.9 Hz, 1H), 6.78 (ddd, ] = 7.8, 1.8, 0.9 Hz, 1H), 2.47 (s, 3H). 3C NMR (151 MHz, DMSO)
5143.5,143.3,143.2, 142.9, 139.0, 133.5,129.7, 127.7,125.1,123.1, 122.1, 119.7, 117.8, 117 4,
114.3,113.6, 110.5, 14.6. HRMS (ESI) [M+H]* calc. 332.1216, exp. 332.1216.

2.2.2. N-(4-(1H-Benzo[d]imidazol-1-yl)phenyl)-4-(methylthio)aniline (3b)

Elution with EtOAc/heptane and trituration with ether/hexane yielded a beige solid
(19 mg, 6%) which can be further recrystallized from EtOAc/hexane. I'H NMR (600 MHz,
DMSO) 6 8.50 (s, 1H), 8.45 (s, 1H), 7.78-7.74 (m, 1H), 7.56-7.53 (m, 1H), 7.51-7.47 (m, 2H),
7.33-7.28 (m, 2H), 7.28-7.21 (m, 5H), 7.16-7.11 (m, 2H), 2.44 (s, 3H). 13C NMR (151 MHz,
DMSO) 4 143.5, 143.3, 140.6, 133.6, 128.9, 128.0, 127.3, 125.1, 123.1, 122.0, 119.7, 118.3, 116.8,
110.5, 16.5 HRMS (ESI) [M+H]" calc. 332.1216, exp. 332.1220.
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2.2.3. N-(4-(1H-Indol-1-yl)phenyl)-3-(methylthio)aniline (3c)

Elution with EtOAc/heptane yielded red oil (72 mg, 22%) which can be recrystallized
from MeOH by slow evaporation to obtain solid material. 'H NMR (600 MHz, CDCl;) 6
7.67(ddd, ] =7.8,1.3,0.7 Hz, 1H), 7.49 (dt, ] = 8.2, 0.9 Hz, 1H), 7.34-7.29 (m, 2H), 7.25 (d,
] =3.2 Hz, 1H), 7.22-7.12 (m, 3H), 7.12-7.07 (m, 2H), 6.95 (t, ] = 2.0 Hz, 1H), 6.82 (dt, ] = 7.8,
2.0 Hz, 2H), 6.64 (dt, ] = 3.2, 0.7 Hz, 1H), 5.73 (s, 1H), 2.43 (d, ] = 0.6 Hz, 3H). '3C NMR
(151 MHz, CDCl3) b 143.4, 141.5,139.9, 136.3, 133.2,129.9, 129.1, 128.3, 125.8, 122.3, 121.2,
120.3,119.3,118.9, 115.7, 114.8, 110.6, 103.1, 15.8. HRMS (ESI) [M+H]" calc. 331.1263, exp.
331.1269.

2.2.4. N-(4-(1H-Indol-1-yl)phenyl)-4-(methylthio)aniline (3d)

Elution with EtOAc/heptane yielded clear oil (13 mg, 4%) which can be recrystallized
from MeOH to obtain solid material. 'H NMR (600 MHz, CDCl3) 5 7.68 (dt, ] = 7.8, 1.0 Hz,
1H), 7.49 (dd, ] = 8.3, 1.0 Hz, 1H), 7.37-7.33 (m, 2H), 7.30-7.24 (m, 3H), 7.21 (ddd, | = 8.3,
7.0,1.3 Hz, 1H), 7.17-7.11 (m, 3H), 7.07 (d, ] = 8.1 Hz, 2H), 6.65 (dd, | = 3.2, 0.8 Hz, 1H), 5.96
(s, 0H), 2.47 (s, 3H). 13C NMR (151 MHz, CDCl3) 5 141.7, 140.6, 136.2, 133.0, 130.1, 129.6,
129.0,128.2,125.8,122.1, 121.0, 120.1, 119.1, 118.2, 110.4, 102.9, 17.6. HRMS (ESI) [M+H]*
calc. 331.1263, exp. 331.1270.

2.3. General Procedure to Obtain Compounds 4a to 4d

To a stirred solution of the sulfide (1 eq) in phenol (12 eq) at 40 °C, 30% aq. HyO, (2
eq) was added and the reaction was stirred for 5 min. The excess HyO, was quenched with
saturated aq. NapSOj3 solution, and the phenol was neutralized with 10% aq. NaOH. The
product was extracted three times with EtOAc, and the combined organics were washed
with aq. NaOH and dried with MgSO,. The crude product was purified using flash
chromatography on silica, as described below.

2.3.1. N-(4-(1H-Benzo[d]imidazol-1-yl)phenyl)-3-(methylsulfinyl)aniline (4a)

Elution with EtOAc yielded a white solid (44mg, 39%). 'H NMR (600 MHz, DMSO) &
8.85 (s, 1H), 8.49 (s, 1H), 7.79-7.75 (m, 1H), 7.59-7.54 (m, 3H), 7.49-7.42 (m, 2H), 7.36-7.25
(m, 5H), 7.11 (ddd, ] = 7.7, 1.7, 0.9 Hz, 1H), 2.76 (s, 3H). 13C NMR (151 MHz, DMSO) 5 148.1,
144.5, 144.1, 143.8, 142.7, 134.0, 130.7, 128.9, 125.7, 123.7, 122.7, 120.3, 118.8, 118.6, 115.1,
111.1, 111.0, 43.8. HRMS (ESI) [M+H]" calc. 348.1165, exp. 348.1177.

2.3.2. N-(4-(1H-Benzo[d]imidazol-1-yl)phenyl)-4-(methylsulfinyl)aniline (4b)

Elution with MeOH/DCM yielded a white solid (30 mg, 15%). 'H NMR (600 MHz,
DMSO) 6 8.93 (s, 1H), 8.49 (s, 1H), 7.81-7.75 (m, 1H), 7.62-7.54 (m, 5H), 7.39-7.35 (m, 2H),
7.34-7.26 (m, 4H), 2.71 (s, 3H). 13C NMR (151 MHz, DMSO) & 146.2, 144.1, 143.8, 142.3,
136.0, 134.0, 129.2, 126.0, 125.6, 123.8, 122.7, 120.3, 119.2, 116.7, 111.1, 43.6. HRMS (ESI)
[M+H]* calc. 348.1165, exp. 348.1178.

2.3.3. N-(4-(1H-Indol-1-yl)phenyl)-3-(methylsulfinyl)aniline (4c)

Elution with MeOH/DCM and trituration with ether yielded a solid product (37 mg,
16%). 'H NMR (600 MHz, DMSO) § 8.78 (s, 1H), 7.65 (d, ] = 7.8 Hz, 1H), 7.57 (d, ] = 3.2 Hz,
1H), 7.54-7.39 (m, 5H), 7.36-7.30 (m, 2H), 7.29-7.23 (m, 1H), 7.23-7.15 (m, 1H), 7.14-7.05 (m,
2H), 6.67 (d, ] = 3.3 Hz, 1H), 2.75 (s, 3H). 3C NMR (151 MHz, DMSO) § 148.0, 144.9, 141.5,
135.9, 1324, 130.7, 129.2, 129.1, 125.7, 122.5, 121.3, 120.4, 118.9, 118.4, 114.7, 110.8, 110.6,
103.3, 43.8. HRMS (ESI) [M+H]* calc. 347.1213, exp. 347.1208

2.3.4. N-(4-(1H-Indol-1-yl)phenyl)-4-(methylsulfinyl)aniline (4d)

Elution with EtOAc/heptane and trituration with ether yielded a pale yellow solid
(30 mg, 32%). 'H NMR (600 MHz, DMSO) & 8.81 (s, 1H), 7.68-7.63 (m, 1H), 7.61-7.56 (m,
3H), 7.53-7.47 (m, 3H), 7.36-7.32 (m, 2H), 7.29-7.24 (m, 2H), 7.19 (ddd, ] = 8.3, 7.0, 1.3 Hz,
1H),7.12 (ddd, ] =7.9, 7.0, 1.0 Hz, 1H), 6.67 (dd, ] = 3.3, 0.8 Hz, 1H), 2.71 (s, 3H). 1>*C NMR
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(151 MHz, DMSO) 6 146.6, 141.1, 135.8, 135.6, 132.8, 129.2, 129.1, 126.0, 125.6, 122.5, 121.3,
120.4,119.6, 116.3, 110.8, 103.4, 43.6. HRMS (ESI) [M+H]" calc. 347.1213, exp. 347.1227

2.4. Biology

Chemicals: Trilostane was obtained from the extraction of the commercially available
tablets Modrenal® (Bioenvision, New York, NY, USA). Abiraterone acetate was purchased
from MedChemExpress®, Lucerna Chem AG (Lucerne, Switzerland). Radiolabeled substrates,
Progesterone [4-14C] (SA 55mCi/mmol; Conc. 0.1mCi/mL); 17«-Hydroxypregnenolone
[21-3H] (SA 15Ci/mmol; Conc. 1 mCi/mL) and 17«-Hydroxyprogesterone [1, 2, 6, 7-3H]
(SA 60 Ci/mmol; Conc. 1 mCi/mL) were obtained from American Radiolabeled Chemi-
cals Inc. (St. Louis, MO, USA). Non-radiolabeled standard substrates, Progesterone, 17x-
Hydroxypregnenolone, and 17x-Hydroxyprogesterone; 3-(4,5-Dimethyl-2-thiazolyl)-2,5-
diphenyl-2H-tetrazolium bromide (MTT); Dimethyl sulfoxide (DMSO) and Dextran were
purchased from Sigma—Aldrich® (St. Louis, MO, USA). Organic solvents such as Isooc-
tane, Ethyl acetate, and Chloroform/Trichloromethane were acquired from Carl Roth®
GmbH + Co. KG (Karlsruhe, Germany). Activated Charcoal was obtained from Merck AG
(Darmstadt, Germany). For the mass spectrometric analysis of steroids, all LC-MS grade
solvents were from Biosolve (Valkensaard, The Netherlands) and steroid standards were
from obtained as certified reference solutions from Cerillant (Round Rock, TX, USA) or
from Steraloids (Newport, RI, USA).

Cell lines and culture: The human adrenocortical carcinoma cell line NCI H295R
was obtained from the American Type Culture Collection (ATCC® CRL.2128™), Manassas,
VA, USA [21]. Cells between passages 12 and 24 were cultivated in DMEM/Ham'’s F-12
medium (1:1 Mix) supplemented with L-glutamine and 15 mM HEPES (Gibco™, Thermo
Fisher Scientific, Waltham, MA, USA) along with 5% Nu-Serum I; 0.1% insulin, transferrin,
selenium in the form of ITS Premix (Corning™, Manassas, VA, USA) and 1% penicillin—
streptomycin (Gibco™, Thermo Fisher Scientific, Waltham, MA, USA) at 37 °C in a humid
atmosphere with a constant supply of 5% carbon dioxide to maintain the physiological
Ph [22]. The Lymph Node Carcinoma of the Prostate (LNCaP) clone FGC cell line was
purchased from American Type Culture Collection (ATCC) (ATCC®: CRL-1740™). The
cell line was grown and maintained in vitro with Roswell Park Memorial Institute (RPMI)
1640 medium (Gibco™, Thermo Fisher Scientific, Waltham, MA, USA) supplemented with
10% fetal bovine serum (FBS) and 1% penicillin (100 U/mL)-streptomycin (100 pg/mL).

Cell Viability assays: To determine the effect of test compounds on the cellular activity
of LNCaP and NCI H295R cells, a 3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium
Bromide (MTT)-based cell viability assay was performed. For the NCI-H295R cell assays,
in a 96-well plate, about 30,000 cells per well were seeded with complete medium. The
next day, the medium was replaced with fresh medium and 10 uM of test compounds were
added. DMSO (less than 1% v/v) was used as a vehicle control. Abiraterone was used as a
positive control. In total, 0.5mg/mL MTT reagent was added to the culture medium for
another 4 h. After the incubation, the medium was entirely replaced with DMSO to dissolve
the formazan crystals. After 20 min, absorbance was measured at 570nm (SpectraMax M2,
Bucher Biotec, Basel, Switzerland). Percent viability was calculated with respect to the
mean value of control samples.

The prostate cancer LNCAP cells were seeded in 96-well culture plates at a density
of 0.5 x 10* cells per well and grown overnight at normoxic conditions with 5% CO,,
temperature at 37 °C, and humidity at 90%. After 24 h, the medium was changed, and
dilutions of the drugs were added to the medium and the cells were incubated for another
24h or 48 h. After the 24 h or 48 h incubation of cells with the drugs, 20 uL of sterile filtered
5 mg/mL MTT in PBS solvent was added into each well, and the incubation was continued
for another 2 h. After the incubation with MTT, the culture medium in each well was
replaced with 200 pL of DMSO, and the plate was incubated for 20 min in the dark. The
absorbances of the solution in each well were then measured at 570 nm. The percentage
cell viability was calculated as previously described [15].
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CYP17A1 and CYP21A2 Enzyme activity assay: According to our previously estab-
lished protocols [15], NCI H295R cells were seeded overnight in a 12-well plate at a cell
density of 0.5 x 10° cells per well. Overall, 10 uM of test compounds were added to respec-
tive wells containing fresh medium and were incubated for 4 h. Abiraterone and DMSO
were used as the reference and control, respectively. To determine CYP17A1 hydroxylase
activity, cells were treated with the substrate, ['*C]-Progesterone, at a concentration of
10,000 cpm/1 puM per well [23]. Trilostane was added prior to the addition of test com-
pounds in order to block 33-hydroxysteroid dehydrogenase activity [24]. Radiolabeled
steroids were extracted from the media with ethyl acetate and isooctane (1:1 v/v) and
separated through Thin Layer Chromatography (TLC) on a silica-gel-coated aluminum
plate (Supelco® Analytics, Sigma Aldrich Chemie GmbH, Darmstadt, Germany). TLC
spots were exposed to a phosphor screen and detected via autoradiography using Ty-
phoon™ FLA-7000 Phosphorlmager (GE Healthcare, Uppsala, Sweden). Radioactivity
was quantified using ImageQuant™ TL analysis software (GE Healthcare Europe GmbH,
Freiburg, Germany). Enzyme activity was calculated as a percentage of radioactivity incor-
porated into the product with respect to the total radioactivity. Similarly, CYP21A2 activity
was evaluated using [*H]-17«-Hydroxyprogesterone (~30,000 cpm/1 uM per well) as the
substrate [25].

Using similar treatment conditions, [21-*H]-17a-Hydroxypregnenolone (50,000 cpm/
1 uM per well) was used as a substrate to analyze CYP17A1 lyase activity. Tritiated
water release assays were performed to measure DHEA production [26]. Steroids in the
media were precipitated using 5% activated charcoal/0.5% dextran solution. The enzyme
activity was estimated with reference to the water-soluble tritiated by-product formed
in an equimolar ratio with the corresponding steroid product. The radioactivity in the
aqueous phase was measured via Liquid Scintillation counting (MicroBeta2® Plate Counter,
PerkinElmer Inc. Waltham, MA, USA). The percent inhibition was calculated with respect
to the control [27].

Steroid profiling using mass spectrometry: Steroid profiling in NCI H295R cells was
performed using a liquid chromatography high-resolution mass spectrometry (LC-HRMS)
method as previously described and validated with 1 uM of the unlabeled substrate added
to the cell culture [28-30]. Steroids from 500 pL cell media, plus 38 uL of a mixture of
internal standards (at 3.8 nM each), were extracted using solid-phase extraction with an
OasisPrime HLB 96-well plate. Samples were resuspended in 100 pL 33% methanol in
water and 20 pL injected into the LC-HRMS instrument (Vanquish UHPLC coupled to a
QExactive Orbitrap Plus, from Thermo Fisher Scientific) using an Acquity UPLC HSS T3
column (Waters, Milford, MA, USA). Data from the mass spectrometer were processed
using TraceFinder 4.0 (Thermo Fisher Scientific, Waltham, MA, USA).

AKRI1C3 inhibitor screening: AKR1C3 expression and purification were performed as
previously described [31]. Briefly, the bacteria cells were grown in YT2X media that was
supplemented with ampicillin, and, at OD 600 nm = 0.6, the expression was induced by
IPTG 0.5 mM for 2 h. The bacteria were then centrifuged and lysed with four freeze—thaw
cycles in the presence of lysozyme and protease inhibitors. The lysate was centrifuged
for 30 min at 13,000 x g and the supernatant was collected. AKR1C3 was affinity purified
via an N-terminal GST-tag on glutathione (GT) sepharose (GE-Healthcare) and cleaved by
thrombin, according to the manufacturer’s protocol.

The inhibition assays were performed on purified recombinant enzyme, as pre-
viously described [31]. Briefly, the enzymatic reaction was fluorometrically (exc/em;
340 nm/460 nm) monitored by the measurement of NADPH production on the Ensight
plate reader (Perkin Elmer, Waltham, MA, USA) at 37 °C. The assay mixture, which con-
tained 100 mM phosphate buffer pH 7, 200 utM NADP*, S-tetralol (in ETOH), inhibitor
(in DMSO), and purified enzyme (1 pM), was added to a 96-well plate at a final volume
of 200 puL. The S-tetralol concentration was 160 uM, in accordance with the Km described
for AKR1C3 under the same experimental conditions. The solvent added to the reaction
mixture did not exceed 10% of the final concentration. Percentage inhibition with respect
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to the controls that contained the same amount of solvent, without the inhibitor, was
calculated from the initial velocities, which were obtained via the linear regression of the
progress curve at different inhibitor concentrations. The results are expressed as the mean
value =+ standard error (SE) of at least three experiments, each carried out in triplicate.

Statistical analysis: Calculations were performed using Microsoft Excel and GraphPad
Prism 3.0 (Graph Pad Software, Inc. San Diego, CA, USA). Data are represented as the
mean of triplicate values. Dunnett’s multiple comparison ANOVA test was performed to
determine the significant difference between the mean values of samples and the control.
Error bars denote standard deviation from respective mean values. Significant p values
were set as * p < 0.05 and ** p < 0.01, ** p < 0.001.

2.5. Computational Chemistry

The experimentally determined structure of CYP17A1 complexed with galeterone
(PDB 3SWZ) was used as a target for the docking studies due to the structural similarity
between galeterone and the compounds reported in this paper [32]. The protein was
prepared using the Protein Preparation Wizard in Maestro (v. 11.1) [33]. The Protein
Preparation Wizard optimizes the hydrogen-bonding network at pH 7.0 and performs a
short restrained protein minimization using the OPLS-2005 force field [34]. The ligands
were prepared by the LigPrep module in Maestro [33]. Docking was performed with GOLD
(Genetic Optimisation for Ligand Docking) version 5.6 [35]. The binding site was defined
to be within 15 A around the Fe atom in the heme group. Ligands were docked 10 times
with the default option slow genetic algorithm, and with the heme-modified ChemScore as
scoring function [36]. The sulfoxides may exist in two enantiomeric forms with an R- or
S-configuration at the sulfur atom, and, accordingly, both stereoisomers were docked to
CYP17Al.

3. Results and Discussion
3.1. Chemistry

In our previous work, we synthesized non-steroidal ligands of CYP17A1 which could
only bind to the heme via the nitrogen atom [37]. Here, we were interested in using sulfur-
based moieties in order to discern if they could constitute a viable binding group. Thus, we
envisioned using sulfides and sulfoxides for this purpose. Two different positions of these
groups were explored to allow better accommodation of the ligand in the CYP17A1 active
site. Two categories of compounds were prepared: benzimidazole derivatives with the
possibility of a well-established sp? nitrogen-heme interaction (3a-b and 4a-b), and indole
derivatives which can potentially interact only with their sulfur groups (3c—d and 4c-d).

The synthesis started from 4-(1H-benzo[d]imidazol-1-yl)aniline (1a) or 4-(1H-indol-
1-yl)aniline (1b) which were coupled with commercially available 3-bromothioanisole
2a and 4-bromothioanisole 2b via a Buchwald-Hartwig reaction, obtaining sulfides 3a—-d
(Scheme 1). The reaction was carried out using third-generation (G3) Buchwald precatalysts.
They are soluble in common organic solvents, and are also air, moisture, and thermally
stable, making them convenient sources of the active catalyst [38]. Required anilines 1a
and 1b were prepared according to our previously published method [39]. Briefly, indole
or imidazole were first reacted with 1-fluoro-4-nitrobenze in the presence of potassium
phosphate and then catalytically reduced with hydrogen over palladium. Subsequent
oxidation with hydrogen peroxide afforded sulfoxide analogues 4a—d [40]. This reaction
was characterized by a very rapid progress and was completed in just a few minutes.
Obtained sulfoxides displayed a characteristic downfield shift of the S(O)-methyl group in
1H NMR and 13C NMR (Supplementary Information).
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NH - 4 - 4
2 HN/Q/\R HN@/\R
3 3

1a:X =N 2a: R = 3-SCH; 3a:X =N, R=3-SCH, 4a: X =N, R = 3-SOCH;

1b: X = CH 2b: R = 4-SCH, 3b: X =N, R =4-SCH, 4b: X =N, R = 4-SOCHj
3c: X = CH, R = 3-SCH; 4c: X = CH, R = 3-SOCH,
3d: X = CH, R = 4-SCH, 4d: X = CH, R = 4-SOCH,

Scheme 1. Synthesis of the final compounds 3a—d and 4a—d. Reagents and conditions: (i) t-BuXPhos
G3, t-BuXPhos, t-BuONa, t-BuOH or THEF, 100 °C, MW; (ii) H,O,, phenol, 40 °C.

3.2. CYP17A1 Inhibition

The initial screening of compounds showed marked inhibition of CYP17A1 hydroxy-
lase activity. The four most potent compounds demonstrating more than 50% inhibition at a
concentration of 10 uM were 3a, 3b, 4a, and 4c with remaining enzymatic activities of 23%,
31%, 35%, and 27% of the control, respectively (Figure 3A). All of them were less potent
than the abiraterone used as a reference. Regarding the lyase reaction, only compound 3a
was able demonstrate an inhibitory activity higher than 50% (33% of the remaining enzy-
matic activity, Figure 3B). None of the compounds showed selective inhibition of CYP17A1
lyase activity. We noticed that the -meta substitution provided more active compounds
compared to the ones with sulfur groups in the -para position. Contrary to this observation,
we were not able to capture a clear trend when analyzing the influence of the remaining
two variables: benzimidazole vs. indole moiety and sulfide vs. sulfoxide. However, it
appears that benzimidazole is preferred as evidenced by 3a, 3b, and 4a. Those compounds
can theoretically bind to the heme via either the sp? nitrogen atom or sulfur atom. This
possibility does not exist for compound 4c¢, which can only bind via its sulfoxide group.
Still, this compound showed nearly the same level of potency as 3a, while 4b, which retains
benzimidazole, was the least potent among the whole set. Because our tested compounds
were generally less potent than the compounds they were based on, it can be concluded
that the presence of the nitrogen atom seems to be superior to the sulfur atom [37].

CYP17A1 Hydroxylase B 125+ CYP17A1 Lyase

*kk ns *kk
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~
o
1
~
q

% Activity
% Activity

a
o
I
a
o
1

25 ﬂ 25+
’L‘ -_ g -
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Figure 3. Inhibition of CYP17A1 hydroxylase activity (A) and lyase activity (B). Compounds were
screened at 10 uM in the NCI H295R cell line. Inhibition is presented as the remaining enzymatic
activity after the treatment with the tested compounds. Error bars denote standard deviation from
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respective mean values. Significant p values were set as ns not significant, * p < 0.05, *** p < 0.001.
DMSO, dimethyl sulfoxide; ABT, abiraterone.

3.3. Possible Binding Modes

Although the compounds bind to CYP17A1 in a similar way, adopting a conformation
bending over Helix I with the benzimidazole or indole moiety facing the heme group and
the sulfur part occupying a cavity formed by Helices F, G, and I (Figure 4), they also display
some characteristic differences.

Figure 4. Preferred binding mode determined by docking of all the compounds. Inserts showing
examples on protein-ligand contacts: (A) Hydrogen bonds between sulfoxide group of R- and S-
forms of 4c and Arg239. (B) Binding of indole moiety of R-form of 4c to Fe atom in heme group.
(C) Binding of benzimidazole moiety of S-form of 4a to iron atom in heme group. Helices F, G, and I of
CYP17A1 shown as green cartoons; heme groups and ligands shown as stick models using standard
type-coloring except for carbons in heme and ligands colored yellow and cyan, respectively.

For benzimidazoles 3a, 3b, 4a, and 4b, the lone pair on the N3 coordinates to the
iron atom in the heme group with a Fe-N3 distance between 2.2 and 2.5 A, which is a
typical distance for the binding of nitrogen-containing heteroaromatic to heme groups
(Figure 4C) [32]. The indoles, 3¢, 3d, 4c,and 4d do not coordinate to the heme group, but,
nevertheless, the indole moiety faces the heme group with a Fe-C3 distance between 2.7 A
and 3.5 A (Figure 4B).

As already mentioned, all the molecules bent over Helix I with the para-substituted
benzene ring oriented flat against Helix I. The sulfide or sulfoxide parts of the molecules
are placed in a primary hydrophobic cavity formed by Tyr201, Asn202, and I1e205 in Helix
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F and Arg239 in Helix G. The only specific contact between this part of the ligands and
CYP17Al1 is a hydrogen bond between Arg239 and the sulfoxide oxygen atom at 2.5-3.0 A
(Figure 4A).

The binding modes generated by docking suggest that the benzimidazole ring system
is a better iron coordinator than the sulfoxide moiety, but it may also reflect or be influenced
by the overall shape of these structurally similar ligands favoring this binding mode. We
see a few examples among the poses on an inverted binding mode with the benzimidazole
moiety facing Arg239, and, thereby, placing the benzene-sulfoxide part of the ligands
roughly parallel to the heme group without any specific contacts to the iron atom.

3.4. Docking

The docking scores, which may reflect the experimental binding energies, are listed
in Table 1. The benzimidazoles, 3a, 3b, 4a, and 4b, are predicted to bind better than their
corresponding indoles, 3¢, 3d, 4c, and 4d, with score difference of 1-4 probably due to
the favorable Fe-N coordination. This calculation would corroborate the apparent better
performance of the benzimidazole compounds in CYP assays. In addition to this likely
significant trend in binding, we also observe some minor differences. For 3a/4a, 3b/4b,
and 3c¢/4c, the sulfoxides bind better than the sulfides, but for 3d/4d the sulfide binds
better than the sulfoxides. For the meta-substituted sulfoxides 4a and 4c, the S-enantiomer
binds better than the R-enantiomer, whereas it is the opposite for the para-substituted
sulfoxides 4b and 4d.

Table 1. Key binding data for best poses derived from GOLD docking. * Docking score for the
best binding pose, except for S-4d where values are from third best pose at 0.7 above best pose.
b Difference between best poses of the R- and S-enantiomers of the sulfoxides. ¢ Distance between
the iron in the heme group and the N3/C3 in the benzimidazole/indole moiety. ¢ Atom/atom group
in the N3/C3 position in the benzimidazole/indole moiety.

Compound Docking Score®  R/S Difference ? Fe-X3 Distance € [A] X34
3a 47.0 2.3 N
3b 459 25 N
3c 434 3.2 CH
3d 44.0 33 CH

R-4a 479 24 N
S-4a 499 =21 2.5 N
R-4b 47.8 2.5 N
S-4b 46.4 1.4 22 N
R-4c 45.3 3.4 CH
S-4c 46.2 —09 33 CH
R-4d 441 2.7 CH
S-4d 43.4 0.7 3.5 CH

Nevertheless, we observe that, except for 4b, the best inhibitors of the CYP17A1
hydroxylase reaction 3a, 3b, 4a, and 4c also have higher docking scores than the less
efficient CYP17A1 hydroxylase inhibitors 3¢, 3d, and 4d (Figure 3).

3.5. CYP21A2, CYP3A4, and POR Inhibition

CYP21A2is an enzyme catalyzing the transformation of progesterone and 17 x-hydroxy
progesterone into mineralocorticoids and glucocorticoids, respectively (Figure 1). It is often
an off-target for many CYP17Al1 inhibitors due to the high structural similarity between
the two enzymes [41]. To test the compounds’ selectivity, we measured CYP21A2 activity
after treatment with our compounds at 10 uM. The activity was reduced to 31%, 43%, 41%,
26%, and 49% in the presence of compounds 3a, 3b, 4a, 4c, and 4d, respectively (Figure 5A).
Although the effects were not as pronounced as with abiraterone, it was nevertheless
comparable to the effects observed in CYP17A1 inhibition.
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Figure 5. Inhibition of CYP21A2 (A), CYP3A4 (B), and POR (C). NCI H295R cells were used for
CYP21A2 inhibition and purified proteins for CYP3A4 and POR inhibition. The concentration of
the compounds was 10 uM in all assays. Inhibition is presented as the remaining enzymatic activity
after the treatment with the tested compounds. Significant p values were set as ns not significant,
*** p < 0.001. DMSO, dimethyl sulfoxide; ABT, abiraterone.

CYP3A4 belongs to the CYP3A subfamily of enzymes that is responsible for the
metabolism of around 30% of clinically used drugs [42]. Interactions with this enzyme
leading to its inhibition or induction can result in serious drug interactions; therefore, the
influence of drug candidates on these enzymes should always be investigated. Only com-
pounds 4a and 4c demonstrated inhibitory activity greater than 50%, with the remaining
enzymatic activity being 50% and 40%, respectively, as compared to the control (Figure 5B).
Compound 3a, which was the most potent CYP17A1 inhibitor, had little influence on
CYP3A4, thereby demonstrating selectivity for CYP17A1.

Cytochrome P450 oxidoreductase (POR) plays a major role in the metabolism of drugs
and steroids. All microsomal P450s depend on POR for the supply of electrons for their
catalytic activities. Therefore, the disruption of POR may effectively lead to disabling
CYP enzymes [43]. An interaction between POR and the compounds was investigated
using resazurin, a synthetic redox substrate of POR. No significant difference in reduction
of resazurin was observed in the presence of a 10 uM concentration of compounds with
respect to the control (Figure 5C). Limiting the activity towards CYP3A4 and POR becomes
a crucial factor in developing the compounds for targeted CYP17A1 inhibition, owing to
their vast role in drug metabolism and redox reactions in the cell.
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3.6. AKR1C3 Inhibition

AKRIC3 is an important enzyme in the androgen steroidogenic pathway [9,10].
AKRI1C3 facilitates the conversion of the weak androgens—androstenedione and 5u-
androstanedione—to the more active androgens, T and DHT, respectively. Its activation
contributes to CRPC drug resistance in patients treated with both abiraterone and enzalu-
tamide through increasing intracrine androgen synthesis and enhancing androgen signaling.
The overexpression of AKRIC3 in abiraterone-resistant cells suggested that its concomi-
tant blockade might yield therapeutic response in tumors resistant to abiraterone or other
CYP17A1 inhibitors [11,12]. It has been shown that the treatment of abiraterone-resistant
cells with an AKR1C3 inhibitor, like indomethacin, overcomes resistance and enhances
abiraterone therapy both in vitro and in vivo by reducing the levels of intracrine androgens
and diminishing AR transcriptional activity [11]. The surmountable effect of combined
treatment with inhibitors of AKR1C3 and abiraterone has been also observed [44,45]. Thus,
the possibility of dual CYP17A1/AKR1C3 inhibition was investigated with the aim to pave
the way for the future development of more potent dual inhibitors.

The indole scaffold of indomethacin is also present in ASP9521 [46], a potent AKR1C3
inhibitor that was in a phase 1 clinical trial for CRPC (May 2011, NCT01352208, discon-
tinued) and seems to be a crucial molecular moiety for establishing effective interactions
with the active site of AKR1C3 [47]. With the aim of investigating whether the indole
and benzimidazole moieties present in our studied compounds could provide the ability
to inhibit the AKR1C3 enzyme resulting in synergistic multi-target properties, we tested
compounds 3a-3d and 4a—4d on the recombinant purified AKR1C3 enzyme by measuring
S-tetralol oxidation in the presence of NADP* (Figure 6).
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Figure 6. Inhibition of AKR1C3 represented as the remaining enzyme activity after the treatment
with compounds. Compounds 3a-3d were only tested at 1 uM concentration because they showed
a strong interference fluorescent signal when tested at 10 uM concentration in the enzymatic assay.
Significant p values were set as, *** p < 0.001.

Compounds 3a-3d were only tested at 1 pM because they were very fluorescent at
10 uM in the enzymatic assay. Except for compound 4c, which displayed no activity even
at 10 uM, all the compounds showed weak inhibitory activity. The most active compounds
were 3a and 3¢, demonstrating that the thioether functionality is beneficial for activity,
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in particular when present in the meta position. If sulfide is oxidized to sulfoxide, the
activity decreases, as demonstrated by 4a versus 3a and 4c versus 3c. If the thioether group
is inserted in the para position, the oxidation is not detrimental to the inhibitor activity
because the corresponding sulfoxides show residual inhibitory activity when tested at
10 uM. The presence of a heterocyclic ring containing a sp?-hybridized nitrogen atom
is not essential because benzimidazoles 3a, 3b, 4a, and 4b show similar activity to their
corresponding indoles 3¢, 3d, 4c, and 4d, respectively.

3.7. Steroid Profiling

The overall effect of the compounds on hormone levels in NCI H295R cells was
measured using LC-MS (Figure 7). The results correlate with enzyme assays performed
using specific radiolabeled substrates. The accumulation of progesterone, comparable to
abiraterone, was noted after treatment with 3a. This might be attributed to the inhibition of
CYP17A1 in the hydroxylase reaction and CYP21A2 for which progesterone is a substrate.
However, compound 4¢, demonstrating a similar level of potency towards CYP17A1 and
CYP21A2, was able to decrease the level of progesterone, which would be preferable in
an ideal CYP17A1 inhibitor. Elevated progesterone levels have been shown to activate the
proliferation of cancer cells and have oncogenic properties [48]. Notably, both compounds
were less potent in both of the CYP assays compared to abiraterone. This suggest that
additional mechanisms might be operational. The compounds had varying effects on
the levels of glucocorticoids compared to abiraterone, but, overall, the impact was less
pronounced.
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Figure 7. Influence of the tested compounds on steroid metabolic pathways in NCI-H295R cells.
Steroid substrate, pregnenolone (1 uM), boxed in brown. Trilostane added at 2 uM, and all compounds
tested at 10 pM. CTRL, control (DMSQO); ABT, abiraterone; LLOQ, lower limit of accurate quantifica-
tion; HSD3B2, 33-hydroxysteroid dehydrogenase type 2; CYP21A2, cytochrome P450 21-hydroxylase;
CYP11B1, cytochrome P450 113-hydroxylase; CYP17A1, cytochrome P450 17x-hydroxylase /17,20-
lyase; CYP11B2, cytochrome P450 aldosterone synthase; HSD17B, 173-hydroxysteroid dehydroge-
nases; SRD5A, 5a-reductases. Values are represented as nmol/L (1 = 2; mean + SD).
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% Cell Viability

This is important because one of the side effects of abiraterone treatment is gluco-
corticoid imbalance, necessitating the co-administration of prednisone during therapy.
Interestingly, compound 3a was able to decrease the level of DHT close to that observed
after abiraterone treatment. Similarly, compounds 3b and 4c decreased the DHT levels
two-fold compared to the control. This was also observed after abiraterone treatment,
which suggests that these compounds might affect the function of 5x-reductase, which is
responsible for the conversion of T to DHT. Since DHT levels were measured below the
lower limit of quantification and levels of T remained relatively unchanged, it is possible
that other enzymes, operating in the “backdoor” pathways where DHT is produced from
androstanedione or androstanediol, are affected. The levels of weak androgens such as
dehydroepiandrosterone and androstenedione were also diminished by some of the com-
pounds, notably 3a and 3b. The overall effect on androgen biosynthesis, especially DHT,
suggests that despite the rather weak inhibition of CYP17A1 and AKR1C3 enzymes alone,
the observed result might be arising from the combined dual action.

3.8. Antiproliferative Activity

The AR-dependent prostate cancer cells (LNCaP) were used to evaluate the antiprolif-
erative activity in vitro of compounds 3a—4b. Although these cells are androgen sensitive,
they exhibit bone metastatic behavior, better mimicking the clinical human disease [49].
After 24 h, all compounds demonstrated a weaker antiproliferative effect when compared
to abiraterone (Figure 8). However, after 48 h, compound 4c had a similar activity to that of
abiraterone, decreasing the cell viability below 50%. Compound 3a was the second most
potent compound in this assay, decreasing the cell viability to close to 50%.

Hl 24h Treatment 48h Treatment

*k* * *k*

DMSO3a 3b 3c 3d 4a 4b 4c 4d ABT

Figure 8. LNCaP cell viability in the presence of compounds 3a-d and 4a-d. Compound concentra-

tions were 10 uM. Significant p values were set as * p < 0.05, ** p < 0.001.

4. Conclusions

The aim of our study was twofold. The main aim was to explore the effect of CYP17A1
inhibition by compounds endowed with the sulfur moiety, and, as a secondary aim, we
were interested in examining whether the dual inhibition of CYP17A1 and AKR1C3 can
result in an enhanced effect on steroid hormone production. The most potent compound
3a displayed marked inhibitory activity towards CYP17Al. 3a also demonstrated varying
degrees of inhibition against CYP21A2, CYP3A4, and POR enzymes, highlighting its



Biomolecules 2023, 13, 1349 16 of 18

potential for selective inhibition. Our limited SAR analysis suggests that the meta position
of sulfur groups and the presence of benzimidazole are advantageous for the observed
activity. This latter observation suggests that the presence of a nitrogen atom might be
superior to a sulfur atom in inhibiting CYP17A1. Through molecular docking, we inferred
that the benzimidazole ring system might serve as a better iron coordinator than the sulfur-
based moiety. However, it is important to add that only limited functionalities were tested,
and other motifs might offer better inhibitory profiles.

The compounds’ impact on hormone levels in NCI H295R cells was apparently
stronger than what could be expected based on separate enzymatic assays alone. Our
compounds did not perform particularly potently in those assays. The investigation of the
potential dual inhibition of CYP17A1 and AKR1C3 offered preliminary insights, suggest-
ing that these compounds could pave the way for the development of more potent dual
inhibitors.

In essence, our findings present a promising starting point for the design of selective
CYP17A1 inhibitors and potential dual inhibitors of CYP17A1 and AKR1C3. Future work
will focus on refining these ideas to enhance potency and selectivity, thereby laying the
ground for potential therapeutic application in hormone-related diseases, such as PCa or
polycystic ovary syndrome (PCOS).

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/biom13091349/s1, File S1: NMR, IR spectra and HPLC traces.
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Abstract: Endocrine-disrupting chemicals (EDCs) may impact the development of Prostate Cancer
(PCa) by altering the steroid metabolism. Although their exact mechanism of action in controlling
tumor growth is not known, EDCs may inhibit steroidogenic enzymes such as Cytochrome P450 c17
(CYP17A1) or aromatase (CYP19A1) involved in the production of Androgens or Estrogens. High
levels of circulating androgens are linked to PCa in men and Polycystic Ovary Syndrome (PCOS) in
women. Essential Oils or their metabolites (EOs) like lavender oil and tea tree oil have been reported
to act as potential EDCs and contribute towards sex steroid imbalance in case of prepubertal
gynecomastia in boys and premature thelarche in girls due to the regular exposure to lavender-
based fragrances among Hispanic population. We screened a range of EO components to determine
their effects on CYP17A1 and CYP19A1 Computational docking was performed to predict the
binding of EOs with CYP17A1 and CYP19A1l and functional assays were done using the
radiolabeled substrates or Liquid Chromatography high-resolution Mass Spectrometry and cell
viability assays were carried out in LNCaP cells. Many of the tested compounds bind close to the
active site of CYP17Al, and (+)-Cedrol had the best binding with CYP17A1 and CYP19Al.
Eucalyptol, Dihydro-pB-lonone & (-)-a-pinene showed 20% to 40% inhibition of
dehydroepiandrosterone production; and some compounds also effected CYP19A1. Extensive use
of these EOs in various beauty and hygiene products is common, but only a limited knowledge
about their potential detrimental side effects exists. Our results suggest that prolonged exposure to
some of these essential oils may result in steroid imbalances. On the other hand, due to their effect
on lowering androgen output, ability to bind at the active site of steroidogenic cytochrome P450s,
these compounds may provide design ideas for the novel compounds against hyperandrogenic
disorders such as PCa and PCOS.

Keywords: EDCs; Prostate cancer; CYP17A1; steroidogenesis; DHEA; anti cancer drugs

1. Introduction

Essential Oils (EOs) are a complex mixture of volatile compounds extracted from aromatic plant
tissues with a characteristic “essence” or smell [1]. Pure extracts of EOs are obtained through different

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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methods such as steam distillation, solvent extraction, and hydro distillation [2]. The chemical
composition of EOs can vary depending on the origin and species of the plant, climate, and extraction
method [3]. Two major constituents of EOs are terpenes and terpenoids [4]; some examples of
terpenes found in EOs are cineol (eucalyptol), linalool, pinene, limonene, thujene, bisabolene,
caryophyllene, p-cymene, camphor, neral, menthol, and geraniolwhile aromatic compounds consist
of carvacrol, thymol, cinnamaldehyde, eugenol, and estragole [5]. Owing to their charestric fragrance,
EOs are extensively used in many cosmetics and hygiene products [6,7]. Due to their anti-microbial,
antibiotic, antiviral, antioxidant, and anti-inflammatory properties, they have been part of traditional
therapies and herbal medicines [8-10] (Figure 1). Being “natural” in origin, EOs are often considered
as safer substitutes of chemical drugs that may have adverse side effects [11]. However, in addition
to their therapeutic role, EOs might function as potential Endocrine Disrupting Chemicals (EDCs).

EDCs are chemical substances that can alter endocrine function by interfering with steroid
metabolism resulting in hormonal imbalance in the body. Abnormal levels of steroids, especially sex
steroids, can cause detrimental effects on sexual development and possess an increased risk of
infertility [12], though the exact mechanism of action of EDCs is not fully known. Clinical case reports
have linked prepubertal gynecomastia in boys and premature thelarche in girls to prolonged use of
lavender and tea tree oil-based fragrant products which resolved upon cessation of the products.
Moreover, studies in human breast cancer cell lines showed estrogenic and anti-androgenic activity
of some EOs [8,13].
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Figure 1. An overview of biological activities of essential o0il components.

In humans, androgens are primarily produced in the male testis, female ovaries, and adrenal
glands (Figure 2). Androgens control male sexual traits and development as well as influence female
sexual behavior. The zona reticularis of the adrenal cortex produces dehydroepiandrosterone
(DHEA) and its sulfate DHEA(S). DHEA acts as a precursor to produce androgens (testosterone and
androstenedione). The first rate-limiting step in the biosynthesis of all steroid hormones is the
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cleavage of the cholesterol side chain by the mitochondrial P450 enzyme CYP11A1 system (CYP11A1-
FDX-FDXR) also called P450scc, to convert cholesterol into pregnenolone (Preg) [14]. Further in
multi-enzymatic steps, Preg is converted into mineralocorticoids, glucocorticoids, and androgens.

Testes
(male)

Major Site of Androgen Production

Ovaries
(female)

Adrenal gland

Cortex

Central
medulla

Superior surface of Kidney

Minor Site of Androgen Production

Microscopic layers of the cortex

Capsule;

Zona
glomerulosa

Zona| &% O
fasciculata =
|95 (9 1G9, oy [ L Sl »e
Zona
reticularis
°
b,

Aldosterone

"o (Mineralocorticoids)

Cortisol
(Glucocorticoids)

Androgens
(Sex hormone)

Figure 2. Androgen production in humans. In humans, androgens are mainly produced in the adrenal
glands, male testis and female ovaries. Sexual traits and development as well as influence on female
sexual behavior may be regulated by androgens. Androgen precursors, dehydroepiandrosterone
(DHEA) and its sulfate DHEA(S) are produced in the zona reticularis of the adrenal cortex which are
then converted into active androgens by the action of a series of steroid metabolizing enzymes.

The enzyme P450c17 (CYP17Al, Cytochrome P450 17alpha-monooxygenase), encoded by
CYP17A1 gene [15,16] is an essential enzyme that plays a vital role in adrenal androgen production
[16,17]. The CYP17A1 localized in the endoplasmic reticulum can catalyze both 17a-hydroxylase and
17,20 lyase reactions [18]. This characteristic dual activity is conferred through post-translational
regulation of CYP17A1 protein. Especially, the 17, 20 lyase activity of CYP17A1 is supported by at
least three factors. First, the amount of P450 Oxidoreductase (POR) for electron transfer [19,20],
second, the presence of allosteric activator microsomal Cytochrome B5 (CYB5) [21,22], and third, the
phosphorylation of the CYP17A1 protein at serine/threonine residues [22-26]. Understanding the
regulatory mechanisms of 17,20 lyase activity is important for the understanding of hyperandrogenic
disorders such as premature, exaggerated adrenarche, PCa, and PCOS [27,28].

Epidemiological studies suggest that EDCs may function as hormone mimics and bind to
nuclear receptors to elicit altered expression of genes involved in the development and progression
of Prostate Cancer (PCa) [29] (Figure 3). Prostate tumor cells are driven by Androgens binding to the
intracellular Androgen Receptor (AR). The AR acts as a transcriptional activator for the expression
of genes responsible for the growth and survival of the tumor [30]. These studies suggest that the
possible role of EOs could be either in direct inhibition or co-activation of certain steroidogenic
enzymes or in the regulation of gene expression of these enzymes resulting in abnormal androgen
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levels in the body. High levels of circulating androgens are linked to both PCa and Polycystic Ovary
Syndrome (PCOS) [31]. The anti-androgenic property of EOs could be exploited to target androgen
production in the treatment of PCa and PCOS.

Androgen dependent responses in PCa Androgen Independent responses in CRPC

Androge
@ =N
0 drogen
ICYTOPLASM
AndrogenlAndroge!
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Protein Cell proliferation and
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Figure 3. Prostate cancer cells are driven by the binding Androgens to the Androgen Receptor (AR).
The AR then acts as a transcriptional activator for the expression of genes that are responsible for the
growth and progression of the prostate cancer cells.

Considering the potential role of essential oils as EDCs, we explored the potential of several
common essential oil components on human steroid metabolizing enzymes CYP17A1 and CYP19A1
for potential effects on androgen and estrogen production in humans and as potential structural leads
for design of novel chemicals targeting these enzymes in hormone dependent cancers. We docked 53
terpene compounds that are naturally present in essential oils, into the structures of steroid-
metabolizing enzymes CYP17A1 and CYP19A1 in order to estimate binding affinity and possible
binding modes and sites to identify possible endocrine disrupting properties of these compounds.

2. Materials and Methods

Terpenes: The terpenes used in the experiments cannot be called essential oils, as they do not
exist as mixtures of compounds but are commercially available as single chemical entities (sometimes
multiple isomers coexist because the separation process can bring purity only to a certain point). The
terpenes we sourced are of mixed natural/synthetic origin depending on which provided higher
purity. Their isolation usually consisted of an essential oil first collected through steam distillation or
alcoholic extraction of the dry plant/flower mass, and then fractional distillation to collect the main
components.

All terpenes were sourced from Sigma Aldrich, unless otherwise indicated, and the (individual
product purity was between 90-99%) product codes were: (-)-a-Pinene (305715, (purity 99%), (+)-a-
Pinene (268070, purity 99%), a-lonone (112409, purity 90%), Benzaldehyde (B1334, purity 99%), p-
Anisaldehyde (A88107, purity 98%), 1,4-Cineole (W365820, purity 95%), Isoamyl acetate (W205532,
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purity 97%), Octyl acetate (W280607, purity 98%), Benzyl acetate (B15805, purity 99%), Propyl acetate
(133108, purity 99%), p-Pinene (402753, purity 99%), Bisabolene (Alfa Aesar, A18724, mixture of
isomers), (-)-a-Bisabolol (14462, purity 93%), 3-Carene (115576, purity 90%), (S)-(+) Carvone (435759,
purity 96%), (+)-Cedrol (22135, purity 99%, sum of enantiomers), Cinnamyl alcohol (108197, purity
98%), p-Cymene (C121452, purity 99%), Dihydrocarvone (218286, purity 98%, mixture of isomers),
Dihydro-B-ionone (W362603, purity 90%), Eucalyptol (C80601, purity 99%), Farnesol (W247804,
purity 95%, mixture of isomers), Geraniol (163333, purity 98%), Methyl anthranilate (W268208, purity
98%), (R)-(+)-Limonene (183164, purity 98%), (+-)-Citronellal (27470, purity 95%), (R)-(-) Carvone
(124931, purity 98%), (1R)-(-) Myrtenal (218243, purity 98%), Nerol (268909, purity 97%), Ocimene
(W353977, purity 90%, mixture of isomers), (S)-(-)-Limonene (218367, purity 96%), Carvacrol (282197,
purity 98%), (+)-Sabinene (W530597, purity 75%), (S)-(-) Perillyl alcohol (218391, purity 96%),
Estragole (A29208, purity 98%), (-)-a-Terpineol (W304522, purity 96%), Terpinolene (W304603, purity
95%), Thymol (T0501, purity 98%), Vanillin (V1104, purity 99%), Methyl salicylate (M6752, purity
99%), a-Terpinyl acetate (W304799, purity 95%), a-Phelladrene (W285611, purity 85%), y-Terpinene
(223190, purity 97%).

Molecular Docking Analysis: In a first attempt, 53 terpene compounds were docked into
CYP17A1 and CYP19A1 using AutoDock VINA [32,33]. Ligands co-crystallized with the PDB
structures [34] in PDB IDs 4NKZ [35] and 3579 [36-38] (CYP17A1 and CYP19A1, respectively) were
removed, and the remaining protein structures were used for docking. Three-dimensional structures
of the ligands were extracted from PubChem and prepared for docking using the LigPrep [39]
function within Maestro [Schrodinger Release 2022-3: Maestro, Schrodinger, LLC, NY, 2021],
removing possible salts and ensuring generation of possible ionization and tautomeric states at
pH=7+1 using the Epik [40] setting. Prior to docking the compounds were subjected to a short energy
minimization. As reference compounds, abiraterone and 17a-hydroxypregnenolone were docked
into CYP17A1 as well and androstenedione into CYP19A1 and compared with known structures of
CYP17A1 [35,41,42] and CYP19A1 [36-38,43]. This yielded a global docking simulation including the
whole protein structure. For each ligand, 25 docking runs were performed. The results were subjected
to a cluster analysis with each cluster differing at least 5A heavy atom RMSD, representing different
possible sites and modes of binding.

In a further refinement of this process, the compounds were docked into not only CYP17A and
CYP19A1, but also to CYP11A1 and CYP21A2 with GLIDE [v 5.8, Schrodinger, LLC, NY, 2021] using
both the SP and XP scoring functions [44,45]. Subsequently, the best scoring poses for each compound
for each enzyme and for each scoring function were extracted and analyzed and heat maps produced
(cf. Figure 4).

Chemicals: Trilostane was obtained from the extraction of commercially available tablets as
Modrenal® (Bioenvision, NY, USA). Abiraterone acetate was purchased from MedChemExpress®,
Lucerna Chem AG (Lucerne, Switzerland). Commercially available drug, Anastrazole was purchased
from AstraZeneca. Radiolabeled substrates, Progesterone [4-“C] (SA 55mCi/mmol; Conc.
0.1mCi/mL); 17a-Hydroxypregnenolone [21-°H] (SA 15Ci/mmol; Conc. 1mCi/mL) and
Androstenedione [18-*H(N)] (SA 24 Ci/mmol; Conc. 1mCi/mL) were obtained from American
Radiolabeled Chemicals Inc. (St. Louis, MO, USA). Non-radiolabeled standard substrates,
Pregnenolone; Progesterone; 17a-Hydroxypregnenolone; 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-
2H-tetrazolium bromide (MTT); Resazurin sodium salt; Dimethyl sulfoxide (DMSO) and Dextran
were purchased from Sigma-Aldrich® (St. Louis, MO, USA). NADPH tetrasodium salt and Organic
solvents such as Isooctane, Ethyl acetate, and Chloroform/Trichloromethane were acquired from Carl
Roth® GmbH + Co. KG (Karlsruhe, Germany). Activated Charcoal was obtained from Merck AG
(Darmstadt, Germany).

Cell line and culture: The current standard model system to study molecular and biochemical
mechanisms of steroidogenesis is the NCI H295R cell line [46,47]. These cells express genes from all
three zones of the adrenal cortex, providing an excellent system that closely reflects human adrenal
physiology [14]. The human adrenocortical carcinoma cell line NCI H295R was obtained from the
American Type Culture Collection (ATCC® CRL2128™), Manassas, VA, USA [46,47]. Cells between
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passages 12-24 were cultivated in DMEM/Ham’s F-12 medium (1:1 Mix) supplemented with L-
glutamine and 15 mM HEPES (Gibco™, Thermo Fisher Scientific, Waltham, MA, USA) along with
5% Nu-Serum I; 0.1% insulin, transferrin, selenium in form of ITS Premix (Corning™, Manassas, VA,
USA); 1% Penicillin-Streptomycin (Gibco™, Thermo Fisher Scientific, Waltham, MA, USA) at 37°C in
a humid atmosphere with a constant supply of 5% carbon dioxide to maintain the physiological pH.
Human prostate cancer cell line, derived from metastatic site, left supraclavicular lymph node,
LNCaP clone FGC (ATCC® CRL1740™) was cultured in RPMI-1640 Medium containing 2mM L-
glutamine with 10mM HEPES, ImM Sodium pyruvate, 10% Fetal Bovine Serum and 1% Penicillin-
Streptomycin as supplements (Gibco™, Thermo Fisher Scientific, Waltham, MA, USA). For
experiments, cells with passage numbers 12-30 were used as previously described [48].

Cell Viability Assays: To determine the effect of test compounds on the cellular activity of
human adrenal NCI H295R cells, MTT-based cell viability assay was performed [49,50]. In a 96-well
plate, about 30,000 cells per well were seeded with complete medium. After 24 hours, the medium
was replaced with fresh medium and 10puM of test compounds were added. DMSO (less than 1% v/v)
was used as vehicle control. 10pM Abiraterone was used as a positive control [51,52]. 0.5mg/mL MTT
reagent was added to the culture medium for another 4 hours. After the incubation, the medium was
entirely replaced with DMSO to dissolve the formazan crystals. After 20 minutes, absorbance was
measured at 570nm (SpectraMax M2, Bucher Biotec, Basel Switzerland). Percent viability is calculated
with respect to the mean value of control samples.

For prostate cancer LNCaP cells, Resazurin-based Alamar blue assay was performed to evaluate
the cell toxicity [49,50]. Cells seeded at a cell density of 10,000 cells per well were treated with test
compounds and the controls for 24 and 48 hours. After incubation, 0.05mg/mL Resazurin in
Phosphate buffer was added. Cells were incubated for another 4 hours in dark at 37°C. Fluorescence
was measured at an excitation wavelength of 550nm and an emission wavelength of 590nm. Percent
viability is calculated with respect to the mean value of control samples (DMSO).

CYP17A1 enzyme assays: The CYP17A1 enzyme assays were carried out according to well-
established protocols [52,53] in our laboratory. The NCI H295R cells were seeded overnight in a 12-
well plate at a cell density of 0.5 X 10¢ cells per well. Next day, 10uM of test compounds were added
to respective wells containing fresh medium and incubated for 4 hours. Abiraterone and DMSO were
used as reference and control respectively. To determine CYP17A1 hydroxylase activity, cells were
treated with the [“C]-Progesterone at a concentration of 10,000cpm/1uM per well [22-24,54].
Trilostane was added prior to the addition of test compounds and the substrate to block 3(3-
hydroxysteroid dehydrogenase activity [55]. Radiolabeled steroids were extracted from the media
with help of Ethyl acetate and Isooctane (1:1 v/v) and separated through Thin Layer Chromatography
(TLC) on a Silica gel coated aluminum plate (Supelco® Analytics, Sigma Aldrich Chemie GmbH,
Germany) [56]. TLC spots were exposed to a phosphor screen and detected by autoradiography using
Typhoon™ FLA-7000 Phosphorlmager (GE Healthcare, Uppsala, Sweden). Radioactivity was
quantified using ImageQuant™ TL analysis software (GE Healthcare Europe GmbH, Freiburg,
Germany). Enzyme activity was calculated as a percentage of radioactivity incorporated into the
product with respect to the total radioactivity.

Using similar treatment conditions, [21-*H]-17a-Hydroxypregnenolone (50,000cpm/1uM per
well) was used as a substrate to analyze CYP17A1 Lyase activity . NCI H295R cells were treated with
test compounds for 24hours before the addition of the substrate and Trilostane. Tritiated water
release assay was performed [57] by measuring the conversion of 170OH-Preg into DHEA. Steroids in
the media were precipitated using 5% activated charcoal/0.5% dextran solution. The enzyme activity
was estimated with reference to the water-soluble tritiated by-product formed in an equimolar ratio
with the corresponding DHEA. The radioactivity in the aqueous phase was measured by Liquid
Scintillation counting (MicroBeta2® Plate Counter, PerkinElmer Inc. Waltham, MA, USA). The
percent inhibition was calculated with respect to the control [58].

Steroid Profiling: For steroid analysis, NCI H295R cells were treated in a similar way except
that 1uM of the unlabeled substrate, Pregnenolone, was used instead of radiolabeled substrates for 4
hours. Steroids were measured by a liquid chromatography high-resolution mass spectrometry (LC-
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HRMS) method as previously described and validated [59]. Briefly, steroids were extracted from 500
pL cell media aliquots, plus 38 uL of a mixture of internal standards (at 3.8 nM each), using solid-
phase extraction with an OasisPrime HLB 96-well plate. Samples were resuspended in 100 pL 33%
methanol and 20 pL injected into the LC-HRMS instrument (Vanquish UHPLC coupled to a Q
Exactive Orbitrap Plus, from Thermo Fisher Scientific) using an Acquity UPLC HSS T3 column (from
Waters). Data from the mass spectrometer was processed using TraceFinder 4.0 (from Thermo
Fisher). The lower limit of quantification (LOQ) for pregnenolone was 0.77 nmol/L, for DHEA it was
0.85 nmol/L, for DHEA-S it was 6.25 nmol/L and for 170OHP5 (quantified relative to the calibration of
progesterone using a calculated response factor) it was 20 nmol/L.

Aromatase (CYP19A1) Assay: Estrogens are synthesized from androgens through the action of
the enzyme, Cytochrome P450c19al (CYP19A1, Aromatase) [60]. We used 40 pg of microsomal
fraction from placental JEG-3 (Human Choriocarcinoma; ATCC® HTB36™) cells in 100mM potassium
phosphate buffer (pH 7.4) containing 100mM NaCl in a reaction mixture of 200 uL to carry out
Aromatase enzyme activity assay. For determining the impact on aromatase activity, 10 uM of test
compounds, DMSO as a negative Control, and Anastrozole (a known CYP19A1 inhibitor) as positive
control were added to the reaction mixture. Tritium-labelled Androstenedione (~30,000
cpm/pL/50nM) was used as the substrate to monitor the enzyme activity. The chemical reaction was
initiated by the addition of reduced Nicotinamide adenine dinucleotide phosphate (NADPH)
followed by incubation at 37°C with constant shaking for 1 hour. The reaction was stopped by the
addition of Charcoal/Dextran solution. Enzyme activity was measured using a Tritiated water release
assay as described earlier [53,61].

Statistical analysis: Calculations were done with Microsoft Excel and GraphPad Prism 3.0
(Graph Pad Software, Inc. San Diego, CA, USA). Data are represented as the mean of triplicate values
from a single experiment or three independent sets of experiments. Dunnett’s multiple comparison
ANOVA test was performed to determine the significant difference between the mean values of
samples and the control. Error bars exhibit standard deviation from respective mean values.
Significant p values were set as *p < 0.05 and **p <0.01, ***p < 0.001.

3. Results

Docking with CYP17A1 and CYP19A1 - We performed computational docking and binding
analysis of essential oil compounds against the three-dimensional crystal structures of multiple
steroid metabolizing cytochrome P450 enzymes including CYP11A1, CYP17A1, CYP19A1 and
CYP21A2.
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Figure 4. Heat maps of binding poses obtained after docking of terpenes from essential oils into
steroid metabolizing CYP enzymes. Binding energies vary from -8.2 kcal/mol for the best binding
poses (corresponding to dark green boxes) to -3.3 kcal/mol for the poorest binding poses (white
boxes).

Best binders were clustered into groups based on binding to multiple enzymes and subjected to
detailed binding analysis. While we observed no significant selectivity (Figure 4), we identified the
generally potential best binders for these CYP enzymes and made a preliminary look at the binding
mode of the best poses. The conclusion is that a small number of compounds (Caryophyllene oxide,
(+)-Cedrol and Epiglobulol), seems to bind reasonably well to the CYPs primarily by hydrophobic
interactions. The compounds bind in the active sites of both CYP17A1 and CYP19A1 without
coordinating directly to the Fe atom in the heme group (Figure 5). Docking studies revealed that (+)-
Cedrol was among the best binding compounds to both CYP17A1 and CYP19A1 (Figure 6).
Experimental results provided some context to the computational studies. Though it didn’t inhibit
CYP17A1 activity, it caused 30% inhibition of CYP19A1 activity. Dihydro-p-lonone showed 30%
inhibition of both CYP17A1 and CYP19A1 activities. Eucalyptol and (-)-a-pinene showed 20% to 40%
inhibition of CYP17A1. Although the inhibition was weaker than the reference compounds, it could
be an inspiration for design of novel inhibitors, since the top scoring poses are rather globular
compounds filling the cavity above the heme group in the CYPs.
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Effect on CYP17A1 Activity — Studies in human cell lines [8,13] have shown that Lavender oil
(LO) and Tea tree oil (TTO) act as hormone mimics for Estrogen receptors (ER) and antagonists for
AR. Moreover, LO and TTO impacted the ER and AR-mediated regulation of several endogenous
genes. Owing to these different mechanisms of action by LO and TTO, we screened several EO
components including the ones found in TTO and LO. In the initial screening of 50 test compounds
against CYP17A1 hydroxylase activity, we found no significant effect in NCI H295R cells treated with
10 M of compounds for 4 hours (Figure 7).
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Figure 7. Assay of CYP17A1 17-hydroxylase activity. Essential oil compounds were tested for effects
on CYP17A1 17-hydroxylase activity using radiolabelled progesterone as substrate and conversion to
17-hydroxy progesterone was monitored using autoradiography of steroids after separation by TLC.
Effects were calculated as percentage of control.

However, EOs such as Eucalyptol, Geraniol, (5)-(+) Carvone, 3-Caren, Ocimene, 3-Pinene, (-)-a-
Pinene, Dihydro-f3-ionone showed about 13%, 13%, 15.2%, 16%, 18%, 19%, 20% and 31% inhibition
in CYP17A1 Lyase activity respectively. The effect of EOs towards an exclusive inhibition of
CYP17A1 lyase activity makes them good candidates to study further as basic structural leads for
designing more potent inhibitors (Figure 8).

Effect on CYP19A1 Activity — EOs exhibiting significant effect on CYP17A1 activity and those
predicted to be estrogenic in nature in some literatures were selected for screening of CYP19A1
activity. Bisabolol, Cedrol, Dihydro-{3-ionone, (R)-(+)-Limonene, (-)-Terpineol, and a-Terpinyl acetate
showed significant inhibition of aromatase at about 22%, 29%, 33%, 26%, 27%, and 29% respectively
(Figure 9). Dihydro-B-ionone was found to be the most effective inhibitor of both CYP17A1 Lyase
activity and CYP19A1 activity.

Effect on Prostate Cancer Cell Viability — (-)-a-Pinene, Dihydro-p-ionone, Eucalyptol were also
found to be causing cell toxicity in the prostate cancer cell line, LNCaP cells. All of these compounds
showed an increased potency for cell growth inhibition with increasing treatment durations. Up to
50% reduction in cell viability was observed when the cells were treated with these EOs for 48 hours.
Cedrol which showed maximum inhibition of CYP19A1 activity was also found to be reducing the
cell viability of LNCaP cells. However, since a direct effect on CYP17A1 activity was not observed by
cedrol, a different mechanism may be involved in toxicity towards LNCaP cells (Figure 10).
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Figure 8. Effect of essential oil compounds of CYP17A1 17,20 lyase activity. Compounds were tested
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conversion to DHEA was monitored using scintillation counting. Effects were calculated as

percentage of control.
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Figure 9. Effects of essential oil components on CYP19A1 activity. Essential oil components were
tested against CYP19A1 activity using microsomes prepared from placental JEG-3 cells. Radiolabeled
androstenedione was used as substrate and conversion to estrone was monitored by water release
assay. A known CYP19A1 inhibitor anastrazole was used as positive control.
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Figure 10. Effect of essential oil components on LnCaP cell proliferation. Essential oil compounds
were checked for effect on proliferation of androgen dependent prostate cancer cell line, LnCaP cells.
Cell viability was determined after 24h and 48h treatment with selected compounds that showed
inhibitory effects in CYP17A1 or CYP19A1 assays.
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Steroid analysis by LC-MS/MS

Individual steroid levels were normalized to the amount of Pregnenolone (P5). P5 was the
starting steroid substrate to profile all the steroids in the biosynthetic pathway. The addition of
dihydro-p-ionone to adrenal cells did not alter the levels of 17OHP5 or DHEA, however DHEA-S
levels appeared lower (about 8%) compared to the control. The addition of Eucalyptol reduced DHEA
levels (about 13%), 1.2-fold (approaching significance at p=0.0574), also with lower DHEA-S levels
compared to the control (Figure 11).
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Figure 11. Steroid profiling using LC-MS/MS. Effect of essential oil components was tested for overall
effects on steroid profiles of human adrenal NCI-H295R cells. Cells were treated with different
compounds and steroid metabolites were analyzed by LC-MS/MS. Results shown are normalized
against pregnenolone.

4. Discussion

Essential oils are highly concentrated plant extracts that are routinely used in in wellness,
beauty, and cleaning products. However, since EOs are not pharmaceutical products, they are not
regulated and therefore, their safety profiles are a topic of concern due to potential adverse reactions
associated with their use. The safety of essential oils may also depend on individual metabolic
profiles. In the past, few studies have been performed about the effect of EOs on cytochrome P450
enzymes that are involved in drug and xenobiotic metabolism [62]. Spicakova et. al. have studied the
effect of sesquiterpenes beta-caryophyllene oxide and trans-nerolidol by docking into CYP3A4 and
checking the results by functional assays of enzyme activity [63,64]. Beta-caryophyllene oxide binds
to CYP3A4 close to the heme without coordinating to the Fe atom and also showed a waek inhibition
of CYP3A4 activity. Similarly a waek inhibition of CYP2C8, CYP2C9 and CYP2C19 was observed for
cedrene, cedrol and thujopsene, but cedrol showed strong inhibition of CYP3A4 and CYP2B6 [65].

The steroidogenesis, leading to developmental and reproductive changes as well as impact on
immunological and neurological changes linked to steroid hormones. Here we have investigated the
impact of several essential oil components on steroid production mediated by CYP17A1l and
CYP19A1, two key enzymes involved in regulation of androgen and estrogen in human. While
essential oils offer potential benefits, their use should be approached with caution due to potential
safety issues and hormonal imbalances. It is crucial to conduct thorough research and consult
healthcare professionals before incorporating essential oils into daily routines.


https://doi.org/10.20944/preprints202311.0063.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 1 November 2023 doi:10.20944/preprints202311.0063.v1

14

On the other hand, anti-androgen properties of essential oil compounds may offer structural
leads for the design of novel drugs targeting steroid hormone production in metabolic disorders
dependent on steroid hormones, including prostate cancer, breast cancer and poly cystic ovary
syndrome.

Currently, the classical methods employed in the treatment of PCa include Androgen
Deprivation Therapy using CYP17A1 inhibitors and/or blocking AR binding to its ligand using AR
antagonists [66,67] (Figure 12). CYP17A1 targeted drugs have been developed over the years for the
treatment of PCa as well as Castration Resistance Prostate Cancer (CRPC) [68]. Therefore, CYP17A1
has emerged as an attractive target for the design of inhibitors to use as drugs against prostate cancer
[69]. From a non-selective Cytochrome P450 inhibitor, Ketoconazole, first-generation CYP17A1
targeted drugs such as Abiraterone and Orteronel (TAK700) to the most recent compounds with
better selectivity towards 17,20 Lyase activity like Galeterone (TOK-001) and VT464, there is a
continuous search for more efficient and potent inhibitors to overcome the challenges due to their
adverse side-effects [70-78]. For instance, in addition to CYP17Al, Abiraterone also targets
cytochrome P450 21-hydroxylase (CYP21A2) activity, which is essential for aldosterone and cortisol
production [79,80]. As a result, suboptimal levels of cortisol due to inhibition of CYP21A1 leads to
the requirement of glucocorticoid co-therapy in these patients [81]. However, most treatments have
only a small effect in improving PCa patient survival. Next-generation drugs like Galeterone acts as
both an AR antagonist and a CYP17A1 inhibitor. However, in metastasized PCa conditions such as
CRPC, the tumor cells develop mechanisms to evade androgen dependency for their growth and
survival. These mechanisms include the expression of AR variants which bind to androgen
precursors of adrenal origin and de novo intra-tumoral androgen production [82,83]. Current
strategies for the development of drugs focus on designing inhibitors with the ability to modulate the
elevated levels of circulating androgens as well as steroids derived from alternative pathways in the
case of androgen independent PCa without disturbing the cortisol metabolism [84,85]. Therefore, in
the search for novel inhibitors of CYP17A1 with improved target specificity and reduced off-target
effects, EOs could be utilized as chemical leads for the designing novel drugs against PCa and PCOS.
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Figure 12. Different approaches to target androgen production for prostate cancer treatment.
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paper posted on Preprints.org. File S1:. List of compounds used in this study.
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AIM: To identify novel pathways involved in the regulation of
CYP17A1 through post-translational mechanismes.
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Chapter 3

Study the role of specific Kinases and Phosphatases involved in the
regulation of CYP17A1 lyase activity.
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GENERAL DISCUSSION

Current therapeutic strategies used in the treatment of PCa ranges from targeting regulatory
pathways involved in gene expression to direct inhibition of key enzymes responsible for
androgen production. Although blocking or downregulating AR seems to be a good strategy
to prevent prostate tumor growth and progression. In more severe forms of PCa like CRPC,
adaptation of androgen independent mechanisms by the tumor cells pushes for alternative
approaches. It has been observed that somehow the androgen levels are compensated to
keep feeding the cancer cells even in loss of androgen dependency. The only enzyme that acts
as qualitative controller of androgen production is CYP17A1. Therefore, CYP17A1 inhibitors
have been the center of drug development against PCa. With the emergence of drugs like
Abiraterone, potent inhibition of CYP17A1 activity has been achieved but the associated
selectivity and cross-reactivity issues are not resolved yet (Malikova et al., 2017) . A major

disadvantage of synthetic drugs designed for CYP17A1 inhibition is their structural similarity
with the native substrates of CYP enzymes. This results in metabolic transformation of the
inhibitor into ligands that can be recognized by AR making it futile in androgen deprivation
therapies. Therefore, designing and synthesis of non-steroidal inhibitors is required to
overcome these challenges (Wrdbel et al., 2023). Availability of crystal structure of CYP17A1

protein and its interaction with natural substrates, synthetic analogues or known inhibitors
has provided critical information that can be utilized in designing better drug candidates. The
work presented in this thesis deals with the potential of several drug candidates developed
over a period of time to selectively target CYP17A1 lyase activity (Wrdbel et al., 2020).

An effective drug should be comparatively simple and cost-effective to produce with
increased disease specificity. A descriptive information about characteristics like absorption,
distribution, metabolism, excretion, and toxicity (ADMET) is required before subjecting it to
clinical trial (Doogue & Polasek, 2013). If not scientific, reports of natural products being used

in the treatment of several diseases including chronic disorders in traditional settings are well
documented. Unlike synthetic libraries, this provides us with some basic knowledge of
possible use of natural products for development of therapeutics. However, the transition
from plant to product is a challenging process and particularly complex when the active
component is an extract or mixture rather than an isolated compound. Once a reliable
compound has been identified, validation of cellular targets and mechanisms of action
becomes essential. In vitro and in vivo studies are one of the first steps in the process of drug
development. Further advancement requires new tools including methods that compare
phenotypic or gene expression profiles induced by a small molecule with those induced by
known compounds or chemical enhancer/suppressor screens. The development of in silico
tools for "docking" small molecules with protein structures help in narrowing down
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appropriate candidates for in vitro testing. Advancements in such techniques help greatly in

the ongoing interdisciplinary research efforts essential for realizing the pharmaceutical
potential of traditional therapeutics (Corson & Crews, 2007).

Post-translational regulation of CYP17A1 through phosphorylation can also be a selective
target for inhibition of lyase activity. The regulatory proteins involved in the signaling cascade
leading to phosphorylation of CYP17A1 during lyase activity is not fully known. Therefore,
strategies to develop drug candidates targeting this aspect of CYP17A1 activity not only
provides better selectivity but also help in identification of novel proteins in the signaling. Our
current work identified the possible role of PLK1 in the regulation of CYP17A1 activity. PLK1
is already involved in regulation of proteins involved in mitosis and the overexpression of PLK1
in PCa cells is linked to decreased AR activity (Zhang et al., 2015). Therefore, exploring

multiple mechanisms involving PLK1 in overall prostate tumor progression holds a great
potential to understand the switch from androgen dependent to androgen independent PCa.
Moreover, the Ser/Thr phosphorylation sites within the proteins have not been identified so
far. There is a possibility of variants existing in these sites which could cause aberration in
gene and protein function. Nevertheless, identification of proteins involved in the regulation
of CYP function can provide information about the factors related to tissue specific
development and differentiation of gonads.

Interaction of CYP17A1 with its substrate, different small molecule drugs and regulatory
proteins has a combinatorial effect on its enzyme activity. These factors contribute to the dual
function of the enzyme and production of androgen precursor. Machine learning approach is
a useful tool to design non-steroidal inhibitors of CYP17A1 and to modify structures derived
from natural products. Identification of novel mechanism as well as partially predicted
pathways in the regulation of CYP17A1 helps us to have a comprehensive knowledge about
the full potential of CYP17A1 inhibitors. Lastly, given the important role of androgens in PCa,
PCOS and other hyperandrogenic disorders, information about developing therapeutics
should be applicable to the clinical settings.
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ABSTRACT: CYP17Al is an enzyme that plays a major role in steroidogenesis and is critically involved in the biosynthesis of
steroid hormones. Therefore, it remains an attractive target in several serious hormone-dependent cancer diseases, such as prostate
cancer and breast cancer. The medicinal chemistry community has been committed to the discovery and development of CYP17A1
inhibitors for many years, particularly for the treatment of castration-resistant prostate cancer. The current Perspective reflects upon
the discovery and evaluation of non-steroidal CYP17A1 inhibitors from a medicinal chemistry angle. Emphasis is placed on the
structural aspects of the target, key learnings from the presented chemotypes, and design guidelines for future inhibitors.

Z

1. INTRODUCTION The lack of CYP17AL1 activity results in a redirection of the
Cytochrome P450 17A1 (CYP17A1) is a membrane-bound synthesis towards the competing formation of aldosterone. The
dual-function monooxygenase belonging to the CYP 450 17a-hydroxylase reaction hydroxylates both pregnenolone and
superfamily of enzymes. In humans, these proteins oxidize progesterone at C17 to provide 17a-hydroxypregnenolone
steroids, fatty acids, and xenobiotics and are crucial in steroid (170H-Preg) and 17a-hydroxyprogesterone (170OH-Prog),
hormone biosynthesis and breakdown. Physiologically, respectively (Figure 1).””® Ultimately, the 17,20-lyase reaction
CYP17A1 has an important role in the maturation and sex breaks the bond between C17 and C20, transforming 170H-
differentiation process, and the enzyme is found in the testes, Preg into dehydroepiandrosterone (DHEA) and 170H-Prog

adrenal glands, and ovaries. Furthermore, it contributes to the
pathogenesis of diseases such as prostate cancer, polycystic
ovary syndrome, and breast cancer."” In view of this, extensive
interest and effort have been put into the discovery of
compounds that regulate the activity of CYP17A1, with one of
the specific aims to find drugs useful in the treatment of
castration-resistant prostate cancer.

CYP17Al is encoded by a single gene on chromosome Received: March 12, 2023
10q24.3 and catalyzes two successive reactions, 17a-hydrox- Published: May 16, 2023
ylation and 17,20-lyase transformation.” The activity of
CYP17A1 depends on redox interaction with P450 reductase
(POR) and, in the case of the 17,20-lyase reaction, also
cytochrome bS (cyt bg).* ™

into androstenedione. However, the direct conversion of 170H-
Prog to androstenedione is inefficient in humans, and
androstenedione is formed primarily from the transformation
of DHEA.” 170H-Prog is converted mainly to glucocorticoids,
including cortisol.

© 2023 The Authors. Published b
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Figure 1. Androgenesis leading to the most potent androgen, dihydrotestosterone (DHT). “Conventional” and “backdoor” pathways are indicated
with different color backgrounds. Red color represents inefficient catalysis in humans. Only transformations where CYP17A1 participates are labeled;
other enzymes are omitted for clarity.

Subsequently, DHEA and androstenedione are further reported which provide a promise for the next generations of
transformed into testosterone, which is then converted to CYP17A1 inhibitors.
dihydrotestosterone (DHT). Androstenedione and testosterone To date, abiraterone acetate is the only CYP17A1 inhibitor
also serve as substrates for estrogens. Besides the “conventional” approved for use in patients. This pioneering compound

contains a steroidal scaffold similar to the endogenous

pathway described above there is also the “backdoor” pathway,
CYP17Al substrates. However, this drug is far from perfect.

where a major androgen is an androsterone derived from 17-

hydroxyallopregnanolone via the very efficient CYP17A1 17,20- Side e'ﬂfects of ab}raterone include vs)mltmg, swelling, . l9w
Iyase reaction. 0~ This pathway takes a detour around DHEA potassium levels, high blood pressure, high glucose levels, joint
% ’ P Y 13,14 pain, and diarrhea. In addition, adrenal insufficiency, liver failure,

heart failure, arrhythmia, atrial fibrillation, and tachycardia are
also possible side effects of abiraterone. These side effects stem

and androstenedione to produce DHT.
The subtle differences between different CYPs and the

preferred selectivity for the inhibition of the CYP17Al lyase- largely from abiraterone promiscuity. At the molecular level,
catalyzed transformation have been addressed in structural and abiraterone is a potent inhibitor of CYP21A2 as well as CYP1A2,
computational chemistry studies. Results of these investigations CYP2D6, CYP3A4, CYP2C8, and CYP2C9.'¥'® CYP21A2 is
and compounds with increased selectivity have recently been responsible for production of glucocorticoids from progesterone
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Figure 2. Summary of overexpression of CYP17A1 and activation in the production of steroid hormones linked to human diseases. Created with
BioRender.com.
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Figure 3. Androgen-dependent pathway in prostate cancer. The androgen receptor (AR, a hormone nuclear receptor) translocates into the nucleus
upon activation by DHT as a homodimer and facilitates cell survival through the transcription of androgenic genes. Created with BioRender.com.
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Table 1. List of Experimentally Determined Structures of Human CYP17A1 from the Protein Data Bank

PDB Ligand Resolution [A] Notes Year Ref
3RUK abiraterone 2.6 2012 38
3SWZ galeterone 2.4 2012 38
4NKV abiraterone 2.6 A10SL mutant 2014 42
4ANKW pregnenolone 2.5 A10SL mutant 2014 42
4NKX progesterone 2.8 A10SL mutant 2014 42
4NKY 17a-hydroxyprogesterone 2.6 A10SL mutant 2014 42
4NKZ 17a-hydroxypregnenolone 3.0 A105SL mutant 2014 42
SIRQ («£)-orteronel 22 2017 44
SIRV VT-464 3.1 2017 44
SUYS 3a-OH-5a-abiraterone analog 24 2018
6CHI abiraterone C6 amide 2.7 2018 43
6CIR abiraterone C6 oxime 2.6 2018 43
6CIZ abiraterone C6 nitrile 2.6 2018 43
6WRO 3-keto-A4-abiraterone analog 2.7 2021
6WRI1 abiraterone 1.9 NS52Y mutant 2021
6WWO0 3-keto-Sa-abiraterone analog 2.0 2021

and 170H-Prog. To overcome the major side effect of steroid
imbalance, abiraterone is now prescribed with corticosteroids
like prednisone. In addition, abiraterone can be metabolized by
HSD3B1 and Sa-reductase into 3-keto-Sa-abiraterone that is
capable of activating androgen receptor (AR), leading to the
proliferation of cancer cells, undermining the therapeutic effects
of abiraterone. Therefore, non-steroidal drugs that cannot be
metabolized into androgens would be better candidates for
androgen deprivation therapy (ADT), especially in individuals
with higher expression or hyperactive variants of HSD3B1."”
The structural similarity of abiraterone to the substrates of other
cytochrome P450 enzymes involved in steroidogenesis is one of
the concerns with respect to selectivity and thus tentative side
effects. Published work, covered herein, aims for novel non-
steroidal compounds which may lead to both increased
selectivity towards the CYP17A1 over other CYPs as well as
inhibition of the CYP17Al lyase activity versus the hydroxylase
activity catalyzed by the same enzyme.

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

2. ROLE OF CYP17A1 IN DISEASES

Due to its central role in regulation of steroids, changes in
activities of CYP17A1 due to mutations or regulatory aspects
may lead to multiple human disorders. Some of the human
disorders linked to CYP17Al are prostate cancer, polycystic
ovary syndrome, breast cancer, Cushing’s syndrome, and
glioblastoma (Figure 2). Additionally, links to many other
disease conditions including hypertension, heart disease,
Alzheimer’s disease, and leiomyoma have also been re-
ported.'* ¢

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

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

6545

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

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

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

2.4. Cushing’s Syndrome. As CYP17A1 also regulates the
synthesis of glucocorticoids, overexpression of the enzyme
causes an overproduction of cortisol, an excess of which causes
metabolic changes leading to Cushing’s syndrome. This is
manifested by bone loss, high blood pressure, and type 2
diabetes. Inhibition of CYP17A1 lowers both androgen and
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Abiraterone C6 oxime Abiraterone C6 nitrile

30-OH-5a-abiraterone analog

3-Keto-A4-abiraterone analog

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

A

C

ARG-239

Figure S. Binding modes of abiraterone (A, B) and galeterone (C) to CYP17A1 (PDB IDs: 3RUK and 3SWZ, respectively). For CYP17A1 the heme
group and key residues are displayed as stick models and helix I as a green cartoon. Carbon, oxygen, nitrogen, and iron atoms are colored yellow, red,

blue, and orange, respectively.

cortisol levels, which is a promising handle in the development
of a treatment for the disease.”’

2.5. Glioblastoma. It has been reported that CYP17Al is
overexpressed in some forms of glioblastoma. DHEA plays a
significant role here, as it protects cancer cells against apoptosis
by reducing the effectiveness of chemotherapy. Inhibition of
CYP17Al1 results in the inhibition of DHEA production, which
may be helpful.>* Following these assumptions, the effect of
abiraterone on glioblastoma was investigated. Cellular assays
and in vivo studies in mice models showed an inhibitory effect of
the tested compounds.**

3. STRUCTURAL ASPECTS

3.1. CYP17A1 Structure. Initially, structural information
was based on homology modeling, 435 docking of natural
substrates or synthetic analogues, and pharmacophore mod-
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els.**?” At present, a total of 16 structures of human CYP17A1
complexes are available from the Protein Data Bank (Table 1;
for ligand structures see Figure 4 and Figure 19, below),
comprising three different types of ligands (10 steroidal and 2
non-steroidal inhibitors and 4 substrates), each with their
characteristic binding mode.

In 2012, the first crystal structures of CYP17Al1 with
abiraterone (PDB ID: 3RUK) and galeterone (PDB ID:
3SWZ) were published.’® Both structures show the enzyme-
folding characteristic of CYP450 enzymes. The ligands assume a
similar position to each other and, as previously predicted,
interact with the heme iron through the sp>-hybridized nitrogen
atom of pyridine or benzimidazole, creating a coordination
bond. The steroid nuclei form an angle of 60° above the plane of
the heme group, taking a position opposite the Helix I (Figure
SA). The 3f-OH group interacts with N202 in Helix F. The

https://doi.org/10.1021/acs.jmedchem.3c00442
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Figure 6. Two different binding modes of 17a-hydroxypregnenolone (A) and binding mode of the abiraterone analogs with C6 substituents (B) to

CYP17ALl. Color coding as in Figure S.
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Figure 7. Binding mode of the non-steroidal inhibitors (S)-seviteronel (A) (PDB ID: SIRV), (R)-orteronel (B), and (S)-orteronel (C) (PDB ID:

SIRQ) to CYP17A1. Color coding as in Figure S.

alpha surface of the steroid moiety is unsubstituted and flattens
with respect to Helix I. This mode of binding differs from steroid
binding in other cytochrome P450 enzymes. The C18 and C19
methyl groups are located between the B’ helix, the B4 loop, and
the loop behind Helix F. Only three side chains of the ventricular
wall are within 4 A of either C18 or C19. The remaining wall of
the pocket is filled with the hydrophobic side chains of A10S,
$106, A113, F114, 1206, 1209, V236, and V482

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

The structures of the A10SL mutant of CYP17A1 with a series
of natural substrates for the 17a-hydroxylation and 17,20-lyase
reactions (PDB IDs: 4NKV, 4NKW, 4NKX, 4NKY, 4NKZ)
were published in 2014."* The idea behind the A10SL mutant
was to modify the active site to resemble the 17,20-lyase
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reaction. The binding modes of the two 17a-hydroxylation
substrates, pregnenolone and progesterone, and the two 17,20-
lyase substrates, 170H-Prog and 170H-Preg, are nearly
identical, but 170H-Preg displayed two different binding
modes in the crystal, one similar to the other substrates and
one shifted 0.5 A closer to the heme group (Figure 6A).** The
latter enabled the authors to explain the regioselectivity and
substrate selectivity of the 17a-hydroxylation and 17,20-lyase
reactions. Although these studies revealed important informa-
tion on the mechanisms, it remains to be proven if the small
structural differences imposed by the A10SL mutation reflect the
presence of the 17,20-lyase active-site conformation.

To improve the selectivity for CYP17A1 relative to CYP21A2,
several abiraterone analogs were prepared with hydrogen-
bonding substituents in the C6 position.*’ The structures of
three of the compounds (C6 nitrile, amide, and oxime, Table 1)
revealed that the C6 substituent indeed was positioned between
the two polar residues, R239 and D298 (Figure 6B).
Experimental and computational studies showed that the
increased CYP17Al selectivity primarily was due to a reduced
affinity for CYP21A2.%

The RMSD values based on the Ca atoms between the
original abiraterone structure (PDB ID: 3RUK) and the other
CYP17A1 structures in Table 1 are 0.33 + 0.03 A. This indicates
that the CYP17Al active site can accommodate structurally

https://doi.org/10.1021/acs.jmedchem.3c00442
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Figure 8. Three-dimensional model of the CYP17A1-cyt bs complex anchored in the membrane. CYP17A1 green, cyt bs blue, membrane beige, and
anchoring helices and additional residues required for the AlphaFold modeling white (A). Close-up of abiraterone binding to the Fe atom in the heme
group in the CYP17ALl active site (B). Key residues involved in the CYP17A1-cyt b; binding (C). Residues proposed to be involved in the electron
transfer from cyt bs to CYP17A1 (D). Color coding as in Figure S. For a movie illustrating the 3D relationships of the structure and interactions, see the

SL

different ligands by changes in side-chain orientations without
affecting the overall fold.

It is worth mentioning that only two structures of CYP17A1
complexes with non-steroidal inhibitors, (+)-orteronel (TAK-
700) and (S)-seviteronel (VT-464) (PDB IDs: SIRQ and SIRV
respectively), have been published.** Both compounds contain a
naphthalene moiety substituted in the 2 position with a
nitrogen-containing ring system. (R)-Orteronel and (S)-
seviteronel bind “steroid-like” with the naphthalene ring
occupying the same space in the CYP17A1 active site as the
steroid part of the previously discussed steroidal inhibitors and
the sp>-hybridized nitrogen atom in the substituent coordinating
to the Fe atom in the heme group (Figure 7A and Figure 7B).
Contrary to (R)-orteronel, binding of (S)-orteronel is tilted,
enabling the substituent in the 6 position to form hydrogen
bonds with R239 and D298 (Figure 7C). The Fe—N distance in
(R)-orteronel is also substantial longer (2.5 A) than the
corresponding distances in (S)-orteronel and (S)-seviteronel
(2.1 A). An additional interesting feature with the orteronel
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structures, and to some extent also the seviteronel structures, is
the presence of a peripheral binding site formed by different
conformation of the loop between helix F and helix G. The
function of this primarily hydrophobic site remains to be
explored.** The orteronel and seviteronel structures are
interesting, as they may provide ideas for further optimization
of lyase-selective non-steroidal inhibitors. The CYP17Al
structure, function, and therapeutic potential have also been
reviewed. **

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

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

https://doi.org/10.1021/acs.jmedchem.3c00442
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controlling the CYP17Al-mediated reactions. Potentially it
opens the opportunity for imposing a conformational change of
the CYP17A1 enzyme towards a lyase-relevant conformation,
which would form the basis for the structure-based design of
more lyase-selective CYP17A1 inhibitors.

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

It has been known for many years that the 17,20-lyase activity
of CYP17Al relative to the 17a-hydroxylase activity can be
stimulated by phosphorylation or by binding of cyt bs.”” Two
mechanisms for the cyt bs interaction with CYP17A1 have been
proposed. Cyt by could either be responsible for supplying the
second electron necessary to complete the catalytic cycle or be
an allosteric modulator imposing a conformational change in
CYP17A1.> Indeed, cyt b is an electron donor, but it has been
shown that the stimulation of CYP17Al is an allosteric
effect.”*>® Line broadening of the signals from certain residues
in CYP17A1 was observed by means of NMR spectroscopy.
This was interpreted as a function of cyt bs binding causing a
conformational change in CYP17Al. The effect was most
pror;(é)unced for residues in the distal part of the CYP17A1 active
site.

A thermodynamic study of the energetics associated with the
interactions between various CYPs and cyt b revealed that the
CYP17Al-cyt bs was enthalpy driven and that the interactions
probably involved electrostatic interactions and formation of salt
bridges and/or hydrogen bonds.”>” This is consistent with
previous observations that the anionic residues E48 and E49 in
cyt bs and the cationic residues R347, R358, and R449 in
CYP17A1 are involved in the CYP17A1-cyt by interactions.”®>’
NMR studies also revealed that cyt bs combined with different
substrates may impose different conformational states of the
CYP17A1 structure.”” It is reasonable to assume that the cyt bg
residues involved in the interaction with CYP17A1 would
provide a starting point for the design of peptides and
peptidomimetics mimicking the allosteric effect of cyt bs on
CYP17Al. In a recent study the effect of a hendecapeptide
EHPGGEEVLRE, comprising the above-mentioned E48 and
E49 residues on CYP17A1, was investigated without obtaining
the expected evidence for binding to CYP17A1.%°

To our knowledge no experimental structure of the
CYP17Al-cyt bs complex has been reported, but the CYP1A2-
cyt b complex has been modeled by computational methods.®!
Figure 8 presents a model of the CYP17Al-cyt by complex
constructed by the novel protein structure prediction method
AlphaFold2 and subsequently embedded in a membrane
analogous to the CYP1A2-cyt by model.”> We believe that
such models may be useful not only to design novel compounds
but also to help improve the understanding of other aspects of
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the enzymatic reactions, like the electron flow from cyt b; to the
CYP17AlL

4. INHIBITORS

4.1. Brief Historical Overlook. One of the earliest reports
goes back to the middle of the 20th century when
dichlorodiphenyldichloroethane (DDD, TDE), a metabolite of
DDT, was described as causing severe adrenal cortical atrophy in
dogs.”® Since this discovery considerable effort was put into
endocrine disruptors. However, no particular focus was placed
on the inhibition of androgen production, and only single
reports appeared on this topic.”*~%’

At the beginning of 1990 the pace of research into CYP17A1
inhibition picked up with the discovery of abiraterone, reported
in 199S. This was fueled by a discovery a decade earlier of
ketoconazole causing gynecomastia in men.”’ Closer inves-
tigation of the underlying mechanism indicated that inhibition
of the 17a-hydroxylation and 17,20-lyase reactions was
responsible for this effect.”’ The field gained increased interest
when the first X-ray structure of CYP17A1 in complex with an
inhibitor was reported in 2012 (Figure 9).%*

4.2. Non-steroidal Inhibitors of CYP17A1. With a few
exceptions, most of the medicinal chemist’s efforts rely on
mimicking the steroidal scaffold of the natural CYP17Al
substrates (Figure 10). Keeping in mind that the critical moiety

°e pregnane

scaffold

Figure 10. Different strategies aimed at mimicking the steroid scaffold
commonly include deletion of one or two rings.

heterocycle with sp2
nitrogen atom

®:

for enzyme inhibition is the lone pair of the sp nitrogen atom
which interacts with the heme iron in CYP17A1, many designs
emerged where a heterocycle was combined with a steroid
mimetic ring system. These heterocycles included predom-
inantly imidazole or pyridine, while other heterocyclic rings
were less explored. Although the choice can include virtually any
heteroaromatic ring containing nitrogen, imidazole and pyridine
offer the most favorable binding energies.”” This section
contains known inhibitors presented as different chemotypes.
In some instances the choice is arbitrary as two chemotypes can
overlap. It is important to remember that, when comparing ICs,
values between compounds, care should be taken because these
were often measured under different experimental conditions. In
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the case of CYP17Al inhibition assays, the results are
particularly sensitive to the substrate concentration and the
ratio of CYP17A1:POR:cyt bs.”” In this regard, K; is usually
more informative than ICg, and repeated experimentation often
reveals, for instance, the lack of initially reported selectivity."*
Azobenzene Derivatives. The discovery that bifluranol 1
inhibits CYP17A1 prompted the synthesis of its analogs.”*
Compound 2 showed inhibition of CYP17A1 in the micromolar
range (Figure 11). Although 2 achieved favorable selectivity of

F
F F
OH OH
F N
N F
F
F F
F
2

1 (Bifluranol)

hydroxylase I1C5q = 63 pM
lyase IC59 = 16 pM

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

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

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

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

Phenyl Derivatives. Phenyl derivatives constitute a case of
extreme simplification, where the whole steroidomimetic
scaffold has been reduced to just one aromatic ring connected
with a carbon linker, varying in length, to a nitrogen-bearing
heterocycle (Figure 13). Thus, the initial designs were aimed at
explori %the effect of benzene substitution and the length of the
linker.”*”?

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

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

Stilbene Derivatives. The constrained nature of stilbene
offers the possibility of constructing a steroid-mimicking ring
system with a fixed geometry. The two geometrical isomers of
stilbene (E and Z) have been used in compounds 11 and 12. In
this case, both the geometry of the double bond and the spacer
linking imidazole with the scaffold played important roles in the
reported activity (Figure 14). Additionally, compound 12
demonstrated in vivo an increased level of testosterone (135%
of the control, measured at S h after treatment) despite an initial
reduction. This was attributed to the cancellation of negative
feedbagik caused by transient suppression of the testosterone
levels.
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rat hydroxylase 1C5y = 260 nM
rat lyase ICsq = 280 nM

human hydroxylase IC5q = 90 nM
human lyase IC5p = 13 nM

human hydroxylase IC5o = 9 nM
human lyase IC5p = 3 nM

Figure 12. Representative CYP17 inhibitors from the acetic acid ester family.

6550

https://doi.org/10.1021/acs.jmedchem.3c00442
J. Med. Chem. 2023, 66, 6542—6566


https://pubs.acs.org/doi/10.1021/acs.jmedchem.3c00442?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.3c00442?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.3c00442?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.3c00442?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.3c00442?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.3c00442?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.3c00442?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.3c00442?fig=fig12&ref=pdf
pubs.acs.org/jmc?ref=pdf
https://doi.org/10.1021/acs.jmedchem.3c00442?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Medicinal Chemistry

pubs.acs.org/jmc

Cl
Cl
6

rat hydroxylase I1C5y = 12 pM
rat lyase IC5p = 2 yM

7

rat hydroxylase I1C5y = 3 uM
rat lyase I1C5q = 330 nM

rat hydroxylase 1C5y = 500 nM
rat lyase IC5p = 58 nM

. g
g o g o

9

rat hydroxylase IC5q = 10 uM
rat lyase IC5q = 65 nM

Figure 13. Representative CYP17 inhibitors of the phenyl derivatives group.
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rat hydroxylase IC5y = 100 nM
rat lyase ICsg = 10 nM
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13
human AD293 cells lyase IC5¢ = 5 nM

Figure 14. Representative stilbene-based CYP17 inhibitors.

human AD293 cells lyase IC59 = 2 nM

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

Analogs with a Heterocyclic Core. In search for new
inhibitors of CYP steroidogenic enzymes, compounds were
designed using 1,2,4-triazole as a core structural element with a
pyridine group responsible for interacting with the heme. It was
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reasoned that the triazole scaffold is a well-tolerated drug
component and compared to a benzene core the triazole
provides better solubility. Moreover, its basicity is lower than
that of imidazole and the resulting geometry would better mimic
the A and B rings of the natural substrate. While compound 15
was a nanomolar inhibitor of CYP11B1 and CYP11B2, none of
the compounds showed inhibition of CYP17Al, and the
structural analysis focused on selectivity between the above-
mentioned enzymes (Figure 15).*

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

Compounds with fragments of N-containing aromatic
heterocycles, exhibiting the strongest interaction with the
heme, were identified based on the binding energy calculations
using density functional theory (DFT) methods. Compounds
17 and 18 were found as a result of this virtual screening. Both
compounds displayed potent inhibition of CYP17A1 and good
selectivity against CYP3A4, CYP2D6, and CYP21A2.%°
Compound 19 was a result of linking two heterocyclic fragments
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Figure 16. Representative inhibitors with fused S- and 6-membered heterocyclic cores.

present in abiraterone and galeterone.”® It displayed good IC
and selectivity vs CYP3A4 and CYP2D6; however, further
attempts to optimize this scaffold did not provide more effective

new pharmacological targets.

properties. It was reasoned

°2 The obvious benefit would be a
molecule with increased probability of having drug-like

that ketoconazole with its

1
compounds.”

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

CYP17A1 “side activity” could be transformed into the entity
possessing CYP17A1 as a “main activity” while diminishing
other unwanted effects. Replacing the terminal acetyl group with
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the sulfonamide group resulted in increased potency towards
CYP17A1 and markedly improved selectivity against CYP3A4
(Figure 15).93

Compound 21 (ASNOO1) was developed by Asana
BioSciences as a selective CYP17A1 lyase inhibitor. However,
no medicinal chemistry related papers could be found and only
pharmacology data is readily available.”* Similarly, 22 (CFG920,
LAE001) was initially developed by Novartis and licensed in
2017 to Laekna Therapeutics as a dual CYP17A1/CYP11B2
inhibitor.

Attempts have been made at producing benzene-fused
heterocycles. One of the examples is compound 23, which was
based on 24 (liarozole, R75251), a known inhibitor of several
CYP enzymes. This compound replaces the benzimidazole
moiety with benzofuran, retaining imidazole and chlorophenyl
fragments (Figure 16).”> Further manipulation of the structure
did not increase potency or selectivity, as exemplified by the
truncated compound 25.”°

As a part of a drug discovery campaign, launched by Takeda,
aimed at novel agents for the treatment of prostate cancer,
multiple compounds were synthesized and tested. Benzothio-
phene derivative 26 was identified as a potent inhibitor.**
Notably this compound reduced testosterone levels in rats to 5%
and 2% after 2 h and $S h, respectively, demonstrating in vivo
activity. Upon screening in-house compounds and inspecting
modeling results, compound 27 was obtained.”” This compound
bears resemblance to 28 (GI111924) and 29 (YM116)
developed two decades earlier by GSK and Yamanouchi,
respectively.”® The authors reasoned that the substitution of
nitrogen for a sulfur atom in tetrahydro-f-carboline will better
accommodate the molecule in the enzyme binding pocket. In
addition, introduction of a substituent in the pyridine ring
provided a compound with a better fit of this moiety. As a result,
27 proved to be a potent inhibitor with marked selectivity
against other CYP isoforms and good in vivo activity measured as
rat serum testosterone level. Interestingly, based on those
findings another group designed and tested benzothiophene
analogues, e.g., compound 30, where an additional phenyl ring
bears the nitro group which is claimed to be responsible for the
interaction with the heme.”

Researchers at Bristol-Myers Squibb found a potent indazole
derivative while screening their internal compound collec-
tion.'” They set out to identify a chemotype allowing for
continuous CYP17A1 inhibition, reasoning it would be required
for efficacy. By changing the indazole scaffold to benzimidazole
they were able to identify compound 31 (BMS-351) with potent
inhibition of CYP17Al1 and enhanced metabolic stability.
Moreover, 31 demonstrated higher lyase/hydroxylase selectivity
compared to abiraterone, which was attributed to its reversible
nature. A superior steroidal profile with >90% decrease in
testosterone in cynomolgus monkeys was achieved together
with minimal disruption to progesterone and cortisol levels. In
further attempts to optimize the desired properties, a wide range
of alterations to the scaffold as well as to the heme binding
moiety were explored, culminating in compound 32 (BMS-737)
with good selectivity against various CYPs and potency and
efficacy similar to 31 (Figure 16)."""

Several fused six-membered heterocyclic compounds were
described mainly as CYP19A1 (aromatase) or CYP11B1 and
CYP11B2 inhibitors. Most of the reported chromone and
xanthone derivatives displayed weak activity towards CYP17A1
with few exceptions, like compound 33.'%% It is noteworthy to
add that the authors used comparative molecular field analysis
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(CoMFA) to design these compounds. Coumarin derivatives
were selective towards CYP19A1 and exhibited only low
CYP17A1 inhibition, as exemplified by 34."> In a similar
fashion, compounds based on a quinolinone scaffold were weak
CYP17Al inhibitors. Compound 35 was only able to inhibit
CYP17A1 by 1.4% at 2 uM, and 36 inhibited CYP17A1 with
ICs, = 1.5 uM (Figure 16)."°%'% In order to understand the
observed selectivity, the authors used sequence alignment
between the four CYP enzymes (CYP17A1, CYP19, CYP11B],
and CYP11B2)."”* While not specifically designed to target
CYP17Al, these compounds provide useful information on
selectivity vs other CYPs.

Diphenylmethane Derivatives. Amphenone (37, Figure 17)
and its analogs belong to the earliest substances found to inhibit

NH
UON

NH,

N
&

H Cl

37 (Amphenone) 24 (Liarozole, R75251)

Figure 17. Examples of diphenylmethane analogs.

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

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

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

https://doi.org/10.1021/acs.jmedchem.3c00442
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among several CYP enzymes.''> Compound 40 displayed
potent inhibition of CYP17A1l. It has also been reported that
substitution of the A ring with polar substituents leads to strong
inhibitors, represented by compound 41."'° Another study
showed that the activity of the compounds could also be
increased by constraining the molecule in the form of carbazole
42 or fluorene 43. However, these compounds required further
optimization for improved CYP17A1 selectivity.""”

Another strategy aimed at improving the potency was
replacing the A or C aromatic nuclei with different heterocycles.
Compound 44 was a potent inhibitor and showed a longer
duration of action in vivo than the reference abiraterone.''®
Attempts have been made to utilize the ACD and ABD (Figure
10) strategies and annulate A or C rings.“g’120 However, these
compounds did not display significant CYP17A1 inhibition.
Further studies showed that a potential strategy to improve the
activity involved dearomatizing ring D of the ACD system. This
led to the potent and selective CYP17A1 inhibitor 45."*'

Further modifications of the biaryl compounds led to design
of dual inhibitors of CYP17A1 and CYP11B1. The new strategy
was to contain elements of the pharmacophores derived from
abiraterone as an inhibitor of CYP17A1 and metyrapone as an
inhibitor of CYP11B1. A pyridyl group was used in place of an
imidazole group, resulting in a dual inhibitor 46."* The
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importance of the chirality at the linker position was highlighted
by compound (—)-47 which was a very potent CYP17A1
inhibitor and had excellent selectivity for CYP3A4 (>300-fold).
The dextrorotatory enantiomer was over 10 times less potent
(ICso = 340 nM vs 26 nM). Moreover, the compound displayed
a sustained decrease in serum testosterone levels after single oral
dosing."*?

Naphthalenes. Based on two well-known CYP17Al
inhibitors 48 (SU 8000) and 49 (SU 10603), a series of indanes
and tetralines were designed, out of which compound 50 was the
most potent (Figure 19)."**'3 Further modifications included
scaffold hopping, utilizing various heme-binding heterocycles,
and modifying the linker between tetraline and heterocyclic
moiety into a fused cyclopropane ring or imidazole ring.'*~"*'
In subsequent research it was determined that the presence of a
tetralone oxo group was not essential, but it was beneficial to add
a hydrogen bond acceptor, presumably mimicking the natural
substrate. Compound 51 showed potent CYP17A1 inhibition
and good selectivity.*> Attempts have been made to introduce
an element of unsaturation into the tetralin ring as well as an
oxime group into the side chain. These modifications yielded
only marginal or no inhibitory properties when tested in human
CYP17A1.'371%

https://doi.org/10.1021/acs.jmedchem.3c00442
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Another modification of the naphthalene derivative 51
involved inclusion of a hydroxyl and an isopropyl group at the
methylene bridge. This was crucial for limiting the effect of
compounds on liver enzymes. However, the best results were
achieved by introducing additional methoxy groups in the 6 and
7 positions, which resulted in compound §2."*° This compound
also proved effective in in vivo studies in the monkey model.
Subsequent manipulation of the naphthalene substituents
resulted in tricyclic derivatives and eventually in (+)-53
(orteronel, TAK-700)."*”"** Orteronel demonstrated potent
reductions in serum testosterone and DHEA concentrations
after single oral dosing (1 mg/kg) in cynomolgus monkeys.
Selectivity for CYP17 over other CYP enzymes was attributed to
the conformational rigidity and low clogP value. Similar to
orteronel, another orally active compound, (—)-54 (seviteronel,
VT-464), was designed and proved to be a potent and selective
CYP17Al inhibitor with substantial in vivo activity."*” However,
the reported selectivity was not replicated under the very strict
conditions.”* Orteronel and seviteronel represent a handful of
non-steroidal inhibitors reaching clinical trials; however, they
did not succeed to reach clinical practice.

Natural Products. Natural products represent a unique
chemotype because they do not possess a nitrogen atom while
the vast majority of the known CYP17A1 inhibitors do. During
the screening for CYP17Al inhibitors, potent activity of
methanol extracts from green and black tea was found."*°
These fractions are rich in catechins. Detailed studies on
commercially acquired various catechins and theaflavins
revealed inhibitory activity surpassing that of ketoconazole.
Theaflavin 55 displayed ICs, = 25 uM for the lyase reaction
(ketoconazole ICs, = 35 uM). Similarly, turmeric extract
containing curcuminoids was found to inhibit CYP17A1 (Figure
20)."*" Curcumin 56 docked to the 3RUK model showed a

OH
HO,,
HO
v 0 OH o o
. = /OMO\/OO\
HO '
O o OH
HO o

56 (Curcumin)

55 (Theaflavin) OH

lyase ICgy = 25 pM

Figure 20. Representative inhibitors belonging to natural compounds.

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

5. ASSAYS

5.1. NCI H295R Cell Model. The current standard model
system to study molecular and biochemical mechanisms of
steroidogenesis is the NCI H295R cell line."** This cell line was
established from a series of strains of adrenocortical carcinoma
tumor cells obtained from a 48-year-old black female exhibiting
conditions like acne, facial hirsutism, diarrhea, weight loss,
edema, and abnormal menses.'** The initial cell line, NCI H295,
was further developed into the NCI H295R strain having a
shorter doubling time, adherent monolayer growth, and retained
steroidogenic capacity over subsequent passages. The adrenal
gland is a complex system, divided into specific zones of
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differentially expressed genes involved in the production and
regulation of steroids. Cell models arising from animal or human
tissues require zone-specific primary regulators to facilitate
steroid production, and the steroid profile often changes with
successive passaging, response factors, and growth conditions.
NCI H29SR cells express genes from all three zones of the
adrenal cortex, providing an excellent system that closely reflects
human adrenal physiology. The available mouse adrenocortical
cell line, Y1, produces mainly glucocorticoids and mineralo-
corticoids and cannot express genes involved in the production
of sex steroids, rendering them inefficient to study the
production of androgens and CYP17Al activity."** Studies
with cDNA isolated from hamster adrenal libraries showed a
preference for the A4 pathway to produce DHEA like the
human adrenal system. Unlike the mouse model, it might serve
as a better animal model to study human steroid metabolism."**
So far, among all these systems, the NCI H295R cell line is the
preferred model as it is more convenient, cheaper, and robust to
perform enzyme kinetic studies and molecular biology-based
assays.

5.2. Enzyme Assays. One of the oldest methods to analyze
enzyme activity is the use of colorimetric assays to detect
androgens in urine samples."*® Major disadvantages are the
requirement of large sample volumes, lack of specificity, and
poor range of detection. The earliest enzyme assays to
investigate the production of androgens were performed in
microsomes isolated from testicular tissue extracts from guinea
pigs which were found to be oxidizing progesterone to
testosterone and acetic acid. The products formed were detected
using radioactive substrates labeled with carbon-14 or tritium at
specific positions.'*” Different isolation and separation
techniques were adopted to quantify the steroids present in
the reaction mixture, including methods like direct distillation,
paper chromatography, or thin-layer chromatography (TLC)
using different organic solvent systems as mobile phase.'**'*’
These methods, combined with radioimmunoassay (RIA) or
protein binding assay, enabled the quantitative detection of
steroids with enhanced specificity and sensitivity.>*~">
However, it has a few drawbacks such as the handling of
radioactive materials, the requirement of intensive labor work,
and cross-reactivity with other steroids resulting in the detection
of unwanted steroids in a complex sample."> With the
development of techniques like normal-phase high-performance
liquid chromatography (HPLC), separation and detection of
both C19 and C21 steroids became possible and enabled the
assay of CYP17A1 activity from both A4 (progesterone) and AS
(pregnenolone) pathways. Typical chromatographic separation
is carried out over a hexane—tetrahydrofuran gradient system
with a silica stationary phase. The flow system is coupled to a
flow cell radioactivity detector sensitive to tritium. The use of
radiolabeled substrates eliminates the need for internal stand-
ards and increases the sensitivity for detection.>*"** Simulta-
neously, microsomal-like systems containing recombinant and
purified CYP17A1 were developed to study the effect of mutant
CYP17Al proteins on enzyme activity and overall steroid
metabolism with respect to wild type."”*™"*® Combining the
advanced techniques of gas chromatography (GC) and HPLC
with sophisticated detection systems utilizing mass spectrom-
etry (MS), methods like GC-MS and LC-MS/MS were
developed and became widely adopted for performing whole
steroid profiling in different biological samples.'**~"** With the
advancement leading to decreased sample volume requirements
and detection of a range of steroids present at even lower
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concentrations, most of the shortcomings of the previous
techniques were resolved. GC/LC-MS/MS has proven to be
beneficial to generate steroid profiles from different types of
assays as well as diagnostics/patient samples for various clinical
diagnoses in a faster and more efficient way.'®*~'%* Although it
has several advantages, it is comparatively expensive and
demands highly trained professionals to operate the instruments
and analyze the data. This renders it less suitable to perform
large-scale drug screening of small molecule inhibitors to target
CYP17A1 activity. In this case, the preferred technique is the
separation of radiolabeled steroids by TLC and quantification
using autoradiography or direct measurement of radioactivity
with the help of a liquid scintillation counter.'®'*"'%®

6. PERSPECTIVE

6.1. Desired Inhibitory Profile. The CYP17A1 enzyme s a
key catalyst involved in steroidogenesis, thus the biosynthesis of
steroid hormones in the adrenal glands, gonads, and placenta.
CYP17A1 inhibitors can be used to treat a range of medical
conditions, including hormonal imbalances or endocrine-
dependent cancers. From a drug discovery perspective, the
desired inhibitory profile of CYP17A1 inhibitors depends on the
specific disease being targeted. For example, in the treatment of
prostate cancer, the goal is to reduce androgen synthesis, so a
highly specific and potent inhibitor of CYP17A1 would be ideal.
On the other hand, in the treatment of congenital adrenal
hyperplasia, a less potent inhibitor that does not completely shut
down steroidogenesis may be preferred to avoid significant
hormonal imbalances. To avoid undesired side effects a high
specificity towards the target CYP17Al cytochrome is
important. To address this issue the subtle structural differences
in the different CYPs need to be taken into account during the
medicinal chemistry optimization. In terms of general side
effects that can be tolerated, this will depend on the specific
medical condition being targeted. For example, in the treatment
of prostate cancer, some of the common side effects associated
with CYP17A1 inhibition include hot flashes, osteoporosis, and
decreased libido. These side effects may be acceptable,
considered the alternative of more severe illness.

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

Several of the CYP17Al inhibitors reported to date also
inhibit the drug-metabolizing CYPs, primarily CYP3A4. Due to
the promiscuous nature of CYP3A4 it is not straightforward to
introduce functionalities to be acceptable for the CYP17A1
enzyme but not for CYP3A4. Nevertheless, several of the
previously mentioned non-steroidal CYP17A1 inhibitors are
selective against CYP3A4, e.g., the stilbene analog 14 (Figure
14), 17 and 18 identified by virtual screening, 19 identified by
combining the heme-binding moiety from abiraterone and
galeterone, and the ketoconazole analog 20 (Figure
15).5>%299%% Unfortunately, it is not yet possible to derive
some common structural denominator(s) for obtaining
selectivity for CYP17A1 against CYP3A4 and the other drug-
metabolizing CYPs.

Another important issue is the selectivity for CYP17Al
against CYP19A1 and CYP21A2. The steroidal inhibitors may
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potentially interact with all three enzymes, although it has been
possible to increase CYP17A1 selective inhibition by introduc-
ing hydrogen-bonding substituents in the C6 position of
abiraterone (Figure 6B).*> The non-steroidal inhibitor 18
(Figure 15) displayed selectivity against not only CYP3A4 but
also CYP21A2, although we at present have not yet identified
which of the functional groups are responsible for the observed
selectivity.”

In a recent report, a summary of the present state-of-the-art in
selectivity optimization for various CYP forms was presented.'®”
The examples comprise weakening of binding to the heme
group, reduction of ligand lipophilicity, and small structural
modification.

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

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

Selectivity is clearly an unsolved issue for CYP17Al
inhibition, with the known selective compounds primarily
obtained based on traditional medicinal chemistry experience
and/or serendipity. Thus, more knowledge-based quantitative
methods are needed to guide future design. We have not yet seen
the full potential of novel methods like Al and deep learning
applied to the general CYP selectivity problem nor the specific
CYP17A1 selectivity problem.'”’

6.3. Selectivity towards Lyase Inhibition. Truly lyase-
selective inhibitors would be ideal for an improved cortisol
profile in humans. Generally, selectivity is always a vital factor in
drug discovery targeting enzyme inhibition. In the case of
CYP17Al it is important to remember that this single enzyme is
capable of catalyzing two successive reactions, a hydroxylation
and a lyase transformation. The lyase inhibition is preferred over
hydroxylase inhibition because this leads to a better control of
circulating C19 androgen precursors without decreasing the
cortisol levels and elevating ACTH."”" Both reactions occur in
the same active site and therefore it is extremely difficult to
design an inhibitor that would selectively block only one
reaction. All known inhibitors act by coordinating with the heme
iron, therefore by inhibiting hydroxylase reaction they will
inherently affect the lyase reaction. However, some insight might
be gained from substrate specificity. It is widely known that
170H-Prog is the poor lyase substrate while 17OH-Preg is the
efficient one. A structural explanation has been given pointing to
different positions of these two substrates in the active site,
where 170OH-Preg is positioned closer to the heme iron without
making a hydrogen bond to N202.** This offers a potential
strategy to design inhibitors with attenuated interactions with
N202."”* Recently, a V362M mutation found at the active site of
CYP17A1 was shown to selectively decrease the lyase activity by
reducing the binding of 17OH-Preg. Therefore, certain design
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elements could be employed for creating inhibitors that compete
with 170H-Preg for binding to the CYP17A1 active site and
may have high specificity for inhibiting the CYP17A1 lyase
reaction.'”® Another important aspect of lyase selectivity is
associated with cyt bs. It has been suggested that cyt b binding
alters the CYP17A1 conformation to promote the lyase activity.®
This notion points to disrupting the CYP17A1-cyt b interaction
mediated via the ternary CYP17A1-cyt bs-POR complex or even
targeting cytochrome bs itself as another potential strat-
egy.‘m’so’174 However, conformational changes do not alter the
binding of either 170H-Preg or 170H-Prog as measured by
apparent K; and binding kinetics.'”> Thus, despite conforma-
tional selection appearing to be the dominant mechanism for
CYP17A1 binding, structural modifications in ligand design
might not easily translate to expected selectivity. Additionally,
experimental structural data regarding the ternary CYP17A1-cyt
bs-POR complex is also lacking.

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

6.4. Exploitation of Atoms Other than Nitrogen to
Coordinate the Heme. Nearly all reported CYP17Al
inhibitors, both steroidal and non-steroidal, contain a nitro-
gen-containing heteroaromatic ring with the nitrogen lone-pair
coordinating to the iron atom in the heme group. This bias in
design of CYP17Al inhibitors is probably inspired by the
existence of azole-containing antifungals which inhibit the
CYP51Al, converting lanosterol to ergosterol.177 The bias has
also been supported by computational studies showing that a
variety of nitrogen-containing heterocycles were favorable for
binding to the iron in the heme group.”'”®

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

In the structure of a bacterial CYP BM3 (CYP102A1) mutant
M11, the anionic form of the mercapto group in dithiothreitol
coordinates to the heme group with an Fe—S distance of 2.3
A7 Several other examples of CYP structures with sulfur-
containing compounds, i.e., primary thiols, coordinating the
heme group are known.'”” A handful of thioether-based nitric
oxide synthase inhibitors display type II binding to the heme
group. X-ray crystallography showed that the sulfur atom in
some of these structures coordinated to the iron atom in the
heme group with Fe—S$ distances of ~2.7 A.'%'%!

A rather unusual example of a functional group, to our
knowledge not present in any drug compounds, is the alkyl
isocyanide, where the carbon atom in the isocyanide group is
highly nucleophilic. The structure of n-butyl isocyanide in
complex with sperm whale myoglobin is one of several similar
complexes in the Protein Data Bank, and it shows that the
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isocyanide carbon is located 2.1 A above the iron atom in the
heme group.'**

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

6.5. Physicochemical Properties. The physicochemical
properties of a compound determine its absorption, distribution,
metabolism, and excretion (ADME) profile and thus are vital for
the success of any drug candidate. One of the key properties is
compound solubility, which heavily influences the ADME
profile but is also important for meaningful activities in in vitro
assays.185 Factors like temperature, water content, or impurities
can have significant impacts on solubility."* Visual inspection of
published CYP17A1 inhibitor structures suggests that many of
these compounds might suffer from poor solubility. Inadequate
aqueous solubility can be inferred based on the presence of
dominant aromatic fragments with small numbers of polar
groups. These structural features were likely put in place due to
the hydrophobic nature of the enzyme binding site but also
because of the facilitated synthesis. Thus, future design strategies
should actively seek a careful balance between maintaining
desirable activity and adequate solubility. Non-steroidal
inhibitors have an inherent advantage over steroidal compounds
in this regard. For instance, abiraterone, the only approved
CYP17AL1 inhibitor in clinical use, should be taken as a flat dose
of 1000 mg administered on an empty stomach.'®” This
relatively high dose reflects poor absorption but also a very high
fraction of the drug bound to the plasma proteins.'*® The non-
steroidal scaffold offers potentially greater flexibility in fine-
tuning physicochemical properties.

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

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

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

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

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

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

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

When comparing these emerging therapies to CYP17Al
inhibition, it is crucial to consider that, at the molecular level,
prostate cancer is primarily driven by excessive signaling via the
androgenic pathway. While androgenic signaling is considered
the primary driver of CRPC, androgen-independent signalin
pathways might also contribute to CRPC progression.'”
Nonetheless, as CRPC advances, the concentration of PSA
continues to rise. Since PSA is regulated by androgenic signaling,
this implies that androgenic signaling remains involved in CRPC
progression.'”” Therefore, androgen signaling remains central to
prostate cancer pharmacology, leaving CYP17A1 inhibition as
an important and attractive strategy.

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

6.8. Concluding Remarks. In conclusion, there is still a
need for improved compounds as potent and selective inhibitors
of the steroidogenic CYP17A1 enzyme as a target for treatment
of serious hormone-dependent cancer diseases, e.g., prostate
cancer. The extensive work in recent years has provided
compounds, belonging to the non-steroidal class, with improved
activity and selectivity as well as translational properties.
However, none of these has yet reached clinical practice. As
outlined above, there are key features that still need to be
addressed for the next-generation compounds, such as
selectivity towards other CYPs, specificity for the CYP17A1
lyase inhibition, and acceptable physicochemical properties. We
hope that these issues can be solved with medicinal chemistry
efforts towards the optimal compound.
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Abstract

Fatty acid synthase (FASN) is the only human lipogenic enzyme available for de novo fatty acid synthesis and is often
highly expressed in cancer cells. We found that FASN mRNA levels were significantly higher in acute myeloid leukemia
(AML) patients than in healthy granulocytes or CD34" hematopoietic progenitors. Accordingly, FASN levels decreased
during all-trans retinoic acid (ATRA)-mediated granulocytic differentiation of acute promyelocytic leukemia (APL) cells,
partially via autophagic degradation. Furthermore, our data suggest that inhibition of FASN expression levels using RNAi or
(-)-epigallocatechin-3-gallate (EGCG) accelerated the differentiation of APL cell lines and significantly re-sensitized ATRA
refractory non-APL AML cells. FASN reduction promoted translocation of transcription factor EB (TFEB) to the nucleus,
paralleled by activation of CLEAR network genes and lysosomal biogenesis. Together, our data demonstrate that inhibition
of FASN expression in combination with ATRA treatment facilitates granulocytic differentiation of APL cells and may

extend differentiation therapy to non-APL AML cells.

Introduction

While traditional chemotherapy and radiotherapy target
highly proliferative cancer cells, differentiation-inducing
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therapy aims to restore differentiation programs to drive
cancer cells into maturation and ultimately into cell death.
Differentiation therapies are associated with lower toxicity
compared to classical cytotoxic therapies. The success of
this therapeutic approach is exemplified by the introduction
of all-trans retinoic acid (ATRA) in 1985 to treat acute
promyelocytic leukemia (APL) [1]. The introduction of
ATRA into the treatment regimen changed APL from being
one of the most aggressive acute myeloid leukemia (AML)
subtypes with a fatal course often within weeks only, to a
curable disease with a complete remission rate of up to 95%
when combined with anthracycline-based chemotherapy or
arsenic trioxide [1]. APL is characterized by translocations
involving the C-terminus of the retinoic acid receptor alpha
(RARA) on chromosome 17 and genes encoding for
aggregate prone proteins. Promyelocytic leukemia (PML)-
RARA is the most frequently expressed fusion protein. It is
encoded by the translocation t(15;17) and has a dominant-
negative effect on RARA. RARA transcriptionally regulates
multiple biological processes with a key role in differ-
entiation [2]. Several reports suggest a beneficial effect of
ATRA in combination therapies in non-APL AML cells
[3-5]. Unfortunately, a variety of intrinsic resistance
mechanisms in non-APL AML have been identified such as
SCL overexpression, expression of PRAME and epigenetic
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silencing or mutation of RARA [6-9]. Deciphering the
mechanisms active during ATRA-mediated differentiation
at the molecular level will support the translation of dif-
ferentiation therapy to non-APL AML patients. We and
others have demonstrated the importance of autophagy in
ATRA induced granulocytic differentiation of APL cells
[10-15]. Autophagy is an intracellular degradation
mechanism that ensures dynamic recycling of various
cytoplasmic contents [16]. We thus aim to understand the
role of autophagy in granulocytic differentiation and to
define key druggable autophagy targets in this process.

Endogenous synthesis of fatty acids is catalyzed by fatty
acid synthase (FASN), the only human lipogenic enzyme able
to perform de novo synthesis of fatty acids [17, 18]. FASN is
frequently overexpressed in a variety of tumor types including
leukemias [19-25] while its expression in healthy adult tissues
is low [26], with the exception of the cycling endometrium
[27] and lactating breast [28]. Interestingly, FASN is upre-
gulated in tumor-associated myeloid cells where it activates
nuclear receptor peroxisome-proliferator-activated receptor
beta/delta (PPARP/S) [29], a key metabolic transcription factor
in tumorigenesis [30, 31]. Of note, activation of PPARp/0
regulates anti-inflammatory phenotypes of myeloid cells in
other biological contexts such as atherosclerosis and obesity
[32-35]. We previously reported that (-)-epigallocatechin-3-
gallate (EGCG) improved ATRA-induced differentiation of
APL cells by increasing the expression of death-associated
protein kinase 2 (DAPK?2). Furthermore, EGCG treatment
reduces FASN expression levels in selected breast cancer cell
lines [36]. The increased FASN expression in cancers
including leukemias, its function in tumor-associated myeloid
cells and its link to the differentiation enhancer DAPK?2
prompted us to analyze the regulation and function of FASN
during myeloid leukemic differentiation.

In the present study, we demonstrate that FASN expression
is significantly higher in AML blasts partially due to low
autophagic activity in those cells. We show that inhibiting
FASN protein expression, but not its enzymatic activity,
promotes differentiation of non-APL AML cells. Lastly, we
link FASN expression to mTOR activation and inhibition of
the key lysosomal biogenesis transcription factor TFEB.

Material and methods
Primary cells, cell lines and culture conditions

Fresh leukemic blast cells from untreated AML patients at
diagnosis were obtained from the Inselspital Bern (Swit-
zerland) were classified according to the French-
American-British classification and cytogenetic analysis.
All leukemia samples had blast counts of ~90% after
separation of mononuclear cells using a Ficoll gradient
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(Lymphoprep; Axon Lab AG, Switzerland), as described
previously [37]. Protocols and use of 67 human samples
acquired in Bern were approved by the Cantonal Ethical
Committee at the Inselspital. The isolation of primary
neutrophils (purity 95%) was performed by separating
blood cells from healthy donors using polymorphprep
(Axon Lab AG, Switzerland). CD34% cells from cord
blood or bone marrow were isolated as previously
described [37].

The human AML cell lines HT93, OCI/AML2, MOLM-
13 and NB4 were obtained from the Deutsche Sammlung
von Mikroorganismen und Zellkulturen GmbH (DSMZ,
Braunschweig, Germany). All cell lines were maintained in
RPMI-1640 with 10% fetal calf serum, 50 U/mL penicillin
and 50 pg/mL streptomycin in a 5% CO,-95% air humidi-
fied atmosphere at 37 °C. For differentiation experiments,
AML cells were treated with 1 uM ATRA (ATRA; Sigma-
Aldrich, Switzerland). Successful granulocyte differentia-
tion was evidenced by CD11b surface expression measured
by FACS.

293 T cells were maintained in DMEM (Sigma-Aldrich,
St. Louis, MO, USA), supplemented with 5% FBS, 1%
penicillin/streptomycin, and 1% Hepes (Sigma-Aldrich,
Switzerland), and kept in a 7.5%C0,-95% air humidified
atmosphere at 37 °C.

Antibodies

Antibodies used were anti-FASN (3180; Cell Signaling,
Switzerland), anti-LC3B (WB: NB600-1384, Novus bio-
logical, Switzerland; IF: 3868; Cell Signaling, Switzerland)
anti-LAMP1 (14-1079-80; Thermofisher, Switzerland),
anti-p62 (HPA003196; Sigma-Aldrich, Switzerland), anti-
TFEB (4240; Cell Signaling, Switzerland), anti-p-TFEB
(Ser 211) (37681S, Cell Signaling, Switzerland), anti-p-
AKT (Serd73) (4060S, Cell Signaling, Switzerland) anti-
PTEN (9552, Cell Signaling, Switzerland), anti-ULK1
(4776; Cell Signaling, Switzerland), anti-p-ULK1 (Ser757,
equivalent to Ser758 of human ULK1) (6888; Cell Sig-
naling, Switzerland), anti-ATG13 (6940; Cell Signaling,
Switzerland), anti-pATG13  (Ser318) (600-401-C49;
Rockland, Switzerland), anti p-mTOR (Ser2448) (5536;
Cell Signaling, Switzerland), p4E-BP1 (Thr37/46) (2855;
Cell Signaling, Switzerland), anti-a-tubulin (3873; Cell
Signaling, Switzerland), anti-cleaved PARP (9541; Cell
Signaling, Switzerland), anti yH2AX (2577; Cell Signal-
ing, Switzerland) and anti-CD11b-PE (R0841; Dako,
Switzerland).

Cell lysate preparation and western blotting

Whole-cell extracts were prepared using UREA lysis buffer
and 30-60 pg of total protein was loaded on a 7.5% or 12%
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denaturing polyacrylamide self-cast gels (Bio-Rad, Swit-
zerland). Blots were incubated with the primary antibodies
in TBS 0.05% Tween-20/5% milk overnight at 4 °C and
subsequently incubated with HRP coupled secondary goat
anti-rabbit (7074; Cell Signaling, Switzerland) and goat
anti-mouse antibody (7076; Cell Signaling, Switzerland) at
1:5-10,000 for 1 h at room temperature. Blots were imaged
using Chemidoc (Bio-Rad, Switzerland) and ImageLab
software.

Lentiviral vectors

pLKO.1-puro lentiviral vectors expressing shRNAs targeting
FASN (shFASN_1: NM_004104.x-1753s1cl and shFASN_2:
NM_004104.x-3120s1cl) were purchased from Sigma-
Aldrich. A mCherry-LC3B lentiviral vector was kindly pro-
vided by Dr. Maria S. Soengas (CNIO, Molecular Pathology
Program, Madrid, Spain). All vectors contain a puromycin
antibiotic resistance gene for the selection of transduced
mammalian cells. Lentivirus production and transduction
were performed as previously described [37, 38]. Transduced
NB4, MOLM-13 and OCI/AML2 cell populations were
selected with 1.5 pg/ml puromycin for 4 days and knockdown
efficiency was assessed by western blot analysis.

Immunofluorescence microscopy

Cells were prepared as previously described [14]. Briefly,
cells were fixed and permeabilized with ice-cold 100%
methanol for 4 min (FASN, mTOR, LC3B and
LAMP1 staining) or 2% paraformaldehyde for 7 min fol-
lowed by 5min in PBS 0.1% TRITON X-100 (TFEB and
tubulin staining) and then washed with PBS. Cells were
incubated with primary antibody for 1 h at room temperature
followed by washing steps with PBS containing 0.1% Tween
(PBS-T). Cells were incubated with the secondary antibody
(anti-rabbit, 111-605-003 (Alexa Fluor 647) 111-096-045
(FITC); anti-mouse, (Cy3) 115-605-003 (Alexa Fluor 647);
Jackson ImmunoResearch, West Grove, PA, USA) for 1h at
room temperature. Prior to mounting in fluorescence mount-
ing medium (S3032; Dako, Switzerland) cells were washed
three times with PBS-Tween. Images were acquired on an
Olympus FluoView-1000 confocal microscope (Olympus,
Volketswil, Switzerland) at x63 magnification.

Acridine Orange staining

Cells were washed three times with PBS and resuspended
in RPMI 10% FBS containing Sug/mL Acridine Orange
(A3568, Invitrogen, Switzerland) to a concentration of
0.2 x 106 cells per ml. Cells were then incubated at 37 °C
for 20 min and washed three times with PBS. Acridine
Orange staining was measured by FACS analysis using a

488 nm laser with 530/30 (GREEN) and 695/40 (RED)
filters on a FACS LSR-II (BD Biosciences, Switzerland).
Data were analyzed with FlowJo software (Ashland, OR,
USA). The software derived the RED/GREEN ratio and
we compared the distribution of populations using the
Overton cumulative histogram subtraction algorithm to
provide the percentage of cells more positive than the
control.

Nitroblue tetrazolium reduction test

Suspension cells (5 x 105) were resuspended in a 0.2% nitro
blue tetrazolium (NBT) solution containing 40 ng/ml PMA
and incubated 15 min at 37 °C. Cells were then washed with
PBS and subjected to cytospin. Counterstaining was done
with 0.5% Safranin O for 5 min (HT90432; Sigma-Aldrich,
Switzerland). The NBT-positive and negative cells were
scored under a light microscope (EVOS XL Core, Ther-
mofisher, Switzerland).

Trypan blue exclusion counting

Trypan blue exclusion cell counting was performed to
assess cellular growth. 20 pL. of cell suspension was incu-
bated with an equal volume of 0.4% (w/v) trypan blue
solution (Sigma-Aldrich, Switzerland). Cells were counted
using a dual-chamber hemocytometer and a light micro-
scope (EVOS XL Core, Thermofisher, Switzerland).

Real-time quantitative RT-PCR (qPCR)

Total RNA was extracted using the RNeasy Mini Kit and
the RNase-Free DNase Set according to the manufacturer’s
protocol (Sigma-Aldrich, Switzerland). Total RNA was
reverse transcribed using all-in-one RT-PCR (BioTool,
Switzerland). Tagman® Gene Expression Assays for FASN,
ELOVL6, SCDI, ACACA, BECNI, GABARAP, STK4, and
WDR45  were  Hs01005632_gl, Hs00907564_ml1,
Hs01682761_m1, Hs01046047_ml1, Hs00186838_ml,
Hs00925899_g1, Hs00178979_ml and Hs01079049_gl,
respectively. Specific primers and probes for HMBS have
been already described [37]. Data represent the mean + s.d.
of at least two independent experiments.

TagMan low-density array (LDA)

Total RNA was extracted using the Qiagen RNeasy kit and the
RNase-Free DNase Set to minimize the risk of contamination
with genomic DNA, according to the manufacturer’s protocol
(Qiagen AG). 1-2 g of total RNA was reverse transcribed
using pd(N)6 random primers (Roche Diagnostics AG,
Rotkreuz, Switzerland). Real-time RT-PCR for LDAs was
performed using the ABI 7900HT Fast Real-Time PCR
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System (Applied Biosystems, Rotkreuz, Switzerland) and 400
ng of cDNA. Tagman® Gene Expression Assays for HMBS,
ABLI, and FASN preloaded on LDAs or used in a 96-well
format using the ABI PRISM 7700 Sequence Detection
System were Hs00609297_ml, Hs00245445_ml, and
Hs01005632_g1 respectively (Applied Biosystems).

Measured cycle threshold (Ct) values represent log 2
expression levels. Values were normalized to the expression
levels of two housekeeping genes HMBS and ABLI as
described in [39].

Lipid extraction

The protocol was performed as previously described [40].
Briefly, NB4 cells (0.5 x 105 cells/ml) were labelled with
0.5uCi/ml ["*C]-Acetic Acid [American Radiolabeled
Chemical Inc., St. Louis, MO, USA] for 6 h in the presence
or absence of different concentrations of C75 and Orlistat.
Cells were harvested using 0.5ml PBS and lipids were
extracted using chloroform/methanol (3:1, v/v). The
chloroform phase was evaporated under nitrogen and con-
centrated lipids were dissolved in 30 ul dichloromethane.
Lipids were separated by thin layer chromatography over
silicagel (SIL G/UV254) TLC plates (Macherey-Nagel,
Oensingen, Switzerland) using hexane/diethyl ether/acetic
acid (70:30:1, v/v) as mobile phase. Palmitic acid (PA)
spots were identified using a standard [Sigma-Aldrich,
Basel, Switzerland] solution by exposing the TLC to Iodine
vapor. The corresponding radiolabeled spots were visua-
lized by autoradiography using a Fuji FLA-7000 Phos-
pholmager (Fujifilm, Dielsdorf, Switzerland) and quantified
using ImageQuant software. The amount of PA formed in
the presence of drugs was calculated as a percent of
radioactivity incorporated into the control samples.

Statistical analysis

Nonparametric Mann—Whitney-U tests were applied to
compare the difference between two groups and Spearman
Coefficient Correlation using Prism software (GraphPad
Software, Inc., Jolla, CA, USA). P values<0.05 were
considered statistically significant. The error bar on graphs
represents the SD of at least two biological replicates per-
formed in two technical replicates.

Results

Primary AML blast cells express significantly higher
FASN levels compared to mature granulocytes

Cancer cells frequently express high levels of FASN com-
pared to their healthy counterparts [19-25]. We examined
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FASN mRNA expression in an AML patient cohort. FASN
mRNA levels in AML samples (n = 68) were compared to
the levels in granulocytes (n=25) and CD34" human
hematopoietic progenitor cells (n = 3) from healthy donors.
We found that FASN expression was significantly higher in
AML patients compared to healthy granulocytes (p <0.05)
(Fig. 1A). We obtained similar findings by analyzing FASN
expression in AML patient data available from the Blood
spot gene expression profile data base [41] (Fig. 1B). In
addition, hematopoietic stem cells from healthy donors
express significantly lower FASN mRNA transcript levels
than AML blasts (Fig. 1B). Next, we asked if FASN
expression was altered during granulocytic differentiation
of APL cells. We analyzed FASN protein expression fol-
lowing ATRA-induced differentiation of two APL cell
lines, NB4 and HT93. Successful differentiation was con-
firmed by flow cytometry, using CD11b surface marker
expression (Supplementary Fig. 1A-C). ATRA treatment
resulted in markedly reduced FASN protein levels from day
two onwards (Fig. 1C) whereas FASN mRNA levels did not
decrease (Fig. 1D). Interestingly, other transcriptional tar-
gets of the sterol regulatory element binding protein 1
(SREBP1), such as ELOVL6, SCDI and ACACA, were
upregulated, yet FASN (also a transcriptional target), was
not (Supplementary Fig. 1C). Collectively this data suggests
that high FASN expression is linked to an immature blast-
like phenotype and that the decrease in FASN protein levels
during ATRA-induced differentiation is mediated at the
protein level, rather than by transcriptional mechanisms.

FASN protein is degraded via macroautophagy
during ATRA-induced granulocytic differentiation

We and others have demonstrated that autophagy gene
expression is repressed in AML samples compared to
granulocytes from healthy donors and that autophagy
activity is essential for successful ATRA-induced APL
differentiation [10-15, 42]. The marked decrease in FASN
protein upon ATRA-induced differentiation is likely to be
due to post-transcriptional regulation as transcript levels are
unchanged and the protein has a long half-life (1-3 days)
[26, 43]. Moreover, FASN has been detected inside
autophagosomes, for instance in yeast and in the breast
cancer cell line MCF7 [44, 45]. Therefore, we hypothesized
that ATRA-induced autophagy participates in the degrada-
tion of FASN during differentiation of APL cells. To
examine whether autophagy is involved in FASN degra-
dation, we treated NB4 cells for 24 h with different con-
centrations of Bafilomycin Al (BafAl), a specific inhibitor
of vacuolar-type H"-ATPase [46, 47], alone or in combi-
nation with ATRA. FASN protein was found to accumulate
in the presence of BafAl at day 1 and 2 of ATRA treatment
in NB4 cells, together with autophagy markers p62 and
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Fig. 1 Increased FASN expression is associated with an immature
AML blast phenotype. A FASN mRNA levels in AML blasts, CD34*
progenitor cells and granulocytes from healthy donors were quantified
by qPCR. All the samples were obtained from the Inselspital, Bern,
Switzerland. AML patient cells and granulocytes were isolated using
Ficoll gradient density centrifugation. Values are the differences in Ct-
values between FASN and the housekeeping genes HMBS and ABL1.
MNW *p <0.05, **p <0.0. B Blood spot data bank analysis of FASN
expression in AML blasts compared to granulocytes from healthy
donors. MNW *p <0.05, **p < 0.01. C Western blot analysis of FASN

LC3B-II (Fig. 2A-B). To validate these findings, we utilized
NB4 cells stably expressing mCherry-LC3B. Cells were
treated with different concentrations of BafAl with or
without ATRA for 24h and FASN, as well as LC3B
localization, was assessed. Endogenous FASN (cyan)
showed colocalization with mCherry-LC3B (red) in BafAl
and ATRA treated cells (Fig. 2C). In addition, we found
colocalization with endogenous FASN (red) and p62
(green) in NB4 parental cells treated with both ATRA and
BafAl for 24 h (Fig. 2D). It is possible that p62 may help to
sequester FASN to the autophagosome. These data suggest
that FASN is a target for autophagic degradation during
granulocytic differentiation of APL cells.

regulation in NB4 and HT93 APL cells upon ATRA treatment at dif-
ferent time points (1, 2 and 3 days). Total protein was extracted and
submitted to immunoblotting using anti-FASN antibody. Total protein
is shown as loading control. The relative protein expressions were
normalized to total protein and quantified using ImagelJ software (NIH,
Bethesda, MD, USA). Data are represented as a mean (n = 3), Error
bars: SD. D Evaluation of FASN transcript levels upon ATRA treat-
ment was done by qPCR. Values were normalized to the HMBS
housekeeping gene. Results of at least three independent experiments
are shown as n-fold regulation compared with non-treated cells.

We have previously shown that EGCG improves the
response to ATRA in AML cells by inducing DAPK?2
expression, a key kinase in granulocytic differentiation [48].
Furthermore, EGCG was reported to decrease FASN
expression [36] and this was reproducible in our APL cell
line model (Supplementary Fig. 2A-B). Using different
EGCG doses and treatment time points, we confirmed that
EGCG improves ATRA-induced differentiation in NB4
cells, as evidenced by increased NBT positive cells and
CDI11b surface expression (Supplementary Fig. 2C-E).
Importantly, increased differentiation when combining
ATRA with EGCG was paralleled by enhanced autophagic
activity (Supplementary Fig. 2F-G). Autophagy induction

SPRINGER NATURE



M. Humbert et al.

>

> | Day1 :
z o< 6 '
0n >0 !
<=0 4
(g '
ge g
g 2] :
< H

e e ] e e e [ 250

FASN

e L VAT [ ——

. - 50
LC3B-l ; = 2
LC3B-I — w10
Tot. Prot. [ | SRR | & .
37
BafA1(nM) 110 100{ - 1 10 100
DMSO | ATRA

DMSO

ATRA

ATRA

Intensity

' "
plot M ~\)“ MMV
—FASN  weend ST

— Lc38 1nM 10nM 100nM
E 24h
DMSO F

FASN [ s s s vt s vt = = L 550 FASN

P62/SQSTM1
Tot. Prot. :gg Tot. Prot. |k bt
EGCG (M) - ol -
BafAlOM) - 100 BafA1(nM)

ATRA

FASN[_ == =====] 250

iRl

—mm] gprsastn = m=——

EGCG (M) - el - el BafA1

ATRA

|

Day2

FASN
Adj. Relative density
to —BafA1

o
>
@]
Z

p62/SQSTM1

BafA1("M) - 1 10 100 ! -

DMSO | ATRA

ATRA
Intensity
plot

— p62
— FASN

DMSO

ATRA

FASN

100

FASN
Adj. Relative

50

—— %0 ot Prot[[] LTS EGCG (uM)-_—- - e T
EGCG (UM) - el - EGCG (M) - el - et BafA1(nM) - 100 - 100
BafA1(nM) & 100 BafA1(nM) 100

Fig. 2 FASN is degraded via autophagy. A-B NB4 cells were
treated with ATRA and three concentrations of Bafilomycin Al
(BafAl) for 24 h (A) and 48 h (B). NB4 cells were lysed and subjected
to western blot analysis as described in 1C. Quantification of the bands
was done using Image] software and normalized to control-treated
cells. Data are represented as a mean of at least three biological
replicates, Error bars: SD. C NB4 cells stably expressing mCherry-
LC3B were treated with ATRA and different concentrations of Bafi-
lomycin Al (BafAl) for 24 h. NB4 mCherry-LC3B cells were fixed
and stained for endogenous FASN. The colocalization analysis was

was determined by quantifying endogenous, lipidated
LC3B-II by western blotting and a dual-tagged mCherry-
GFP-LC3B expression construct as described previously
[13, 49, 50]. Autophagic flux quantification upon EGCG
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performed using Imagel] software. Scale: 10 um D NB4 cells were
treated as in 2 C and fixed and stained for endogenous FASN and p62.
The colocalization analysis was performed using Imagel] software.
Scale: 10 um. Results shown are from at least two biological dupli-
cates. E-G EGCG potentiate ATRA-induced FASN degradation by
autophagy. E-F FASN and p62 western blot analysis of NB4 cells
treated with DMSO (right panel) or ATRA (left panel), in combination
with different EGCG (5-15 puM) and BafA1l (100 nm) concentrations
for 24 h (E) or 48 h (F). Total cell lysates were subjected to western
blotting. G Quantification of the western blot was done as in Fig. 1C.

treatment was performed in the presence or absence of
BafAl [50]. We found no significant changes in cell death
or proliferation measured by DAPI staining and trypan
blue exclusion, respectively (Supplementary Fig. 2H-I).
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Co-treating NB4 parental cells with EGCG and ATRA as
well as blocking autophagy using BafAl, resulted in a
higher accumulation of FASN protein at 24h or 48h
(Fig. 2E-G). Together, our data demonstrate that FASN can
be degraded via autophagy during APL cell differentiation
and that co-treatment with EGCG further promotes FASN
protein degradation.

Inhibiting FASN protein expression but not its
catalytic function accelerates ATRA-induced
granulocytic differentiation in APL cell lines

Next, we evaluated the impact of modulating FASN
expression and activity on myeloid differentiation. There-
fore, we genetically inhibited FASN expression using len-
tiviral vectors expressing two independent shRNAs
targeting FASN in the NB4 APL cell line model. Knock-
down efficiency was validated by western blotting
(Fig. 3A). We found that ATRA treatment significantly
reduced the doubling time (Supplementary Fig. 3A-B) and
lowered the accumulation of DNA damage as indicated by
yH2AX immunofluorescence staining in NB4 FASN
depleted cells (Supplementary Fig. 3C-D). Of note, at
steady-state conditions, knocking down FASN did not affect
proliferation compared to control cells. Knocking down
FASN in NB4 cells resulted in accelerated differentiation
into functional granulocytes compared to the control cells as
shown by NBT assays (Fig. 3B-C) and by CD11b surface
expression analysis (Fig. 3D). We then assessed the effects
of two pharmacological FASN inhibitors, C75 and Orlistat.
We used C75 and Orlistat concentrations that do not induce
significant cell death (Supplementary Fig. 4A-B) or
decrease proliferation (Supplementary Fig. 4C-D) to avoid
non-specific effects. Of note, FASN protein levels in APL
cells were not reduced by C75 or Orlistat treatment (Sup-
plementary Fig. 4E-F) while inhibiting its activity (Sup-
plementary Fig. 4G-H). Unexpectedly, co-treatment of NB4
cells with ATRA and C75 (Fig. 3E-G) or Orlistat (Fig. 3H-
J) did not reproduce the phenotype of the FASN knockdown
cells. Indeed, cells were differentiating similarly or less
compared to control-treated cells as demonstrated by NBT
assays (Fig. 3E-F and Fig. 3H-I) and CD11b surface
expression (Fig. 3G and Fig. 3J). Therefore, we conclude
that the catalytic activity of FASN is not involved in
impeding ATRA-mediated differentiation in NB4 cells.

FASN attenuates autophagy by increasing mTOR
activity

FASN has been previously reported to promote carcino-
genesis by activating mTOR, a master negative regulator of
autophagy, via AKT signaling in hepatocellular carcinoma
[51, 52]. ATRA treatment in APL reduces mTOR activity

leading to autophagy activation [10]. We, therefore, hypo-
thesized that FASN may negatively regulate autophagy via
mTOR in APL cells, thereby impeding ATRA-induced
differentiation. Therefore, we initially confirmed that FASN
expression impacts autophagic activity in our system.
Autophagy induction was established by quantifying
endogenous LC3B dots formation by immunofluorescence
microscopy (IF) after ATRA treatment [50]. In order to
measure autophagic flux, ATRA treatment was performed
in the presence or absence of BafAl (Fig. 4A-B) [50]. In
addition, we looked at the direct consequences of mTOR
activity on ULK1 and ATG13 phosphorylation. ULKI
(ATG1), a key autophagy gene of the initiation complex, is
inhibited by mTOR-mediated phosphorylation at Ser757,
leading to reduced autophagic activity (Fig. 4C) [53]. In line
with FASN activating mTOR, lowering FASN expression
by shRNA (Fig. 4D) resulted in decreased mTOR phos-
phorylation at Ser2448 (Fig. 4E) and mTOR-mediated
downstream phosphorylation of ULK1 at Ser758 (Fig. 4F).
Elevated ULK1 activity was confirmed by an increase of
ATGI13 activating phosphorylation at Ser318 (Fig. 4G)
[54, 55].

We then asked how FASN regulates mTOR activity.
First, we tested whether FASN is localized to the lysosome
by immunofluorescence microscopy upon ATRA treatment
in NB4 cells. Interestingly, FASN localized to LAMP1™"
vesicles during steady-state conditions. Furthermore, ATRA
treatment reduced both protein and FASN localization to
LAMPI1" vesicles (Fig. 5A). In addition, lowering FASN
expression led to a reduced lysosomal localization of
mTOR (Fig. 5B). Next, we asked whether the mTOR
upstream regulators AKT and PTEN were influenced by
FASN expression. We treated FASN depleted NB4 cells for
3 days with ATRA and quantified AKT protein phosphor-
ylation and PTEN protein levels. Furthermore, we analyzed
two additional mTOR downstream targets namely p-4EBP1
(Thr37/46) and p-TFEB (Ser211). Interestingly, we found a
compensatory activation of AKT in NB4 FASN
knockdown cells while no marked differences in PTEN and
p-4EBP1 levels were seen. Of note, TFEB was less phos-
phorylated in FASN depleted than in SHC002 control NB4
cells (Fig. 5C-D).

These results suggest that FASN expression promotes
mTOR activity at the lysosomes, which in turn enhances
autophagy inhibition in AML cells.

FASN expression negatively affects transcription
factor EB (TFEB) activation

mTOR phosphorylates the transcription factor EB (TFEB),
a master regulator of lysosome biogenesis, leading to the
sequestration of TFEB within the cytoplasm and inhibition
of its transcriptional activity [56-59]. TFEB is a key

SPRINGER NATURE
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Fig. 3 Reducing FASN protein levels improves ATRA-mediated
neutrophil differentiation of APL cells. A-D NB4 cells were stably
transduced with non-targeting shRNA (SHC002) or shRNAs targeting
FASN (shFASN_1 and shFASN_2) lentiviral vectors and differentiated
with 1 uM ATRA for 1, 2 or 3 days. A FASN western blot analysis of
control and shFASN (shFASN_1, _2) expressing NB4 cell populations.
B-C NBT reduction in ATRA-treated NB4 control (SHC002) and
FASN knockdown (shFASN_1, _2) cells. B Representative images of
NBT assays in control and FASN depleted NB4 cells. Scale 20 uM. C
Quantification of the percentage of NBT" cells. D Flow cytometry
analysis of CD11b surface expression NB4 control (SHC002) and
FASN knockdown (shFASN_1, _2) NB4 cells upon ATRA treatment.
E-G NB4 cells were treated with the indicated C75 concentrations for
3 days in combination with ATRA. E-F NBT reduction during
ATRA-mediated neutrophil differentiation of NB4 control and C75

transcriptional regulator of more than 500 genes that com-
prise the CLEAR (Coordinated Lysosomal Expression and
Regulation) network of autophagy and lysosomal genes
(Supplementary Fig. 5A). A recent study demonstrated a
key role of TFEB during ATRA-induced differentiation
[15]. We, therefore, investigated the relationship between
FASN and CLEAR network gene expression. Interestingly,
several TFEB downstream targets from the different cate-
gories (lysosomal hydrolases and accessory proteins,

SPRINGER NATURE

treated cells. E Representative images of NBT assays in control and
C75 treated NB4 cells upon ATRA-mediated differentiation. Scale 20
uM. F Quantification of the percentage of NBTT cells. G Flow
cytometry analysis of CD11b surface expression in NB4 control and
C75 treated cells upon ATRA-mediated differentiation. H-J NB4 cells
were treated with the indicated Orlistat concentrations for 3 days in
combination with ATRA. H-I NBT reduction during ATRA-mediated
neutrophil differentiation of NB4 control and Orlistat treated cells.
H Representative images of NBT assays in control and Orlistat treated
NB4 cells upon ATRA-mediated differentiation. Scale 20uM
I Quantification of the percentage of NBT™" cells. J Flow cytometry
analysis of CD11b surface expression in NB4 control and Orlistat
treated cells upon ATRA-mediated differentiation. Data are repre-
sented as a mean (n = 3), Error bars: SD.

lysosomal membrane, lysosomal acidification, non-
lysosomal proteins involved in lysosomal biogenesis and
autophagy) are negatively associated with FASN transcript
levels in two primary AML patient cohorts from TCGA
analyzed using the UCSC Xena platform [60] and the Blood
spot gene expression profiles data base [41] (Fig. 6A,
Supplementary Fig. SB-C Supplementary Table 1-2). Fur-
thermore, analyzing RNA-seq data of NB4 cells treated

with ATRA confirmed a reduction of FASN expression
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Fig. 4 FASN expression is linked to increased mTOR activity. A—C
Autophagy induction in NB4 shFASN cells treated with 1 uyM ATRA
for 24 h, in the presence or absence of BafA1l during the last 2 h before
harvesting. A-B NB4 control (SHC002) and FASN knockdown
(shFASN_1, _2) cells were subjected to LC3B immunofluorescence.
A Representative picture of LC3B punctae in NB4 control (SHC002)
and FASN knockdown (shFASN_1, _2) cells. Scale: 10um.
B Quantification of autophagy flux. Three independent experiments
were quantified as described in [13]. C Scheme of mTOR activity on
the ULK1 complex. D NB4 control (SHC002) and FASN knockdown

paralleled by increased TFEB and TFEB target gene tran-
script levels [15] (Fig. 6B). To test if the FASN-mTOR
pathway is involved in regulating TFEB activity, we ana-
lyzed the cellular localization of TFEB upon ATRA treat-
ment in NB4 control and FASN depleted cells. First, we

(shFASN_1, _2) cells were treated for 1-3 days with ATRA. Total
protein was extracted and subjected to immunoblotting using anti-
FASN, anti-pmTOR(Ser2448), anti- pULKI(Ser757), anti-ULKI,
anti-pATG13(Ser318) and anti-ATG13 antibodies. E-F Relative
protein expressions of two independent experiments were normalized
to total protein or the respective non-phosphorylated protein and
quantified using Image] software (NIH, Bethesda, MD, USA).
E pmTOR(Ser2448) normalized to total protein. F pULKI1(Ser758)
normalized to total ULK1. G pATG13(Ser318) normalized to total
ATGI13. Results shown are from at least two biological duplicates.

investigated if TFEB translocates to the nucleus following
ATRA treatment and if this translocation is paralleled by an
increase in lysosome numbers (LAMP1" dots), assessed by
immunofluorescence microscopy (Supplementary Fig. 6A-
B). Indeed, ATRA treatment resulted in increased LAMP1 ™"

SPRINGER NATURE
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Fig. 5 FASN localizes at the lysosome to increase mTOR activity.
A NB4 cells were treated as in 2D and fixed and stained for endo-
genous FASN (red) and LAMP1 (green) protein. The colocalization
analysis was performed using ImagelJ software. Scale: 10 um. Results
shown are from at least two biological duplicates. B-D NB4 control
(SHC002) and FASN knockdown (shFASN_1, _2) cells were treated
for 1-3 days with ATRA. B Immunofluorescence microscopy of
endogenous mTOR (green) and LAMP1 (red). The colocalization

dot formation and nuclear translocation of TFEB. Interest-
ingly, TFEB nuclear translocation occurs faster in FASN
depleted NB4 cells compared to control cells (Fig. 6C),
consistent with an increase in LAMP1" dot formation
(Fig. 6D-E). Furthermore, we treated cells with Acridine
Orange to quantify the lysosomal integrity by flow cyto-
metry. Acridine Orange is a cell-permeable fluorescent dye
that, when excited at 488 nm, emits light at 530 nm
(GREEN) in its monomeric form but shifts its emission to
680 nm (RED) when accumulating and precipitating inside
lysosomes. Therefore, we measured the RED/GREEN ratio
of Acridine Orange stained cells by flow cytometry as
previously described [61]. We found that ATRA treatment
shifted the ratio towards the red channel (Supplementary
Fig. 6C). Reducing FASN expression further accelerated the
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analysis was performed using Imagel software. Scale: 10 um. C Total
protein was extracted and subjected to immunoblotting using anti-
FASN, anti-pmTOR(Ser2448), anti-pTFEB(Ser211), anti-TFEB, anti-
pAKT(Ser473) anti-PTEN and anti-p4E-BP1 (Thr37/46) antibodies.
D Relative protein expressions of two independent experiments were
normalized to total protein or the respective non-phosphorylated pro-
tein and quantified using ImagelJ software (NIH, Bethesda, MD, USA).

increase of the RED/GREEN ratio indicating enhanced
lysosome biogenesis (Fig. 6G-H). These results suggest that
FASN expression impairs TFEB translocation to the
nucleus and therefore reduces lysosome biogenesis

We then evaluated the effect of FASN expression on the
transcription of the following TFEB target genes: BECNI,
GABARAP, STK4 and WDR45. All four TFEB targets
showed increased expression upon ATRA treatment, in line
with previous studies [14, 15, 62] (Fig. 6I). Knock down of
FASN led to a further increase in the expression of 3/4
TFEB targets analyzed (Fig. 61). These results suggest that
FASN retardation of TFEB translocation to the nucleus
attenuates CLEAR network gene transcription.

Then, we tested whether we can obtain similar results by
lowering FASN protein levels using EGCG. Using different
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Fig. 6 FASN expression negatively associates with TFEB activity.
A Heatmaps of the correlation between FASN and TFEB target genes
extracted from the TCGA-AML cohort analyzed by the UCSD xena
platform and from the blood spot data bank (Spearman, p values in
Supplementary Table 1 and 2). B mRNA sequencing data of NB4 cells
treated with ATRA. Relative expression of FASN, TFEB and TFEB
transcriptional targets involved in lysosomal function and biogenesis
are shown. C-H NB4 control (SHC002) and FASN knockdown
(shFASN_1, _2) cells were treated for 1-3 days with ATRA. C
Immunofluorescence microscopy of endogenous TFEB (red) and a-
tubulin (green). IgG staining was used as negative control. Nuclei were
stained with DAPI (blue). D Immunofluorescence microscopy of
endogenous LAMP1 (red). Nuclei were stained with DAPI (blue).

—  » RED/GREEN ratio

Scale: 10 um (E) LAMP1 punctae quantification of cells shown in (D).
Scale: 10 um (F—-H) Acridine Orange staining. F Histogram repre-
sentation of the ratio between RED and GREEN of NB4 control
(SHCO002) cells treated as described in 6 C. G Representative histo-
gram of NB4 control (SHC002) and FASN knockdown (shFASN_1,
_2) cells treated as in 6 C. H Overton percentage positive quantifica-
tion of the RED/GREEN ratio of NB4 control (SHC002) and FASN
knockdown (shFASN_1, _2) cells treated with ATRA at indicated
times. I Evaluation of BECNI, GABARAP, STK4 and WDR45 mRNA
transcripts was done by qPCR. Values were normalized to the HMBS
housekeeping gene. Results shown are from at least two biological
duplicates.
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Fig. 7 Lowering FASN protein expression levels improves ATRA
therapy in non-APL AML cells. A-F MOLM-13 (A, C, E), and
OCI-AML2 (B, D, F) cells were treated with ATRA and different
concentrations of EGCG (5 uM, 10 uM and 15 pM) for 3 days (n = 3).
A-B CDl11b surface staining was analyzed by flow cytometry. Box
blot represent the median fluorescence intensity (MFI) of CDI1b

EGCG concentrations, we found a decrease in mTOR
phosphorylation at Ser2448 (Supplementary Fig. 7A), an
increase of TFEB translocation to the nucleus (Supple-
mentary Fig. 7B), an increase of LAMP1™ vesicles (Sup-
plementary Fig. 8A-B) and an increase of the RED/GREEN
ratio in Acridine Orange stained cells similar to the results
seen in FASN-depleted APL cells (Supplementary Fig. 8C-
E). In addition, we found an upregulation of 3/4 TFEB
target genes in presence of EGCG in line with our FASN
knockdown experiments (Supplementary Fig. 7C).

Together, these data suggest that high FASN expression
results in lower autophagic activity and decreased lysoso-
mal capacity due to increased mTOR activity causing TFEB
inhibition.

Lowering FASN expression improves ATRA therapy
in non-APL AML cell lines by inhibiting the mTOR
pathway

Given the fact that APL cells treated with EGCG demon-
strated improved response to ATRA therapy, we asked if
EGCG can be beneficial to other AML subtypes that are
refractory to ATRA treatment. We and others previously

SPRINGER NATURE

pmMTOR (Ser2448) | N oy e ot st }7250

PULKT (Ser758) [l s v st st bt st ] 15

r75

PATG13 (Ser318) ||

Tot. Prot. | o g;)
ULK1 [ B W B - 150

ATG13 |-’ _J -‘----~‘>75
Tot. Prot. | gg
EGCG - - —

DMSO

ATRA

positive cells. C-D Acridine Orange staining. Analysis was performed
as in Fig. 6E-G. E-F Total protein extracted from MOLM-13 and
OCI-AML2 cells treated as in 7 A/B were subjected to immunoblotting
using anti-FASN, anti-pmTOR(Ser2448), anti- pULK1(Ser757), anti-
ULK1, anti-pATG13(Ser318) and anti-ATG13 antibodies. Results
shown are from at least two biological duplicates.

demonstrated a positive impact of co-treating HL60 AML
cells, a non-APL AML cell line that responds to ATRA,
with EGCG and ATRA [48, 63, 64]. Therefore, we tested if
ATRA-refractory AML cell lines with different genetic
backgrounds, namely MOLM-13 (FLT3-ITD*) and OCI/
AML2 (DNMT3A R635W mutation), would respond to
ATRA in combination with EGCG. MOLM-13 showed
significantly increased granulocytic differentiation upon the
combination treatment as shown by CDI1b surface
expression while OCI/AML2 cells showed a clear but non-
significant trend toward improved granulocytic differentia-
tion (Fig. 7A-B). In addition, MOLM-13 and OCI/AML2-
showed an increase in the RED/GREEN ratio when stained
with Acridine Orange (Fig. 7C-D). Furthermore, co-
treatment with ATRA and EGCG led to a decrease in
mTOR activity as seen by a decrease in mTOR (Ser2448)
and ULKI1 (Ser758) phosphorylation. In MOLM-13 cells,
this was paralleled by an increase of ATG13 (Ser318)
phosphorylation (Fig. 7E-F). We further confirmed these
data by genetically inhibiting FASN in MOLM-13 (Fig. 8A)
and OCI/AML2 (Fig. 8B) cells. Depleting FASN in both
cell lines caused an increase of CD11b surface expression
after 3 days of ATRA treatment (Fig. 8C-D), coupled with
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Fig. 8 MOLM-13 and OCI/AML2 were stably transduced with 2
independent shRNA targeting FASN (n =3). A-B FASN knock-
down efficiency was validated in MOLM-13 (A) and OCI/AML2
(B) by western blotting. C-H MOLM-13 and OCI/AML2 control
and FASN knockdown cells were treated with ATRA for 3 days.
C-D CDI1b surface marker expression was analyzed as in
(A-B). E-F Acridine Orange staining analysis was performed as in
7E-G. G-H Western blot analysis of total protein was extracted and

an increased RED/GREEN ratio when stained for Acridine
Orange (Fig. 8E-F) and lower mTOR activity (Fig. 8G-H).
Interestingly, we found more variation in lysosomal com-
partment changes between the experimental duplicates upon
ATRA when cells were treated with EGCG (Fig. 7D, F)
than in the knockdown cells (Fig. 8F, H), perhaps reflecting
the lower specificity of EGCG.

Together, our data suggest that reducing FASN expres-
sion can increase lysosomal biogenesis and improve the
differentiation of non-APL AML cells. We, therefore, pro-
pose that FASN is recruited to lysosomes in AML cells

~

subjected to immunoblotting using anti-FASN, anti-pmTOR(Ser2448),
anti- pULKI1(Ser757), anti-ULK1, anti-pATG13(Ser318) and anti-
ATGI13 antibodies. Results shown are from at least two biological
duplicates. I FASN localizes to lysosomes in AML with mTOR
leading to the phosphorylation of TFEB and its sequestration in the
cytoplasm. ATRA treatment resulted in FASN degradation by autop-
hagy and thus TFEB translocation to the nucleus and activation of
lysosomal biogenesis.

resulting in activation of mTOR and sequestration of TFEB
in the cytoplasm (Fig. 81). FASN degradation via autophagy
resulted in activation of TFEB and its downstream targets
(Fig. 8I).

Discussion

In this study, we aimed at further dissecting the function of
FASN in AML cells and, in particular, its potential role in
the differentiation of immature AML blasts. We showed

SPRINGER NATURE
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that knocking down FASN accelerated ATRA-induced dif-
ferentiation, while inhibition of its enzymatic function by
pharmacological inhibitors such as C75 or Orlistat had no
effect. Furthermore, we found that FASN expression acti-
vates mTOR resulting in sequestration of TFEB to the
cytoplasm. Importantly, inhibiting FASN expression, in
combination with ATRA treatment, improved differentia-
tion therapy in non-APL AML cells.

Several studies demonstrated a tumor suppressor role
of autophagy in AML cells. Autophagy can support
degradation of leukemic oncogenes in AML such as
FLT3-ITD and PML-RARA [10, 65, 66]. Furthermore,
activation of mTORCI is crucial for leukemia cell pro-
liferation at least partially due to its inhibitory effect on
autophagy [42, 67]. Accordingly, inhibition of autophagy
leads to acceleration of MLL-ENL AML leukemia pro-
gression in vivo [42]. Our results indicate that increased
FASN expression might be a key activator of mMTORCI1 in
AML. Surprisingly, we found that reducing FASN protein
levels, but not inhibition of catalytic function, promotes
ATRA-induced differentiation. Recently, Bueno et al.
demonstrated that FASN is key during the transformation
from 2- to 3-dimensional growth of cancer cells. This
transformation step does not depend on the FASN bio-
synthetic products palmitate, further hinting to at impor-
tant non-catalytic functions of FASN in carcinogenesis
[68]. Further studies on the interplay between FASN,
mTOR and autophagy in AML transformation, progres-
sion and therapy resistance are warranted to improve our
understanding of cell fate decisions and could potentially
open new avenues to tackle this disease with improved
differentiation therapies.

We further confirmed that EGCG positively impacts
cellular differentiation in additional AML subtypes in vitro
[48, 63, 64]. Searching for potential mediators of the
positive effects of EGCG observed during ATRA-induced
differentiation, we previously found that EGCG induces
expression of the Ca®*/calmodulin-regulated serine/threo-
nine kinase DAPK2. DAPK?2 plays a major role in granu-
locytic differentiation and decreased DAPK?2 expression in
APL cells can be restored by ATRA and EGCG treatment
[13, 38, 48]. DAPK2 also negatively regulates mTOR via
phosphorylation of raptor at Ser721 as shown in HeLa cells
[69]. Therefore, a potential impact of FASN on DAPK2
activity in a leukemic context warrants further investigation.

Interestingly, treating APL cells with ATRA had a
negative effect on FASN protein levels (Fig. 1C), and we
demonstrated that ATRA-induced autophagy contributes to
FASN protein degradation. Furthermore, FASN reduction
led to increased lysosomal biogenesis suggesting a negative
feedback loop between autophagy and FASN. It is reason-
able to hypothesize that the more AML cells differentiate
the more they become competent to degrade long-lived
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proteins including FASN. In addition, inhibiting mTOR
using Rapamycin or Everolimus accelerates differentiation
of APL cells [10, 12]. While PI3K/AKT/mTOR pathways
are activated in about 80% of AML cases, mTOR inhibitors
had only modest effects in AML therapy [70, 71]. Fur-
thermore, despite its role in leukemia cells, mTOR activity
is crucial for hematopoietic stem cell (HSC) proliferation
and self-renewal potential [72]. Therefore, targeting FASN
with low expression in healthy progenitor cells would allow
activation of autophagy in AML cells sparing healthy HSC
cells in the bone marrow. In our hands, EGCG treatment
only demonstrated partial effects regarding improved dif-
ferentiation when compared to knocking down FASN in
non-APL AML cells. Therefore, a more specific FASN
expression inhibitor is needed to improve differentiation
therapy in non-APL AML patients.

Indeed, it would be of interest to study the transcriptional
regulation of FASN to influence its expression in
autophagy-deficient cells. Consistently, there are several
studies showing that FASN transcription is positively
affected by retinoic acids [73, 74]. However, transcription
induction is not mediated by a classic retinoic acid-
responsive element but rather by the indirect influence of
retinoic acid via cis-regulatory elements. Since this involves
different cofactors it is tempting to speculate that tran-
scriptional activation might switch to repression depending
on the cellular context including specific retinoid-binding
proteins and cofactors. We previously found that members
of the KLF transcription factor family are often deregulated
in primary AML patient samples. Among the different KLF
family members downregulated in AML, particularly KLF5
turned out to be essential for granulocytic differentiation
[75, 76]. KLF5 forms a transcriptionally active complex
with RAR/RXR heterodimers [77, 78]. Interestingly, ecto-
pic expression of KLF5 in U937 non-APL AML cell line
was sufficient to significantly increase ATRA-induced dif-
ferentiation [79]. We hypothesize that KLF5 negatively
regulates FASN transcription in AML cells via the RAR/
RXR complex.

In summary, our data suggest that inducing FASN pro-
tein degradation is likely to be beneficial for differentiation
therapy of non-APL. AML cells as this will impede mTOR
and promote TFEB transcriptional activity and autophagy.
Furthermore, high FASN expression in AML is partially
based on attenuated autophagy activity in this disease.
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