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NOT LIKE THE BRAZEN GIANT OF GREEK FAME,

WITH CONQUERING LIMBS ASTRIDE FROM LAND TO LAND;
HERE AT OUR SEA-WASHED, SUNSET GATES SHALL STAND

A MIGHTY WOMAN WITH A TORCH, WHOSE FLAME

IS THE IMPRISONED LIGHTNING, AND HER NAME

MOTHER OF EXILES. FROM HER BEACON-HAND

GLOWS WORLD-WIDE WELCOME; HER MILD EYES COMMAND

THE AIR-BRIDGED HARBOR THAT TWIN CITIES FRAME.

"KEEP, ANCIENT LANDS, YOUR STORIED POMP!" CRIES SHE
WITH SILENT LIPS. "GIVE ME YOUR TIRED, YOUR POOR,
YOUR HUDDLED MASSES YEARNING TO BREATHE FREE,

THE WRETCHED REFUSE OF YOUR TEEMING SHORE.
SEND THESE, THE HOMELESS, TEMPEST-TOST TO ME,

I LIFT MY LAMP BESIDE THE GOLDEN DOOR!”

EMMA LAZARUS, 1883
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SUMMARY

Prostate cancer (PCa) is the second most incident cancer in men worldwide,
and despite vast amounts of research it remains one of the major epidemiological
burdens in oncology. The prostate gland is regulated by male androgens that activate
the Androgen Receptor (AR), a transcription factor and a master regulator of several
different signaling pathways, contributing towards normal development of the organ.
In PCa, these hormones exert an important role in the onset and progression of the
disease, and therefore have been the main therapeutic target for PCa patients. Anti-
androgens are a common therapy in prostate cancer (PCa), targeting Androgen
Receptor (AR) signaling or hormone production; however, these therapies fail due to
selection of highly aggressive castration-resistant PCa cells (CRPCa). Therefore, novel
and more efficacious therapeutics and better molecular understanding of this disease
are extremely important to help PCa patients. In this Thesis, I explored the potential
of ceramide-centric therapeutics in PCa and the mechanisms underlying the
intersection between AR and sphingolipid metabolism. Ceramides are sphingolipids,
a class of bioactive lipids that play structural and signaling roles in cells and have
been shown to possess anti-tumor properties by triggering cell death of tumor cells.
Because ceramides are hydrophobic, delivery is problematic. Enter, Ceramide
nanoliposomes (CNL); these nanoparticles have now demonstrated great promise in
multiple different tumor models, and more importantly in a completed multi-
institutional Phase 1 NCI trial (NCT02834611). While ceramides have been
speculated as highly selective apoptotic lipids, CNL is the only delivery modality to
have completed Phase 1 testing, demonstrating enhanced pharmacokinetic (PK)
parameters and minimal toxicities in patients.

Here, we demonstrate that elevating endogenous ceramide levels with
administration of exogenous Ceramide Nanoliposomes (CNL) was efficacious in AR-
negative prostate cancer cell lines with limited efficacy in AR-positive cells. This
effect is mediated through reduced de novo sphingolipid synthesis in AR-positive
cells. We show that anti-androgens elevate de novo generation of sphingolipids via
SPTSSB, a rate-limiting mediator of sphingolipid generation. Moreover,
pharmacological inhibition of AR increases the efficacy of CNL in AR-positive cells
through de novo synthesis, while SPTSSB knockdown limited CNL’s efficacy in AR-
negative cells. Alluding to clinical relevance, SPTSSB is up-regulated in advanced PCa
patients after anti-androgens treatment. We also show that AR stimulation leads to

altered expression of several sphingolipid metabolic enzymes that can be explored in



future studies. Moreover, we determine that the anti-tumor effect of C6-ceramide in
PCa cells is due to a specific chiral conformation of its lipid structure, suggesting that
the bioactive lipid itself as well as its chiral-specific metabolism is crucial for the
treatment efficacy.

These findings emphasize the relevance of AR regulation upon sphingolipid
metabolism, support the potential of CNL as a PCa therapeutic, and open new
avenues to be pursued concerning the importance of the intersection between

sphingolipid metabolism, androgens, and AR in PCa.



TABLE OF CONTENTS

DEDICATION Vv
ACKNOWLEDGEMENTS VII
SUMMARY XV
TABLE OF CONTENTS XVII
LIST OF ABBREVIATIONS XIX
LIST OF FIGURES XXI11
CHAPTER 1: INTRODUCTION 27
1. THE PROSTATE wovtsusesssssssssssssssssssssssssssssssssssssssasasssssasasssssasasssssasasssssasssasssssssssssssasssssasssssssssasassssnans 27
1.1 ANATOMY AND HISTOLOGY weuueeunresseesseeessressesessessssessssesssssssssssssessssssssessssassssassssssssnssssessssesssssssssssssassssasssnees 27
1.2 DISORDERS AFFECTING THE PROSTATE GLAND ..uvvureturesseessressressmsessessssmssssssssmssssssssssssssssssssssssssssssnses 28
1.3 A MAJOR EPIDEMIOLOGICAL AND FINANCIAL BURDEN WORLDWIDE ...vccreeumressmeesseessressesssssssssssssnees 29
1.4 DIAGNOSIS: A SET OF IMPERFECT, YET HELPFUL TOOLS w.cvuueuureeseessesesmssssssssmsssssssssessssssssssssssssssssnnes 30
1.5 GLEASON SCORE: AN ARCHITECTURAL STAGING APPROACH ...vvvvumrerserssseesssesssssessssssssssssssssesssssesssanes 31
1.6 REVISED TUMOR STAGING BY TINM ....cureermreemressmessmsesmsessssssssesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnees 32
1.7 TUMOR PROGRESSION: MOLECULAR PATHWAYS BEHIND THE CURTAIN .couueeruseeessresssessssesssssesssanes 33
1.8 WHO, WHEN, AND HOW TO TREAT PROSTATE CANCER ...cvuuerrreesmressmsesmsssssssssssssssssssssssssssssssssssssssnees 34
1.9 MODELS FOR PROSTATE CANCER RESEARCH ....cuvureesressesssssessssssssssssssssssssssssmssssssssssssssssssssssssssssssssnees 36
1.10 PROSTATE CANCER BREAKS THE WARBURG RULE ...vvuureuserssressmsessmsesmssssssssssssssssssssssssssssssssssssssssnees 38
2. ANDROGEN SIGNALING IN PROSTATE CANCER ...cousssssmssssssssssssssssssssssssssssssssssssssssssssssssasssssassssssnans 41
2.1 STEROID HORMONES, ANDROGENS, AND COOPERSTOWN ..couueersmeersssensssesssssessssssssssssssssssssssesssssesssanes 41
2.2 ANDROGEN RECEPTOR: A DYNAMIC STRUCTURE w.o.vvereresressmressmsssssssssesssssssssssssssssssssmssssmssssssssssssssssssssas 41
2.3 A POWERFUL REGULATOR weoureeuressessssessssssssessssssssssessessssessssasssmsssssssssesssssssssssssessssessssssssmssssmsssessassssssssssessas 43
2.4 DISORDERS ASSOCIATED WITH THE ANDROGEN RECEPTOR ..uvuurumrersressssesmssssssssmssssmssssssssssssssssssesens 45
2.5 METABOLIC REGULATION: FEEDING THE UNCONTROLLABLE FIRE w.couvueueesmeesnessmsssmssssssssssssssssseens 46
2.6 BLOCKING THE RECEPTOR weouveeureessssseessssssessssssssssessmssssassssassssssssessasessassssssssssassssessssssssmssssmsssassassssssssssessas 48
2.7 THE SEEMINGLY UNAVOIDABLE RELAPSE ....ouuvuureemsessmsessesmsssssssssssssssssssssssssssssssssssssmssssmssssssssssssssssssessas 50
3. THE MOST ENIGMATIC LIPIDS: SPHINGOLIPIDS ...ccsursursursessessesssssssssssssssssssassassnssassassessssssssssssssssns 55
3.1 UNCOVERING THE SPHINX weucueueureuseeeseesessessessessessesessessessessessessssessessessessessesssssssessessessensesssssssessessessessessses 55
3.2 DIFFERENT ROUTES OF SPHINGOLIPID SUBWAY SYSTEM....cv.umvuuseesresssesssssssmsssssssmssssmsssssssssssssssssees 56
3.2.1 The only entrance: De novo synthesis of sphingolipids (D) ....cccorrmerreenmerneerneerseesseesnenns 56

Extra extra: SPTSSB, a small protein with great impact ... 59



T2 N 04 0 (o7 | 0 PP 60

3.2.3 Phosphorylated ceramides (P) ... ssesssessesssssenss 61
3.2.4 From ceramides to sphingomyelin and back (S) .....coueeemermermenerererseesseessesseessenns 62
3.2.5 Ceramides with sugar and beyond (G) ... esssersessessesssesseens 63
3.2.6 The salvage pathway and the EXit route (E).....cconereneeeseeeseesseesseesenns 66
3.3 CERAMIDES: A VERSATILE LIPID c.oovuueesuseessersseessseessessssessssessssessssssssessassssssssssessssesssssssssssssessssessassssssssssscess 69
3.4 CERAMIDE IN CANCER: THE ULTIMATE DEATH LINEUP...ccomteuerueereesesssseessseesssessssesssessssssssssssssssseeens 72
3.4.1 Conventional cancer therapies mediate sphingolipid metabolism .....cc.ccocconeereerreeneen. 73
3.4.2 Ceramide: a major player in cell death.......o s 75
3.4.3 Ceramide: old lipid repurposed by cutting edge technology.........coerneerneerreerseeenenns 77
4. COLLISION COURSE: ANDROGEN RECEPTOR AND SPHINGOLIPIDS IN PCA....ccovesrsmsmrersrseneenens 79
4.1 WHAT IS KNOWN ABOUT THIS INTERSECTION? ..oveumrrerseesseeesseessessseesssesssesssssssssssssessssssssessssessssassssssans 79
4.2 ANDROGENS AND SPHINGOLIPIDS .ouvveuseesseesssesssessseesssessssesssessssessssesssessssessssessssssssessssessssssssessssessssasssessass 82
CHAPTER 2: GOALS 85
LI 7 0 0 85
2 N €0 5, 85
CHAPTER 3: MATERIALS AND METHODS 87

CHAPTER 4: ROLE OF SPTSSB-REGULATED DE NOVO SPHINGOLIPID
SYNTHESIS IN PROSTATE CANCER DEPENDS ON ANDROGEN

RECEPTOR SIGNALING 97
1. RATIONALE evutsssasssssssssssssssssssasssassssssasassssssssassss s ssasasassss s asasssssssasasasssnsasasasssssasasass s nasananssnanas 97
280 241 1 98

CHAPTER 5: ANDROGEN RECEPTOR AND SPHINGOLIPID ENZYMES

113
1. RATIONALE uuuuueettiasssnsssssssssnnssssssssssssssssssnsssssssssnsssssssssssssssssssssssssssssnsssssssssnssssesssnnnsssssssnnnsssssssnnnnns 113
2. RESULTS tuuetttiusssssssssssssnsssssssssnssssssssssnssssssssssssssssssnssssnsssssssssessssssssssssssnsssssssssnnsssessssnnnssssssnnnnssnsssann 114

CHAPTER 6: CERAMIDE AND CHIRALITY — THE GOOD, THE BAD AND

THE UGLY 121
L. RATIONALE uuevieetusasssssrssassssessssssssssssenssnssssssssssssssssssssssssssssssssssssssssssssssasssssassssssssnssssssssssssnsssssnssnnss 121
2. RESULTS 1uettsssrsserssnssssesssssssnssssesssnssssssssssssnsssssssssssssssssssssnssssssasssssnssssssssnssssssssssssnsssssnssssssnsssssnssnsss 124
CHAPTER 7: DISCUSSION AND FUTURE PERSPECTIVES 133
L. DISCUSSION uueveurssasrssssssassssersssssssssssssssnssssssssssssssssssssssssssssssssssssssssssssssssnsssassssssssnsssssnssnsssnsssssnssnns 133
2. LIMITATIONS OF THESE STUDIES AND CHALLENGES REMAINING .uevveeesssersserssnssssesssasssnssssensnnes 144
3. FUTURE PERSPECTIVES .eetsuttsserssassssssssesssasessesssassssssssenssnssssssssssssnssssssssnssssssssssssnssssssssssssnsssssnssnsss 146

REFERENCES 149




LIST OF ABBREVIATIONS

AAWS Anti-androgen withdrawal syndrome
Abi Abiraterone acetate

ACAC Acetyl-coA carboxylase

ACER1-3 Alkaline ceramidase 1-3

ACLY ATP-citrate lyase

AFMS Anterior fibromuscular stroma
AJCC American joint committee on cancer
AKT AKT serine-threonine kinase
AMACR Alpha-methylacyl-CoA racemase
ADT Androgen-deprivation therapy

AR Androgen receptor

ARE Androgen responsive element
ASAH1 Acid ceramidase

ASAH2 Neutral ceramidase

B3GALT4 Beta-1,3-Galactosyltransferase 4
B4GALT6 Lactosylceramide synthase

BAK1 BCL2 antagonist killer 1

BAX BCL2 associated X protein

BBB Blood-brain barrier

BCL-XL B-cell ymphoma extra-large

BPH Benign prostatic hyperplasia

C1P Ceramide-1-phosphate

CAS Cellular apoptosis susceptibility

Cer Ceramide

CERK Ceramide kinase

CERS1-6 Ceramide synthases 1-6

ChIP Chromatin Immunoprecipitation
ChIP-seq Chromatin Immunoprecipitation sequencing
CNL C6-ceramide nanoliposomes

CRPCa Castration-resistant prostate cancer
CTD C-terminal domain

CYP11A1 Cytochrome P450 Family 11 Subfamily A Member 1
CYP17A1 Cytochrome P450 Family 17 Subfamily A Member 1

DBD DNA binding domain



DEGS1-2 Dihydroceramide A4-desaturase 1-2

dhCer Dihydroceramides

DHEA Dehydroepiandrosterone

dhSph Dihydrosphingosine

DHT Dihydrotestosterone

DOD Department of Defense

DRE Digital rectal examination

EBRT External-beam radiation therapy
EMT Epithelial to mesenchymal transition
ENPP7 Alkaline sphingomyelinase

EPR Enhanced permeability retention
ER Endoplasmic reticulum

ERG ETS-related gene

ETS Erythroblast transformation-specific
EZH2 Enhancer of zeste homolog 2

FASN Fatty acid synthase

FDA Federal Drug Administration

FOXA1 Forkhead box A1

GABAA G-aminobutyric acid receptor
GAL3ST1 Galactosylceramide sulfotransferase
GalCer Galactosylceramide

Gbs Glotriaosylceramide

GBA1-3 Glucosylceramidase 1-3

GEM Genetically engineered mouse

GLA o-galactosidase A

GlcCer Glucosylceramide

GnRH Gonadotropin-releasing hormones
GPCR G protein-coupled receptors

GR Glucocorticoid receptor

GS Gleason score

GSL Glycosphingolipids

HDAC Histone deacetylase

HGPIN High-grade prostatic intraepithelial neoplasia
HRPC Hormone resistant prostate cancer
HSAN1 Hereditary sensory and autonomic neuropathy 1

IMRT Intensity-modulated radiation therapy



ISUP
KDSR
LacCer
LBD
LPP
LSD1
MDR1
MDV3100
MLKL
MTOR
NCoR
NADH
NADPH
NEPC
NIH
NKX3.1
NR
NTD
ORMDL1-3
PCa
PCRP
PDX
PERMIT
PI3K
PIA

PIN

PK

PKA
PKC
PML
PP2A
PSMA
PTEN
Rb1
RIPK1-3
RP

International society of urological pathology
3-ketodihydrosphingosine reductase
Lactosylceramide

Ligand binding domain

Lipid phosphate phosphatases
Lysine-specific demethylases 1

Multi-drug resistance 1

Enzalutamide

Mixed lineage kinase domain-like protein
Mechanistic target of rapamycin kinase
Nuclear receptor corepressors

Nicotinamide adenine dinucleotide
Nicotinamide adenine dinucleotide phosphate
Neuroendocrine prostate cancer

National Institutes of Health

NK3 Homeobox 1

Nuclear receptor

N-terminal domain

ORMDL Sphingolipid Biosynthesis Regulator 1-3
Prostate cancer

Prostate cancer research program
Patient-derived xenografts

Protein that mediates ER-mitochondria trafficking
Phosphoinositide 3-kinase

Proliferative inflammatory atrophy
Prostatic intraepithelial neoplasia
Pharmacokinetic

Protein kinase A

Protein kinase C

Promyelocytic leukemia protein

Protein phosphatase 2A

Prostate specific membrane antigen
Phosphatase and tensin homolog
Retinoblastoma 1

Receptor-interacting protein kinase 1-3

Radical prostatectomy



S1P
S1PR1-5
SCAP
SGMSi1-2
SGPL1
SGPP1-2
SM
SMPD1-5
SMRT
SOX2
S1P

Sph
SPHKi1-2
SPOP
SPTLC1-3
SPTSSA-B
SREBP
ST3GAL5
ST8SIAI
ST8SIA5
STAR
TCA
TCGA

TF
TMPRSS2
TNFA
TRAMP
TRUS
UGCG
UGTS
VDAC2
KLK3
WHO

Sphingosine-1-phosphate
Sphingosine-1-phosphate receptor 1-5
SREBP cleavage activating protein
Sphingomyelin synthase 1-2
Sphingosine-1-phosphate lyase 1
Sphingosine-1-phosphate phosphatase 1-2
Sphingomyelin

Sphingomyelin phosphodiesterase 1-5
Silencing mediator of retinoid and thyroid receptors
SRY-Box Transcription Factor 2
Sphingosine-1-Phosphate
Sphingosine

Sphingosine kinase 1-2

Speckle Type BTB/POZ Protein

Serine palmitoyltransferase long chain base subunit 1-3

Serine Palmitoyltransferase Small Subunit A-B
Sterol regulatory element-binding proteins
GM3 synthase

GD3 synthase

GT3 synthase

Steroidogenic Acute Regulatory Protein
Tricarboxylic acid cycle

The Cancer Genome Atlas

Transcription factor

Transmembrane protease serine 2

Tumor necrosis factor alpha

Transgenic adenocarcinoma of the mouse prostate
Transrectal ultrasound

Glucosylceramide synthase
Galactosylceramide synthase

Voltage dependent anion channel 2
Kallikrein-3

World health organization



LIST OF FIGURES

FIGURE 1 — ESTIMATED AGE-STANDARDIZED INCIDENCE RATE PER 100.000 IN

2020 IN MALES OF ALL AGES. 30

FIGURE 2 — MODIFIED GLEASON SCORE SYSTEM FOR GRADING OF PCA BASED ON
GLANDULAR HISTOLOGY OF THE TUMORS. 32

FIGURE 3 — THE SPHINGO CITY METRO. 69
FIGURE 4 — SPHINGOLIPID FAUCETS AND DRAINS. 72
FIGURE 5 — CNL ARE EFFICACIOUS AGAINST HIGHLY AGGRESSIVE AR-NEGATIVE
PCA CELLS. 99-100

FIGURE 6 — EFFICACY OF CNL IS HIGHER IN HIGHLY AGGRESSIVE AR-NEGATIVE
CELLS. 101

FIGURE 7 — INTACT AR SIGNALING HINDERS CNL EFFICACY IN PCA CELLS. 103
FIGURE 8 — INTACT AR SIGNALING HINDERS CNL EFFICACY IN PCA CELLS. 104

FIGURE 9 — DE NOVO SYNTHESIS OF SPHINGOLIPIDS IS NEGATIVELY REGULATED BY
AR. 107

FIGURE 10 — CNL INDUCES DE NOVO SYNTHESIS OF SPHINGOLIPIDS IN AR-
NEGATIVE CELLS. 109

FIGURE 11 — SPTSSB EXPRESSION IS ELEVATED IN NEUROENDOCRINE PCA
PATIENTS. 110

FIGURE 12 — SPTSSB IS ESSENTIAL FOR CNL EFFICACY IN AR-NEGATIVE CELLS. 112

FIGURE 13 — AR REGULATES THE EXPRESSION OF ENZYMES INVOLVED IN
SPHINGOLIPID METABOLISM. 116

FIGURE 14 — AR REGULATION OF SPHINGOLIPID ENZYMES' EXPRESSION. 119

FIGURE 15 — REGULATION OF SPHINGOLIPID METABOLIC ENZYMES BY AR
STIMULATION ACROSS TIME. 120

FIGURE 16 — D-ERYTHRO-CERAMIDE IS THE MOST EFFECTIVE AGAINST PCA CELLS.

125
FIGURE 17 - DIFFERENT CERAMIDE ANALOGS ARE METABOLIZED
DIFFERENTIALLY BY LNCAP CELLS. 129

FIGURE 18 — IMPAIRED METABOLISM OF SPHINGOLIPIDS LEADS TO REDUCED
CELL VIABILITY. 131

FIGURE 19 — REMOVING CNL FROM CELL CULTURE MEDIA HINDERS ITS EFFICACY.
132

FIGURE 20 — SPTSSB IS AN ACHILLES’ HEEL IN PCA. 143



XX1V



LIST OF TABLES

TABLE 1 - KEY RESOURCES USED IN THIS THESIS. 87

TABLE 2 - LIST OF DOWNREGULATED SPHINGOLIPID ENZYME TRANSCRIPTS BY AR

STIMULATION IN PCA CELLS LINES. 117

TABLE 3 - LIST OF UPREGULATED SPHINGOLIPID ENZYME TRANSCRIPTS BY AR

STIMULATION IN PCA CELL LINES. 118



26



CHAPTER 1: INTRODUCTION

1. THE PROSTATE

1.1 ANATOMY AND HISTOLOGY

The prostate gland is a walnut-shaped small organ located in the pelvic region
below the bladder and surrounding the urethra 34. This gland is essential for the male
reproductive system with its main role being secretion of seminal fluid that helps
sperm to travel and survive 35. In adults, the normal prostate reaches 25cm3 and
weighs about 20g ¢. The formation of prostate tissue during development depends on
the signaling of male hormones, such as androgens that signal through the Androgen
receptor (AR), which is one of the most important genes in the prostate in normal
and cancer conditions 3.

After more than two centuries of controversies surrounding the establishment
of the prostate anatomy, in 1968 John E. McNeal proposed a zonal structure 7:8.
McNeal worked on the zonal structure for 25 years reaching what is now
commonplace: four nonhomogeneous and distinct zones- peripheral, central,
transition and anterior fibromuscular stroma (AFMS) 9. These zones are not only
different anatomically but also histologically and biologically, which explains why
they also differ when it comes to prostate disorders. The peripheral zone is the main
area and comprises about 70% of the prostate, and most of the inflammation and
prostate carcinomas (PCa) arise in this area. This zone is close to the rectum and
palpable by digital rectal examination (DRE), a gold-standard screening test for PCa
36, The central zone, which surrounds the ejaculatory ducts, makes about 25% of the
prostate area and a small portion of PCa arise in this area, usually very aggressive and
invasive tumors °. The transition zone surrounds the proximal urethra and is
composed of two equal lobules that account for about 5% of the total prostate area.
Between 10 and 20% of PCa cases arise in this zone, but age-related benign prostatic
hyperplasia (BPH) is frequently limited to this area 39. These three areas are
responsible for the glandular function of the prostate; while AFMS is compose of
muscle and fibrous tissue that support the gland. A thin layer of fibrous tissue
involves these areas, the so-called prostate capsule 3°. Neuroendocrine cells are

another component of the prostate gland 3611,



1.2 DISORDERS AFFECTING THE PROSTATE GLAND

In an aging population, disorders that affect the prostate gland are very
common as they are mostly associated with age, and these disorders can range from
benign to malignant conditions 2.

The first broad study of prostate pathology dates back to 1900, and in 1925
Reischauer proposed that prostatic hyperplasia developed from mesenchymal
proliferation and a reorganization of epithelial cells into a epithelial stromal
proliferation 3. Nowadays this condition is termed benign prostatic hyperplasia
(BPH) and is projected to afflict about 62% of men 50 years old or older 2.
Interestingly, about 90% of 80-years old men have signs of BPH, which points to an
age-related condition 4. Despite being a benign condition, BPH can impact men’s
lives due to prostate enlargement 5. Despite BPH and PCa frequently coexisting in
patients there are no direct links in a progression from BPH to PCa.

Proliferative inflammatory atrophy (PIA) is characterized by chronic
inflammation and high heterogeneity 3. This type of lesion is thought to occur after
inflammation and leads to regeneration and proliferation of epithelial cells in the
prostate 1©. PIA shares several genetic and morphological abnormalities with high-
grade prostatic intraepithelial neoplasia (HGPIN) suggesting it as a precursor for this
condition 78, Prostatic intraepithelial neoplasia (PIN) is a common pre-malignant
condition afflicting the prostate with more direct evolutionary ties to PCa. PIN
lesions can be distinguished between low-grade and high-grade PIN (HGPIN) based
on the histological features 9. HGPIN is considered to be the most likely
precancerous region that leads to a significant number of cases of PCa 42021, High
levels of proliferation and prominent nucleoli characterize HGPIN, however, basal
cells which are absent in PCa, are present in this pre-malignant condition. This key
difference is a helpful tool for distinction between these two disorders, but also
shines a light on how HGPIN might be an intermediary between normal and
prostatic cancer tissue 52%2!, When looking at the similarities between HGPIN and
PCa it is important to mention that both occur in close proximity in about 70% of the
prostatectomy specimens, and that both are multifocal and heterogeneous 2°.

Prostate adenocarcinoma (PCa) is estimated to account for 95% of the total
tumors that arise in the prostate, ranging from indolent to extremely aggressive
entities 5622, This heterogeneity, also observed molecularly, combined with the lack
of symptoms in initial stages of the disease, makes it imperative to find better
therapeutic and diagnostic options for earlier stages, as well as determining which

molecular pathways are behind this progression. Another important entity that



originates in the prostate are neuroendocrine tumors %23, This represents a group of
heterogeneous tumors including small cell carcinoma, PCa with focal differentiation,
large cell neuroendocrine carcinomas, among others 24, Neuroendocrine focal
differentiation is described as occurring in 5-10% of localized tumors but is more
prevalent (~25%) after hormonal treatment of PCa patients 23, These cases termed
neuroendocrine prostate cancer (NEPC) originate due to cell plasticity after
inhibition of hormonal receptors by transdifferentiation of luminal PCa cells 25. The
common theme in all types of neuroendocrine tumors is the lack of effective

therapeutics and being responsible for most of the mortality among PCa patients.

1.3 A MAJOR EPIDEMIOLOGICAL AND FINANCIAL BURDEN WORLDWIDE

Prostate cancer (PCa) was the second most incident tumor in men worldwide
during 2018, accounting for 13.5% of cancer cases (Figure 1) 2627, During the same
period PCa had the 5t highest cancer-related mortality rate in men worldwide at
6.7% 26. Prostate cancer is also about three times more incident in regions of the
world with higher economic development rates compared with lower development
rates, while mortality rates don’t display the same pattern and are pretty much equal
26_ In the United States, the incidence rates for 2020 are estimated to be even higher
and reaching about 21% of the new cancer cases in men, the leading tumor in that
category 28. Regarding mortality, PCa in 2020 will be responsible for 10.3% of the
cancer-related deaths in men second only to lung cancer, a drop of 52% since 1993 28.

Given the improvement of early diagnosis and treatments for PCa, patients
tend to live longer but with side effects from the disease increasing the costs
associated with PCa. PCa is now not only an epidemiological problem, but also a
financial one for governments and families worldwide. Researchers have estimated
that in 2020, PCa will have a total cost of $16.3 billion, which would represent a $4.5
billion increase since 2010 29.

Taking into consideration the increasing incidence rate and increased costs
this leads to an increased psychological burden for families and societies. Thus, it is
crucial to find novel molecular mechanisms that lead to improvement of current

therapeutics available or totally new therapeutic modalities for PCa.
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Figure 1 -Estimated age-standardized incidence rate per 100.000 in 2020 in males of
all ages2%.

1.4 DIAGNOSIS: A SET OF IMPERFECT, YET HELPFUL TOOLS

As previously stated, most cases of PCa are asymptomatic until invasion
occurs, therefore there have been decades of research into biomarkers and
techniques for PCa diagnosis. There are several studies pointing to a lack of evidence
regarding the benefits of widespread screening of PCa, however it is advised to offer
early detection to well-informed men 3931 Currently, screening for PCa is
recommended to start in men at age 50 and to be regularly performed until their
seventies 32. The gold standard for screening is a combination between digital rectal
examination (DRE), and measurement of serum concentration of prostate specific
antigen (PSA) 33. DRE by itself is of limited value as it is highly dependent on
physicians’ experience, but it’s an important adjuvant tool to PSA testing and is
critical in determining clinical stage 34. The US implemented serum PSA as a
screening methodology in 1987 and saw an almost immediate rise in PCa incidence
rates 2628, Incidence rates have since then dropped or stabilized.

PSA, or Kallikrein-3 (KLK3) is a glycoprotein produced and secreted by the
prostate. The main problem with PSA testing is that PSA itself is organ-specific but
not cancer-specific leading to fallible results. As an example, BPH, a common benign
condition is known to lead to increased levels of PSA in men 34. A traditional value for
PSA of 4 ng/mL has been established as a cutoff to determine the need for a biopsy
after abnormal or inconclusive DRE, with 70% of PCa patients having values higher
than 4 ng/mL 34. A cutoff such as the one for PSA can be deceiving and leads to

under- and over-diagnosis, and currently a risk stratification approach has been



adopted. This strategy originates from a study that showed that 25% of patients with
3.1-4 ng/mL had high-grade tumors 35. The overtreatment of indolent tumors can
present a problem originated from fallible biomarkers, as only 10-20% of men are at
risk of developing clinical PCa, while 60-70% are estimated to harbor the disease 34.
These issues with DRE and PSA have led to recommendations to not use them in
every man, but let it be an individual choice 2¢. Meanwhile, researchers are still trying
to find new and more reliable biomarkers, especially for urine and circulating tumor
cell detection 3637,

After abnormal or inconclusive screening results, patients usually undergo
imaging examination via ultrasound and/or transrectal ultra-sound (TRUS) biopsy.
This technique allows physicians to evaluate prostate status (volume, inflammation)
but also assist on obtaining material for histopathological evaluation 38.

The search for more reliable biomarkers that can limit the number of
unnecessary biopsies and better predict aggressiveness and disease course is still

essential for PCa.

1.5 GLEASON SCORE: AN ARCHITECTURAL STAGING APPROACH

In 1966, Donald Gleason proposed a grading system based on PCa
architecture after biopsy that remains as one of the main tools for predicting patients’
outcome 394!, This grading system has been coined as Gleason score (GS) and has
evolved and changed through the years to incorporate new findings in the prostate
cancer histology field. It is based in the architecture and differentiation of the tumors
and does not include any cytological information 42. Gleason proposed a 5-tier
grading system that scores histologic patterns from 1-5 that reflects the
differentiation level (Figure 2). In other words, the highest score represents less
differentiated and therefore more aggressive tumors. Gleason and his colleagues
earlier recognized the heterogeneity of most PCa and adapted this to encompass the
two most common architectures observed, originating the GS that is the sum of both
scores ranging from 2-10 4942, Increased GS is correlated with tumor size, more
advanced clinical staging, metastatic disease, and lower survival rates 42. In 2014, the
International Society of Urological Pathology (ISUP) established a new consensus on
how to report GS to better represent the risk imposed by the disease 43. One of the
main issues that the 2014 consensus addresses is the difference in prognosis with GS
7, which will represent patients with 4+3 or 3+4 tumors. Thus, another 5-tier system
was proposed as follows: GS < 6 (Grade group 1); GS 3+4 (Grade group 2); GS 4+3
(Grade group 3); GS 8 (Grade group 4); GS 9-10 (Grade group 5) 2343. The authors



contend that this system, that has its foundation in the original work by Gleason, is
better at predicting prognosis but also at reflecting PCa biology 43. This system has
also been adopted by the World health organization (WHO) 23.

Figure 2 — Modified Gleason score system for grading of PCa based on

glandular histology of the tumors (Adapted from reference 41).

1.6 REVISED TUMOR STAGING BY TNM

Tumor staging is of extreme importance, as it works as a guide by

ascertaining the severity of the disease, estimating its prognosis, guiding treatment
options, and helping clinicians all over the world to report their findings in the clinic
44, Therefore, staging needs to be extremely accurate, and periodical revisions and
adaptations are made to ensure this accuracy. The American Joint Committee on
Cancer (AJCC) first published a cancer staging manual in 1977, and since then it has
become the main option to stage solid tumors from all sites. In 2018, the 8t and
latest update came into effect 44. The AJCC staging system is termed TNM, and it
consists in three different categories: T- extent of primary tumor, N- presence and
extent of lymph node involvement, and M- presence and extent of distant metastasis.
There are two main types of staging that take place in the clinic: clinical and
pathological. Clinical staging occurs before intervention and includes DRE, serum
PSA, imaging techniques, TRUS, and GS grade 4445, After the biopsy, criteria such as
absence of basal cells by lack of p63 and cytokeratin 5/14 staining can confirm the
diagnosis of PCa 5. Elevated levels of alpha-methylacyl-CoA racemase (AMACR) are

also common and represent a luminal phenotype characteristic of PCa 5. Pathological



staging is usually performed after radical prostatectomy (RP) and involves macro and
microscopic evaluation of the surgical specimen combined with regional lymph nodes
46, The T category ranges from T1-T4 depending on the extent of the tumor in the
prostate and evidence of local invasion, while N and M are binary, either absent (0)
or present (1) 44. Combining the clinical and pathological staging leads to assignment
of patients to four different groups regarding their prognosis and guides clinicians

towards the appropriate treatment options available 44.

1.7 TUMOR PROGRESSION: MOLECULAR PATHWAYS BEHIND THE CURTAIN

Cancer is a genetic disease where tumor suppressor genes become
deactivated, and oncogenes activated leading to overgrowth of neoplastic cells; PCa is
not an exception to this phenomenon 47. Several pathways have been identified as
cancer hallmarks 47. With the advent of high-throughput techniques that allow
analysis of the entire genome, transcriptome, and proteome it has become much
easier to understand the underlying molecular alterations behind PCa progression.
Currently, unlike other endocrine-related tumors such as breast and ovarian cancer,
there are no established molecular subtypes that are applied in the clinic despite
several efforts to achieve so.

As expected, some molecular events and players that play a role in PCa are
similar to other tumor models. Genes involved in cell cycle regulation (p53, Rb),
epigenetic machinery (EZH2, HDACs), oncogene Myc, oxidative response (GSTP),
signaling cascades regulated by mTOR and MAPK, and heat shock proteins among
others, have all been reported as involved in PCa 5485, For the sake of brevity in this
Thesis only the major frequent events that are specific to PCa will be detailed.

There are three genes that are crucial during the normal prostate
development and maturation that are dysregulated in PCa: NK3 Homeobox 1
(NKX3.1), Forkhead box A1 (FOXA1), and AR 4. NKX3.1 is a transcriptional
repressor located in a chromosome region (8p21) frequently displaying loss of
heterozygosity in HGPIN and PCa 54950, Studies have shown that the loss of NKX3.1
expression is partial and not sufficient to induce tumor formation in mouse models,
but instead is related with development of PIN lesions, suggesting this event as an
early occurrence in the progression from normal prostate to PCa 5°. AR is a nuclear
hormone receptor that plays an important role as a transcription factor in normal
prostate and PCa and will be discussed further in Section 2 of this Thesis (Androgen
signaling in Prostate cancer). FOXA1 is a transcription factor that combined with

epigenetic mechanisms regulates AR expression as it has been shown to positively



and negatively regulate the signaling pathways activated by AR 5. FOXA1 transcript
has been shown to have elevated expression in PCa where levels are able to predict
shorter time to death from PCa and have also been shown to be elevated in
metastases of castration-resistant PCa (CRPCa) 553,

Another pathway that is frequently dysregulated in cancer in general is the
PI3K/AKT/PTEN axis. Phosphatase and Tensin Homolog (PTEN) is a bona fide
tumor suppressor gene that functions as a lipid phosphatase that is frequently lost in
PCa patients, and thus has low expression in about 85% of patients, being a marker
for poor prognosis 49-5°. Mouse models with knockout PTEN develop both PIN lesions
as well as PCa 54. The absence of PTEN is a crucial checkpoint on the oncogenic axis
of PI3K/AKT that leads to more aggressive tumors.

A key molecular rearrangement occurring in PCa is the Transmembrane
protease serine 2-erythroblast transformation-specific (TMPRSS2-ETS) fusion gene
that is estimated to occur in a more than 50% of patients. TMPRSS2 is an androgen-
regulated gene and, in this gene fusion event, its 5’ untranslated region is fused with a
member of the ETS family 55. This way the ETS family gene is under control from AR
signaling activity maximizing its expression in prostate cells. The most common
partner for fusion with TMPRSS2 is ETS-related gene (ERG) and this fusion product
is present in about 50% of the diagnosed PCa 5. The overexpression of ERG in PCa
has been associated with degradation of extracellular matrix and decreased cell
adhesion, potentially contributing to a more aggressive phenotype 5758,
Overexpression of ERG in mouse models has been shown to result in minimal and
low-grade PIN lesions, but when this occurs in the absence of PTEN it leads to
HGPIN and PCa 5. This shows that temporal and spatial molecular alterations are
important for the pathological progression in PCa.

It is important to note that, despite a vast amount of information on
molecular alterations in PCa, molecular therapeutics remain centered in AR
inhibition. Thus, novel and alternative pathways can still be explored for the benefit

of PCa patients.

1.8 WHO, WHEN, AND HOW TO TREAT PROSTATE CANCER
The complexity and heterogeneity of PCa makes it difficult for clinicians to
determine a treatment plan that fits all patients. Several criteria need to be taken into
consideration before a treatment decision is made, and those include: staging,
grading, age, life expectancy and life quality post-treatment 8. With the widespread

use of PSA all over the world, more and more asymptomatic men have been subjected



to biopsies that disclosed early stage PCa 2659, The question that clinicians need to
ask themselves (and their patient) frequently regarding PCa after its finding is to
treat or not to treat? The key challenge becomes to determine who are the patients
where treatment will change the course of the disease from those where treatment
would be unnecessary 3.

A common strategy in PCa, given its association with patients’ age, is active
surveillance to avoid overtreatment. This is applied to very low-risk, locally confined
PCa that are not treated but instead followed and, if there is increased risk of
progression, then treatment becomes an option ¢°. Active surveillance was developed
when data pointed that men diagnosed with PCa live up to 20 years with a survival
rate of 80-90% ¢°. Changes in GS after new biopsy or a rise in PSA are the follow-up
criteria for potential progression and lead to a new course of action . A variant of
active surveillance is watchful waiting which, instead of curative has palliative intent,
and relies more on patients’ symptoms than clinical tests .

Radical prostatectomy (RP) is a surgical procedure that removes the prostate
and has been used in localized PCa for over a century 59. This approach has shown
cancer-specific improvements in survival . Cryotherapy, where freezing probes
ablate tumors has also been used to treat localized PCa, especially with the help of
ultra-sound technology to guide the probes 59, In high-risk PCa, radiotherapy is
usually an adjuvant treatment to RP with increased survival benefits 331, Within
radiotherapy there are several different modalities that have been used in PCa:
external-beam radiation therapy (EBRT), intensity-modulated radiation therapy
(IMRT), brachytherapy and proton beam therapy 3v59. In low-risk PCa, some
clinicians opt to perform radiation therapy in patients if they fit in the criteria
necessary for it, and surgery would either be to risky or not predicted to show a
significant health benefit compared with radiation 3.

Another major strategy for treatment of PCa, mainly for cases of advanced
disease, is hormonal therapy or androgen-deprivation therapy (ADT). ADT was first
reported back in the 1940s when Huggins and Hodges showed for the first time that
after castration, PCa patients had relief of their symptoms and better prognosis °2.
ADT using either surgical or chemical castration (suppresses the secretion of
androgens) or anti-androgens (blocks androgen action) is the core treatment option
for advanced PCa and leads to symptom relief in 70-80% of patients 3. Tumor
volumes and PSA levels are rapidly decreased after implementation of ADT regimens
59. Chemical castration is attained using luteinizing gonadotropin-releasing

hormones by reducing testosterone levels ¢°. The most common therapeutics to block



androgen signaling are AR antagonists, such as Enzalutamide (MDV3100), or
inhibitors of androgen synthesis, such as Abiraterone acetate (Abi) ¢4.

However, relapse is inevitable and data shows that after 18-24 months
virtually all patients relapse to either hormone resistant PCa (HRPC) or castration
resistant PCa (CRPCa) %. In HRPC, patients no longer respond to any kind of
hormonal therapy, while in CRPCa they are initially responsive to secondary
hormonal ablations 3'. The molecular mechanisms of this relapse will be discussed in
Section 2 of this Thesis (Androgen signaling in Prostate cancer). This relapse leads
to a stage of the disease where patients no longer have effective therapeutic options
available besides palliative treatments. Therefore, it is crucial to not only keep
the focus on the resistance mechanisms to the standard of care
chemotherapeutic approaches but also to find novel pathways that can be

explored in synergistic combinations with the current status quo.

1.9 MODELS FOR PROSTATE CANCER RESEARCH

As one of the most incident cancers worldwide, a lot of effort has been put
into discovering new molecular mechanisms underlying PCa and therapeutics that
can end up in the clinic benefiting patients. This effort is only possible because of the
availability of in vitro and in vivo models that allow researchers to advance the
knowledge of the disease. New and more advanced models are still needed to address
issues such as disease progression and drug resistance.

Researchers have access to several PCa in vitro cell line models that are a
quick and initial tool for researchers to test new compounds and important cellular
pathways, but lack stromal components and microenvironment conditions that have
been shown to play an important role in cancer . There are four cell lines that
represent the progression of PCa: LNCaP, C4-2, PC-3, and DU145 67-%9,

LNCaP cells were generated in 1977 from lymph nodes of a PCa patient 7°.
This cell line is AR and PSA positive, PTEN negative, which is a common molecular
signature of early PCa %. LNCaP cells have a mutated AR that increases its specificity
to other androgens than just testosterone 869, LNCaP has been used in xenografts
studies for PCa, but its growth rate is slow, which led researchers to generate and
establish sublines from it. One of the main sublines currently used is C4-2 cell line
that was generated after passaging of parental LNCaP in a castrated mouse and then
reinjecting into other castrated mice and harvested from bone metastasis 7. C4-2
cells express AR but are androgen insensitive and have shown to have better

engraftment and ability to metastasize in xenografts modeling of PCa 3.9, Therefore,



C4-2 represents one step ahead of the PCa progression compared with LNCaP. In
1979, the PC-3 cell line was created from a bone metastasis of PCa patient 72. This cell
line represents AR negative tumors, as it lacks AR and PSA expression and is highly
metastatic %%%. Moreover, PC-3 cells represent a neuroendocrine phenotype, that
albeit rare are extremely aggressive in patients. PC-3 cells when xenografted in mice
lead to osteolytic bone metastasis 8. Another androgen insensitive cell line that is
commonly used in PCa research is DU145, which was obtained from a brain
metastasis 73. These cells are more resembling of adenocarcinoma compared with PC-
3 and still generate bone metastasis in xenograft models 899, Several other cell lines
have been generated and used in PCa research with different degrees of success and
have been reviewed by Sobel & Sadar 7475,

In addition to the disadvantages of using cell lines mentioned before,
isolating cells and generating a novel cell line will lead to homogeneity which doesn’t
represent a disease like PCa that has high degrees of heterogeneity. A model that
better represents this heterogeneity is patient-derived xenografts (PDX) 76. PDXs
have been shown to be able to resemble the progression of PCa towards drug
resistance but lack the potential to metastasize in the first injection ¢976. PDXs also
have highly variable engraftment rates, a disadvantage that has hindered the
widespread use of PDXs in PCa research 975, One major disadvantage, similar to
xenografts, is the fact that the mice wused for these approaches are
immunocompromised therefore lacking the role the immune system plays in
patients. High-throughput alternatives to PDXs are organoids that are generated in a
dish after cell collection from patients and allow for faster molecular and
pharmacological studies 677,

With the advancement of genetic manipulation in the last 3 decades,
genetically engineered mouse (GEM) models of PCa have been developed that
circumvent some of the disadvantages that other methodologies have. These models
account for tumor heterogeneity, stromal cells, immune response, and have been
shown to represent the tumor progression seen in humans. One of the main caveats
is the lack of PSA that doesn’t allow this marker to be used in the study of targeted
therapeutics to the prostate. GEM models can be grouped in four categories: (1)
transgenic, (2) conditional knockout, (3) whole body knockout, and (4) gain of
function models 78. The most well studied transgenic mouse model in PCa research is
the transgenic adenocarcinoma of the mouse prostate (TRAMP) where mice develop
tumors within 18 weeks of age and are able to metastasize to lungs and lymph nodes,

but not to the bone ¢9:78. Castration has been shown to shrink tumors in TRAMP mice



in about 20% of the cases, while leading to aggressive tumors with neuroendocrine
features in the rest of the animals 79. A similar transgenic model named LADY has
also been widely used . More recent models are not based in the transgene approach
but genetic knockouts that resemble PCa lesions. Models with deletion of PTEN and
NKX3.1, either alone or combined, whole-body or prostate-specific have been
developed with success 78. Homozygous deletion of PTEN in mice prostate leads to
development of hyperplasia, followed by PIN lesions within 6 weeks, and progression
to PCa in 100% of the animals between 9-29 weeks 8°. Overexpression of the
oncogene Myc with composite probasin promoter,ARR,PB, yields a Hi-Myc mouse
model that has been reported to progress from PIN to carcinoma at 13 weeks of age
with invasiveness phenotype at 26 weeks 8. Combination of PTEN and P53 in the
prostate has been shown as a promising model to mimic human disease progression
in all of its steps including the development of CRPCa and neuroendocrine phenotype
25

Additional models have been used in PCa research in mouse models with
different degrees of success and approximation to the human disease. Therefore, and
with the constant technological advance, new models will in the near future help

revealing novel mechanisms of onset and progression in PCa.

1.10 PROSTATE CANCER BREAKS THE WARBURG RULE

Cancer is a disease characterized by a chronic uncontrolled cell growth with
the subsequent potential to invade and metastasize other tissues. This aberrant
increase in cell proliferation means that cells need to ramp up their energy
production to support the higher demand. In 1930 for the first time, Otto Warburg
suggested that tumor cells not only have a higher metabolic rate, but also most
importantly have a different metabolism than normal cells 8283, Otto Warburg found
that cancer cells favor glycolysis and glucose consumption even in the presence of
oxygen 8283, This finding led to the term “aerobic glycolysis” 47. Meanwhile, non-
neoplastic cells favor oxidative phosphorylation, and when in aerobic conditions use
glucose to produce pyruvate and then carbon dioxide. Only in anaerobic conditions is
glycolysis favored but the pyruvate produced by glucose consumption is not taken to
the mitochondria at the same rate 47. The switch that cancer cells undergo from
regular aerobic conditions to aerobic glycolysis is counterintuitive and
counterproductive as glycolysis produces less energy when compared to oxidative
phosphorylation 47. One of the mechanisms underlying the switch is up-regulation of

glucose transporters that allow for increases in glucose uptake. In fact, clinicians have



used this as a diagnostic route by developing a radioactive scan (PET, positron
emission tomography) based on radiolabeled glucose. As PET scans are based on
glucose uptake, only cells that have high uptake of glucose will be radiolabeled and
show a signal in this exam, allowing clinicians to discover or confirm the existence of
tumor masses. Recently it has become evident that this metabolic switch is not static
and that cells adapt to the conditions surrounding them, and tumors have been
shown to have different cell populations that depend on different metabolic
pathways, even showing symbiotic relationships between those pathways 4. But
studies have shown, that despite metabolic states being a constant flux in most
cancer cells, there is one exception to the Warburg “rule”, Prostate cancer.

The main function for the prostate gland is to produce prostatic fluid that
composes semen. Thus, prostate metabolism is highly specialized in the production
of citrate and subsequent release. In the 1940s, researchers found that normal
prostate favors glycolysis even in aerobic conditions, a Warburg effect in normal cells
85, Decades later, researchers found that the tricarboxylic acid (TCA) cycle is impaired
in the prostate due to zinc accumulation that leads to enzymatic inhibition, not
allowing for its oxidation but instead to its release 8. Not surprisingly, hormonal
regulation of metabolism in prostate has been widely studied 848788, Despite this
difference in normal conditions compared with other tissues, PCa still undergoes a
major metabolic switch compared with their normal counterparts. Just like
metabolism is reversed in normal cells, the switch in PCa follows the reverse
Warburg effect. Thus, PCa favors enhanced oxidative phosphorylation with high rates
of lipogenesis and low rates of glycolysis both driven by hormones and AR 8991, PCa
tumors have shown to be able to complete their TCA cycle, which happens by the
down-regulation of zinc transporters: without zinc to block key enzymes in TCA, PCa
cells are then able to oxidize citrate which then either helps TCA to come to an end or
helps in lipogenesis 89. This change in PCa metabolism helps to explain why PET
scans are usually not helpful to detect the disease in patients. Nevertheless, a recent
paper in a cohort of PCa patients with neuroendocrine disease showed that PET scans
were able to detect 95% of nodal and visceral metastasis showing that metabolic
changes also occur in the transition to independence from AR 92. The presence of
other cell types in the tumor microenvironment may represent an additional source
of nutrients, and in PCa cancer associated fibroblasts have been shown to produce
lactate which has been shown to be key for cells highly dependent on oxidative
phosphorylation such as PCa cells 93-95. This supports the idea that tumors include

cell populations with different energetic needs or reliance on different metabolic



pathways, and that tumor cells might even hijack the nutrients secreted by those cells
for their own proliferation.

Cancer cell metabolism is crucial to support disease progression and
expansion to other areas of the body and constitutes an important avenue for
treatments. It is thus important to reconcile that PCa might not benefit from the
same metabolic treatments that most tumors would and that the reverse approaches
might have to be applied. Moreover, AR, the major player in PCa and the focus of the

next section of this Thesis regulates these dysfunctional metabolic pathways.



2. ANDROGEN SIGNALING IN PROSTATE CANCER

2.1 STEROID HORMONES, ANDROGENS, AND COOPERSTOWN

Hormones are signaling molecules produced by glands that form a
communication system between organs and tissues to regulate physiological activities
in the body. Glands that secrete hormones compose the endocrine system, and there
are two types of glands: (1) secrete hormones into the bloodstream — endocrine; (2)
secrete hormones into epithelial surfaces by the use of ducts — exocrine, such as
prostate 9. One of the three main classes of hormones is steroids that encompass
cholesterol, steroid hormones (sex hormones and corticosteroids), and anabolic
steroids (the synthetic anabolic steroids are responsible for increasing muscle
synthesis and responsible for keeping many baseball players out of the Hall of Fame
in Cooperstown) 9. Steroid hormones, which include androgens, bind to nuclear
receptors to initiate specific signaling pathways, a phenomenon that has been
recognized for more than 50 years 97. In fact, the discovery in the 1920s of sex
hormones by Ruzicka and Butenandt led to their joint chemistry Nobel Prize. About
50 nuclear hormone receptors have been identified in humans, and the Androgen
receptor is the natural receptor for androgens 9. Androgens are synthesized in the
adrenal glands and gonads using cholesterol as precursors 9. Cholesterol is
converted to pregnenolone by Cytochrome P450 Family 11 Subfamily A Member 1
(CYP11A1) that then gets hydroxylated by Cytochrome P450 Family 17 Subfamily A
Member 1 (CYP17A1) to form 170H-pregnenolone. CYP17A1 then through its lyase
activity converts this molecule into dehydroepiandrosterone (DHEA). DHEA
eventually becomes androstenedione and then testosterone, which is then secreted
and taken up by prostate, liver, brain and skin. The prostate then transforms
testosterone into dihydrotestosterone (DHT) by the activity of 5a-reductase
(SRD5A1/2) 00, Both testosterone and dihydrotestosterone are agonists of the AR,
however their potency is not the same; DHT is a more potent agonist of AR . The
first reports on AR structure were published in the 1960s and since then, AR became

the center of attention in the PCa field 02,

2.2 ANDROGEN RECEPTOR: A DYNAMIC STRUCTURE
Androgen receptor (AR) is a member of the nuclear receptors (NR)
superfamily, a group of transcription factors (TF) that have a similar structure and
function by regulating several key cellular pathways. This superfamily comprises four

different classes: steroid receptors (Class I), RXR heterodimers (Class II),



homodimeric orphan receptors (Class III), and monomeric orphan receptors (Class
IV) 103, All NR contain a N-terminal domain (NTD), a DNA binding domain (DBD), a
hinge region, ligand binding domain (LBD), and a C-terminal domain (CTD) '°3. Both
DBD and LBD are the most conserved domains in the family, with LBD having
specific changes for ligand selectivity and affinity 1°31°4, The AR ¢cDNA sequence was
published for the first time in 1988 105-108,

The NTD is the largest region in NRs’ structure and the least conserved of all
domains 9. In AR, the NTD is disordered due to the high number of protein-protein
interactions occurring in this area, conferring a high degree of plasticity to the
protein 98193, The Activator Function-1 (AF-1) region is located in the NTD and it’s the
anchor for co-repressors and co-activators binding to AR and thus regulates
transcription 4, Moreover, the NTD is the target for the vast majority of post-
translational modifications that include phosphorylation, acetylation, and
SUMOylation 4, Therefore, the NTD and its AF-1 region have a crucial role in the
ability of AR to regulate transcription. Important evidence supporting this is shown
by mutations in this area contributing to a weaker regulation of AR-related gene
expression 109-110,

The DNA binding domain (DBD) is widely conserved and is the region
responsible for the binding of AR to DNA. Three main zones constitute the DBD: two
zinc fingers and a carboxyl-terminal extension 1°2. The first zinc finger contains a P-
box, a recognition helix that contributes to AR-DNA binding, and the second zinc
finger contains a D-box, which allows AR dimerization '»12, The AR-DNA binding is
not random; instead, it happens at the so-called androgen responsive elements
(AREs). Chromatin immunoprecipitation (ChIP) experiments have shown and
established that the canonical binding site for AR is 5-AGAACAnnnTGTTCT 13115,
The strength of this interaction depends on the amount of variability in the sequence,
repeats of AREs and the co-repressors and/or activators assembled with AR at a
given point 16,

The hinge region is the shortest in the structure of AR and it is a linker
between the DNA and ligand binding domains. The hinge region contains a nuclear
localization signal sequence that when exposed after ligand binding allows the
translocation of the receptor from the cytoplasm to the nucleus 78, The import of
AR from the cytoplasm to the nucleus is accomplished with the help of importin-a 9.
Similar to the NTD, the hinge region is the target for several post-translational

modifications 12°.



The ligand binding domain (LBD) is the region where the interaction between
testosterone and DHT occur, and its structure was first described two decades ago 2.
Upon binding of the ligand to a hydrophobic ligand-binding pocket, the receptor
undergoes a conformational change that alters protein-interaction and localization of
AR 22, Akin to the NTD, the LBD contains an Activation Function (AF-2) region that
facilitates interaction with co-regulators of AR 4, The LBD also possesses a nuclear
export signal that suppresses the nuclear localization signal present in the hinge
region in the absence of ligand 6.

Despite the importance of natural ligands for AR function, in recent years
several splice variants of AR have been described, mostly in the context of PCa 123,
Most of the variants described so far lack the LBD and are commonly constitutively
active and able to bind to DNA and deploy an AR-signaling pathway even in the
absence of ligand 23. Combined with the importance of AF-1 for a strong regulation of
transcription, this shows the plasticity of AR and its ability to regulate transcription
without ligand.

Understanding how AR works and its structure has been of crucial
importance to develop therapeutic strategies for PCa, and to make an educated
attempt at predicting how the cells might develop resistance to these strategies. One
of the main functions of AR is to act as a transcription factor and thus regulate
expression of several genes that influence normal tissue development as well as

cancer onset and progression.

2.3 A POWERFUL REGULATOR

Androgen receptor (AR) is the master regulator of prostate growth and
function. AR in its normal length and without ligand binding forms a complex with
heat-shock protein 9o (HSP9o0), and upon binding of the ligand changes its
conformation and gets translocated to the nucleus where it can activate or repress
gene transcription 24, Given its role in the gland’s growth and development, AR
needs to regulate a wide array of cellular pathways. Around 20,000 full or half-site
AREs have been described, and with the technological advances this number will only
grow larger 124125, Most of these locations have been identified in gene enhancers and
promoters, but recently intergenic regions have also been identified as a target for
AR-regulation 125128, The most widely recognized AR targets are already used in clinic
for diagnosis, prognosis or molecular stratification. In 1991, PSA (or KLK3) was first
described as one of AR targets, and later in 1999 TMPRSS2, which is frequently

translocated and fused in PCa, was also validated as an AR target 2913°, Importantly,



a recent study has shown that AR has distinct programs depending on the cell cycle
status of each cell 28. When put into the context of cellular heterogeneity within
prostate tumor masses, these cell cycle-related signaling programs might explain
different dependence on various signaling pathways triggered by AR. The
physiological regulation by AR is accomplished by two distinct mechanisms of action:
(1) non-genomic, and (2) genomic.

Non-genomic regulation does not involve binding of AR to DNA, and instead
occurs within seconds to minutes without translocation to the nucleus being
necessary 3. There are three basic criteria established to define non-genomic
actions: (1) speed — it needs to occur between seconds to minutes, (2) membrane
mediated — action that can be performed even if bound to repressor proteins, and (3)
lack of transcription or translation machinery 2. This mechanism of action is
commonly associated with rapid induction of secondary messenger signal
transduction cascades, such as free intracellular calcium, activation of protein kinase
A and C (PKA-C), Mitogen-activated protein kinase (MAPK), and tyrosine kinase c-
Src 133134, One important membrane structure that has been suggested to influence
AR non-genomic function are caveolae 16135 Caveolae are structures in cell
membranes rich in signaling proteins and membrane receptors, and have been
shown to interact with AR in what could be a ligand-independent mechanism of
activation of non-genomic AR 1. It is possible that by activating kinases, AR is then
phosphorylated itself promoting its activity without ligand in a feedback loop that
would perpetuate AR’s role in prostate cells. More studies addressing the non-
genomic roles of AR are needed, but one thing is clear: these seem to be a highly
important complement to the genomic role of the receptor.

As a nuclear receptor, and despite non-genomic actions, the current data
suggests that AR acts mostly as a transcription factor. For this, AR needs to associate
with the transcription machinery, co-activators and co-repressors 3°. A ratio between
co-activators and co-repressors has been suggested as an important determinant of
what kind of regulation by AR will be imposed in gene expression in a tissue- and
temporal manner 7. More than 169 co-regulators of AR have been described
(reviewed in 13%). Co-activators of AR have been described as being part of different
cellular pathways, which indicate a tissue-specific role in the activation of AR. These
proteins act directly on the AR structure or recruit other partners to modify
chromatin, NTD interactions with C-terminal for stabilization and enhanced activity,

or recruitment of more co-activators 38. Thus, it is not surprising that mouse models



with deletion of some of these co-activators have shown phenotypes similar to
hormone deficiencies 139141,

On the other hand, co-repressors act to negatively mediate expression of AR
targets, however their modus operandi is similar to the co-activators: chromatin
modification, inhibition of recruitment of co-activators, and blocking AR from
translocating to the nucleus 38. The most noteworthy are the mechanisms that still
allow AR to bind to DNA, but the outcome is the repression of transcription, unlike
what has been the primary study of AR signaling, its activator role. A putative
molecular mechanism for this repression involves AR binding to a negative
regulatory sequence and recruiting histone deacetylases (HDACs) that will lead to a
more compact chromatin and impair transcription of that specific gene or loci 34. The
recruitment of HDACs happens after binding of nuclear co-repressors to AR: nuclear
receptor corepressors (NCoR) and silencing mediator of retinoid and thyroid
receptors (SMRT) 42, Another mechanism of gene repression by AR comes from its
co-expression with lysine-specific demethylases 1 (LSD1) that leads to demethylation
of activating chromatin marks next to AREs enhancers 42. On the contrary, AR has
also been shown to associate with Enhancer of zeste homolog 2 (EZH2) that
augments silencing of expression by increased methylation 42, More studies are
necessary to shed light on this important regulation, especially with evidence that AR
can play both a tumor suppressor and oncogene role in PCa 43,

Taking into consideration the multitude of roles that AR can play, as well as
the array of pathways and partners related with this nuclear receptor, dysregulation
of either of these components can lead to altered phenotypes and end up in

pathological conditions.

2.4 DISORDERS ASSOCIATED WITH THE ANDROGEN RECEPTOR

AR plays an important role in the signaling ability and is widely expressed in
the body. Thus, changes in AR expression have been associated with different
diseases, in the prostate and elsewhere. AR is located in the X chromosome;
therefore, changes in its expression affect men differently than women, although
these alterations can then be passed to the next generation. One of the most
sociologically detrimental diseases resulting from AR deficiencies is male infertility,
where a long (CAG)nCAA repeat diminishes the activity of AR and leads to defective
spermatogenesis °2, The same repeat has been associated with Kennedy’s disease, as
it results in degeneration of motor neurons in the lower body with subsequent muscle

weakness 102122, Another condition related to AR is the androgen insensitivity



syndrome (AIS), where a mutation in the receptor leads to a lack of ability to respond
to androgens 44, AIS is a X-linked inherited disease first described in 1947 that
results in impediment of males developing male sexual characteristics 102122144,
Development of cognitive impairment, bone disease, cardiovascular disease have all
been linked with AR 116122,

Despite all of these diseases being associated with AR, the one that has
received most attention is PCa even though alterations in AR status is not sufficient
to develop the disease 78. Mouse models with overexpression of AR have been shown
to develop PIN lesions 78. One of the most interesting models concerns loss of AR in
the stromal cells of the prostate in heterozygous PTEN mutants that led to repression
of PIN formation 78. The role of AR in disease onset and progression is undeniable,
and several alterations have been described as mutations, overexpression, and gene
amplification 102116.122,145_ Gjven the importance of the androgens-AR signaling axis in
PCa, several pharmacological approaches have been designed to block this important
pathway (see section 2.6 of this Thesis), and evasion mechanism to these strategies

will be explored in section 2.7 of this Thesis.

2.5 METABOLIC REGULATION: FEEDING THE UNCONTROLLABLE FIRE

As previously mentioned, metabolic changes are essential for cancer
progression as cancer cells have a high demand for energy to sustain their
proliferation. In PCa, development and progression are accompanied by higher rates
of lipid synthesis and metabolism, mostly coordinated by AR 91146147, In fact, studies
have shown that AR is responsible for increased rates of beta-oxidation and
lipogenesis and that both lead to higher proliferative rates 148149, One of the metabolic
hallmarks of PCa is lipid accumulation, a phenomena happening in patients and
models of study 84. Enzymes responsible for fatty acid synthesis, such as fatty acid
synthase (FASN), acetyl-coA carboxylase (ACAC), and acetyl-coA lyase have also been
identified as overexpressed in PCa 9. These newly generated fatty acids can then be
used to generate membrane lipids '5° or used for energy production to sustain
proliferation. Importantly, AR has been shown to regulate both FASN and ACAC in
PCa 5. Another metabolic branch regulated by AR is cholesterol biosynthesis. AR is
able to regulate Sterol Regulatory Element-Binding Proteins (SREBP), a
transcription factor responsible for cholesterol synthesis, which in itself is a
precursor of steroid hormones clearing the way for a feedback loop where AR is able
to regulate itself 91. This is only accomplished by the ability that PCa cells have to

esterify cholesterol and store them in lipid droplets where high levels of cholesterol



are no longer toxic to cells, and can’t block the activation of SREBP 9. AR is able to
activate SREBP cleavage activating protein (SCAP) that then binds to SREBP, leading
to its accumulation in the nucleus and thus activation of downstream targets involved
in lipogenesis 84152, One other source of lipid accumulation is autophagy regulated by
androgens and AR 53, A recent study in mouse models of PCa showed that lipids
promote PCa aggressiveness, as the deletion of PTEN and Promyelocytic leukemia
protein (PML) led to activation of Mitogen-Activated Protein Kinase (MAPK)
signaling and subsequent lipid production 154155, A minimally defined role for AR
concerning lipid metabolism is the regulation of exogenous lipid uptake, which can
generate a feedback loop: release of fatty acid from adipose cells or cells in tumor
microenvironment, and uptake by the prostate cancer cells 47. Uptake of exogenous
lipids has been shown to be a biomarker for aggressiveness and worse prognosis
156,157, However, more evidence is necessary to prove AR involvement in the enhanced
uptake. Several therapeutic options have been tested to block lipogenesis with
variable success 8490155,

Despite PCa being more lipogenic than most tumors, which rely on glycolysis,
AR has been described as a regulator of glucose transporters, which can then feed
into several key oncogenic pathways such as Phosphoinositide 3-kinases/AKT serine-
threonine kinase/mammalian Target of Rapamycin kinase (PI3K/AKT/mTOR) 9.
The aforementioned relationship between AR and the epigenetics machinery is also
an important regulator of metabolism, as the subsequent metabolites has direct
impact in cells metabolism. Another important fuel source for cells, especially rapidly
dividing cancer cells, is amino acid uptake and metabolism, as these are important
for protein synthesis and energy production. AR has therefore also been linked to the
up-regulation of amino acid uptake and metabolism in PCa, mainly glutamine,
phenylalanine, tryptophan, tyrosine, lysine and arginine 58.

AR regulation of metabolism, and its ability to do so in the transition from
latent to aggressive PCa is one of the reasons why so much emphasis has been put
into developing effective therapeutics that target this receptor. However, the
metabolic control and the ability to keep adding “logs to an uncontrollable fire” are
the main reasons why tumors resist those same treatments. The continuous
development of new methods and better equipment capable of more advanced
metabolomics and lipidomics will keep adding to the understanding of the

importance of AR’s tight connection with metabolism.



2.6 BLOCKING THE RECEPTOR

The role of androgens and the androgen receptor in the onset and progression
of prostate lesions that culminate in prostate cancer is clear and long established.
Thus, several inhibition strategies for the AR axis have been established with
different degrees of success in the clinic. Independent of the specific strategies used,
there are two main categories for this type of treatments: androgen synthesis
inhibitors that block the synthesis of androgens and stop AR activity upstream of the
receptor, and AR antagonists, which directly compete with androgens to block AR
activity.

A standard treatment for patients with advanced PCa is to block luteinizing
gonadotropin-releasing hormones (GnRH) leading to decreased production of
testosterone 3159, After reducing the levels of serum testosterone, PCa shrinks but
patients eventually relapse to the lethal phase of the disease '°°. However, this
reduction only affects the testosterone produced in the testes, not impacting the
adrenal gland and intratumor cells that are still able to produce DHEA via de novo
steroid synthesis 159161, The DHEA can then be used by the prostate gland to generate
testosterone and feed AR signaling '59. Therefore this pathway is crucial to prevent
resistance or to be used as a secondary treatment after initial resistance to GnRH
inhibitors, and the Federal Drug Administration (FDA) has approved one inhibitor
for this effect with others in advanced clinical trials 2. The main enzyme involved in
this pathway is CYP17A1, and its irreversible inhibitor Abiraterone acetate (Abi) is
already approved by the FDA and in the clinic for PCa patients that relapsed
following initial chemical castration 15910, Abi was developed after Abiraterone
showed high toxicity in patients, with efforts resulting in 20 new compounds 6. Abi
was then shown to have even higher selectivity than Abiraterone, and moreover, as it
inhibits the production of testosterone in the testes and adrenal gland, it is more
effective than GnRH inhibition 101103164 Abi has also been shown to be a partial
antagonist of AR indicating that its benefits might come from targeting more than
one pathway in the AR signaling pathways at any given time 195167, In clinical trials,
Abi has shown an improvement in overall survival (~4 months) beyond standard of
care for metastatic CRPCa but eventually patients relapse following development of
resistance to the regimen 191, Abi treatment induces the accumulation of steroid
components upstream of CYP17A1 that have been shown to activate mutant AR

forms, a potential evasion mechanism 051, More enzymes involved in



steroidogenesis other than CYP17A1 are promising targets for PCa treatment and
researchers have been working on it, albeit without any getting to the clinic .

The other main group of inhibitors includes direct AR antagonists, and
several have been discovered and approved throughout the years. AR is in the top 8%
of druggable targets in regard to quantity of compounds that have been predicted to
bind to it %8, Within this group, the first generation included flutamide, nilutamide,
and bicalutamide, which prevented binding of ligand and subsequent translocation of
AR to the nucleus . These three compounds had different degrees of affinity to AR
with bicalutamide being the strongest and the only of these that hasn’t been replaced
by more potent inhibitors 160161169 A key issue surrounding the first-generation AR
inhibitors was their agonist/antagonist switch, where there was evidence for these
drugs to potentiate AR action. In 2012, the FDA approved for metastatic PCa the first
of the second generation of AR inhibitors, Enzalutamide (MDV3100) '%. This new
inhibitor resulted from a screen of about 200 nonsteroidal anti-androgens using
LNCaP cells as the model of study 70171, This study showed that MDV3100 had higher
affinity than bicalutamide (5-8 times) and was able to block ligand binding and slow
down translocation of the receptor to the nucleus, binding of AR to DNA, and
interactions of AR with co-activators 7°. Most importantly, MDV3100 was believed to
not have agonist effect on AR, a key difference from the first-generation drugs.
However, this has been disproved in the case of AR(F786L) mutations where
MDV3100 has the ability to increase AR activity 79172, Moreover, MDV3100 does
carry a novel side effect not seen with the first generation inhibitors, as this drug
penetrates the blood-brain barrier (BBB), inhibits g-aminobutyric acid receptor
(GABA,) causing seizures in patients 1. Taking this into consideration, researchers
have tried to develop new compounds that act like MDV3100 without the
neurological side effects or agonist switch. In 2018 and 2019, the FDA approved
Apalutamide and Darolutamide respectively, for the treatment of metastatic PCa
161,172,173 Despite both drugs displaying less brain penetrance, Apalutamide treatments
are still subject to agonist switch; meanwhile, Darolutamide has no agonist switch
properties, an improvement over every other AR inhibitor 161172,

A lot of scientific effort and investment has been placed in finding efficacious
treatments for PCa. Strikingly, the drug market value of PCa drugs is expected to
reach $10B in 2026, with AR inhibitors accounting for half of that amount 8. The
biggest caveat remains despite all of the effort: disease progression. Regardless of the
promise brought by the drugs above described, PCa remains elusive to treat as

tumors find escape mechanisms to the targeted therapeutics. Antiandrogen



withdrawal syndrome (AAWS) has been described in patients treated with androgen
synthesis inhibitors such as Abi, first and second-generation AR blockers 74. This
syndrome is defined as a drop in PSA serum levels after removing the patients from
androgen deprivation medication, a parameter that is usually used to indicate that
those same compounds are working '74. Determining when to administer these drugs
to patients has been a common quest for physicians, as a recent trial for Abi showed
improvement in survival and disease progression in patients that were hormone
naive 75, Moreover, to understand how AAWS arises, what mechanisms accompany
such phenotype that ultimately results in disease progression, will guide physicians
and help determine combination treatments potentially outside of the AR pathway

that will help PCa patients long-term.

2.7 THE SEEMINGLY UNAVOIDABLE RELAPSE

Cancer treatments in general have been shown to be effective, however this
efficacy is usually short-term with recurrence always looming over physicians and
patients. Prostate cancer due to its cellular and molecular heterogeneity it is difficult
to determine and predict the best therapeutic options for patients. However, and
taking into consideration the role androgens play in the development of prostate
gland, blocking the production of these hormones by chemical castration or surgery
(ADT) has been the main targeted therapeutic for PCa. Eventually patients relapse to
the first stage of castration-resistance, hormone resistant PCa (HRPC), where these
treatments are no longer effective. The main therapeutic option for HRPC is a
combination of taxanes (e.g. docetaxel) and second-generation AR inhibitors
(MDV3100, apalutamide, darolutamide) or Abiraterone acetate. Nonetheless, tumors
adapt and relapse to the second stage, which is commonly termed castration-
resistant PCa (CRPCa) that ends up being responsible for most deaths by PCa. One
strategy with which physicians have been experimenting is to deploy combination
treatments in early stages of the disease instead of incremental and sequential
treatments %4. Several models of resistance have been proposed for the ability of
tumors to adapt to these treatments.

Mechanisms of resistance have been described for tumors and there are
general mechanisms that also occur in PCa. Multi-drug resistance 1 (MDR1) is a
membrane protein that pumps drugs out of cells (especially docetaxel) contributing
to resistance °4. Tumors exist in harsh conditions and one of the hallmarks is a leaky
vasculature 47. Leaky vasculature can impair the drug uptake by tumor cells due to

defective transport 76, However, the principle of leaky vasculature is behind the



promise and success of nanotechnologies that can still be transported and because of
their size and deficient vasculature benefit from enhanced permeability retention
(EPR) in tumors 77. Another source of drug resistance related with vasculature is the
hypoxic tumor environment, where overexpression of hypoxia-responsive genes
upregulate pathways related to proliferation and survival, including phosphorylation
of sphingosine to sphingosine-1-phosphate 178179, The production of interleukins such
as IL-6, IL-23, IL-1p and IL-10 by stromal cells and infiltrating macrophages have
also been associated with worse prognosis after treatment, with subsequent increased
AR activity 180-183,

Recent studies have shown that after treatment of PCa, especially after
targeting the hormonal axis, tumors elevate proliferation pathways bypassing the
effect of treatments. In PCa the main evasion mechanism is still related to AR
signaling as most metastatic CRPCa retain elevated levels of AR and downstream
targets 5. As previously described, mutations in AR lead to lack of efficacy of AR
antagonists, and about 10-30% of PCa have gain of function mutations 5. Several
outcomes derive from these mutations including hypersensitivity to the natural
agonists, protein stability, increased affinity for other steroids or growth factors,
ligand-independent activity, and increased ability to recruit co-activators 5064159,
These phenomena suggest a pressure on cells to adjust their AR status in order to
circumvent treatments.

Another common alteration regarding AR is splice variants that have been
described as constitutively active even in the absence of circulating androgens 23. The
splice variant AR-V7, which lacks the LBD, was first described in 2008 and recent
studies have linked this variant with resistance to Abi and MDV3100, and decreased
survival rates 184186, Interestingly, ADT has been shown to drive splicing factors to AR
pre-mRNA and increase levels of AR-V7 187, Despite AR-V7 being the most commonly
found variant, others exist that lack the ability to translocate to the nucleus 23. Thus,
it is possible that these variants can have a predominant non-genomic role and
trigger signaling cascades as described in section 2.3 of this Thesis.

Other transcription factors, including steroid hormone receptors such as
glucocorticoid receptor (GR) can also compensate for AR signaling. Up-regulation of
GR has been shown to be present in patients after treatment with MDV3100 and is
associated with poor clinical response ¥8. A molecular explanation for this is the
overlap of about 50% between genes activated and repressed by AR and GR ©4188,
Moreover, oncogenic pathways such as the PI3K/AKT/mTOR cascade have also been

described as elevated in PCa and can play a role in evasion of AR signaling inhibitors



189, Of importance, researchers have shown PI3K/AKT/mTOR can then positively
regulate AR generating a feedback loop that in the absence of PTEN can be extremely
detrimental for patients ¢4. Given tumors instability, changing the ratio of co-
activators/co-repressors plus epigenetic changes can also potentiate the resistance to
AR inhibition and progression to both stages of CRPCa 5.

The main goal of GnRH inhibitors is to decrease the number of androgens
produced in the body and to slow down AR activation and signaling. It has become
apparent that PCa cells are able to circumvent this blockade by increasing the
number of androgens produced from cholesterol, adrenal precursors or progesterone
generating an intracrine and paracrine feedback loop of constant activation 45190,
Despite lack of a definitive molecular mechanism for why tumors relapse to AR
inhibition via intratumoral androgen synthesis, researchers have suggested that the
higher affinity of testosterone and DHT to AR, compared with AR inhibitors, results
in “out-competition” and AR activation 45. Evidence supporting this theory comes
from the up-regulation of key enzymes in the de novo steroidogenesis pathway, such
as CYP17A1, suggesting why Abiraterone acetate is then efficacious in HRPC patients
145,

Lastly, lineage switching, and plasticity is of the utmost importance in the
adaptation that occurs within tumors and that allows their function after treatment
regimens. Part of this adaptation involves a transition from adenocarcinoma and AR-
dependent phenotype towards a mixed phenotype between adenocarcinoma with
neuroendocrine differentiation (NEPC) 219t, Recent efforts supported by advanced
mouse models from the Abate-Shen lab have revealed that the progression to NEPC
arises from transdifferentiation of luminal prostate adenocarcinoma cells after Abi
treatment 25. The authors of this study propose a model where there are
neuroendocrine cells in the prostate, which have low proliferation rates (focal) and
overt neuroendocrine phenotype that arise after Abi treatment and that is highly
proliferative and lack AR expression 25. Neuroendocrine differentiation is
characterized by small cell morphology, the presence of chromogranin A,
synaptophysin, and neural cell adhesion molecule ©4159, Cell plasticity is then
responsible for a lineage switching that renders androgen synthesis and AR inhibitors
as useless for PCa treatment. Neuroendocrine phenotype occurs in about 25% of
patients with metastatic CRPCa while infrequent in primary tumors . Importantly,
whole-exome sequencing studies comparing AR-dependent CRPCa and NEPC
showed that these tumors are genomically similar, while the epigenetic profile is very

different suggesting a role for epigenetic alteration in the progression to



neuroendocrine phenotype ¢4. In fact, EZH2 overexpression has been shown in
several models of neuroendocrine differentiation as well as patients 2191192, Two of the
main players in this progression seem to be overexpression of SRY-Box Transcription
Factor 2 and 11 (SOX2/11) 25. SOX2 regulates several key pathways that fit the model
of progression and phenotype of neuroendocrine cells: stem cell-like properties,
epithelial to mesenchymal transition (EMT), and neuroendocrine differentiation
193,194, Inhibition of SOX2, SOX11 or EZH2 has been shown to reverse the lineage
switching phenomena as well as the resistance to MDV3100 2519519, These data
suggest that inhibitors of these proteins might be relevant to use as a combination
treatment with already established treatments for PCa in order to stop the phenotype
switch towards a more aggressive disease.

Despite all the efforts towards fine-tuning the treatments for PCa patients and
avoid relapses, for now that has been unavoidable. A better understanding of
pathways that are at the intersection of different activated or repressed mechanisms
in tumor development or progression is crucial. More advanced techniques and
models will continue to allow researchers to find novel therapeutic targets.

It is our understanding that sphingolipids are extremely well positioned to
play an important role in all stages of PCa progression, as well as potential
therapeutics. These lipids are important for membrane structure, as well as signaling
cascades showing their relevance in cellular adaptability to the harsh conditions the
tumor faces, and how they can be explored as therapeutic avenues. The work in
this Thesis is focused in understanding the intersection between

sphingolipid biology, AR and Prostate cancer.
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3. THE MOST ENIGMATIC LIPIDS: SPHINGOLIPIDS

3.1 UNCOVERING THE SPHINX

Lipids are biomolecules that are soluble in nonpolar solvents, and initially were
thought to only play a role in cell energy and membrane structure. However, since
the 1950s it became clear to investigators that some lipids were also involved in cell
signaling 197. These are so-called bioactive lipids, which respond to stimulations and
that result in activation of downstream signaling cascades both intra- and
extracellularly, being an integral component of signaling circuitry 198. Given this role
for lipids, it has become clear the lipidome of a cell is of extreme importance: the
synthesis of metabolites and lipids represent the last steps after the DNA, to RNA, to
protein progression, and therefore could be more indicative of phenotype.

“What is the creature that walks on four legs in the morning, two legs at noon,
and three legs in the evening?” That was the riddle posed by the mythic creature,
Sphinx. In both Egyptian and Greek mythology, the sphinx represented guardians of
temples. According to the Greek mythology, Oedipus solved the riddle and defeated
the Sphinx: the answer was man, who crawls in infancy, walks as an adult and needs
a can in old age. In 1884, Johann Ludwig Wilhelm Thudicum published is acclaimed
work “A treatise on the chemical constitution of the brain” and named one lipid that
startled him after the Sphinx: sphingosine 98. After describing the two first
sphingolipids, sphingosine and sphingomyelin, Thudicum is widely considered the
“Father of Sphingolipids”. The term “sphingolipids” was coined in 1947 as it referred
to lipids that contained a sphingoid base 99. It took close to 100 years until
investigators discovered the bioactive roles of sphingolipids, and just like in the
Sphinx legend, when this riddle was solved Hannun and colleagues determined that
adding these sphingolipids to cells led to death by suicide 200201, Sphingolipids are
one of the main classes of bioactive lipids and at the membrane play a role in barrier
function and membrane integrity 202,

All sphingolipids are built upon the same building block, sphingosine that can
vary in its chain length 203, However, free sphingosine is present at small amounts in
mammalian cells as it is commonly N-acylated with a fatty acid CoA of varied carbon
length to originate ceramides 2°3. Complex sphingolipids such as sphingomyelin and
glycosphingolipids (GSL) are formed by modifying and adding groups to ceramide,
which is thus considered to be at the center of sphingolipid metabolism 204, In 2008,
Hannun and Obeid proposed a rule of thumb for the mass of sphingolipids usually

present in human cells 197. Briefly, per 10,000 molecules of sphingomyelin (SM) there



are 1,000 of ceramide (Cer), 30 of sphingosine (Sph) and 0.3 of sphingosine-1-
phosphate (S1P) 197. With the advancement of analytical methods to quantify
sphingolipids, it has become evident that these proportions are merely indicative and
not dogmatic. The sphingolipid mass is variable between tissues, stages of
development as well as different insults cells have been exposed to. The different role
played by the diverse sphingolipids in cell biology highlights that dynamic
composition in cells.

The sphingolipid pathway is an intricate subway system, with different stops
(lipids) being “end-points” or just mere intermediary stops in different metabolic
routes (Figure 3). Interestingly, this subway system has only one entry and one exit
known to researchers. Several key enzymes are involved in the following pathways:
de novo synthesis, sphingomyelin hydrolysis, salvage pathway, ceramide
glycosylation, ceramide phosphorylation and the exit pathway. The sphingolipid train
needs to keep moving; when the train is stopped it originates sphingolipidoses, lipid
storage disorders where certain lipids accumulate causing toxicity to cells (reviewed
in 205), Sphingolipids have been associated with so many cellular pathways that their
involvement in cancer is natural 98. The generation of different sphingolipids via
different pathways, their role in cancer and potential therapeutic avenues to be

pursued will be the subject of this section.

3.2 DIFFERENT ROUTES OF SPHINGOLIPID SUBWAY SYSTEM

3.2.1 THE ONLY ENTRANCE: DE NOVO SYNTHESIS OF SPHINGOLIPIDS (D)

The typical sphingolipid subway system starts in the endoplasmic reticulum
(ER) with one simple reaction: condensation of L-serine and acyl-CoA (palmitoyl-
CoA being the most abundant) to produce 3-ketosphinganine 206, This synthesis
process was described in two publications in back-to-back years 207209, However, just
like in any other metabolic pathway there are exceptions to the rule; mammalian cells
can use L-alanine or L-glycine instead of L-serine and therefore create atypical
sphingolipids, or 1-deoxysphingolipids 2. Serine palmitoyltransferases (SPTLC1-3)
catalyze this rate-limiting step, in combination with serine palmitoyltransferase small
subunits (SPTSSA-B). Originally, SPTLCs were thought to function as a single
subunit, but further studies have shown that SPTLCs act as heterodimers to confer
specificity to the sphingoid base generated 2. Moreover, SPTSSA-B confers
maximum activity to the heterodimers formed by SPTLCs, increasing its activity by
100-fold 2. Despite initially being thought as not substrate specific, the different

heterodimers possible to assemble between SPTLCs and SPTSSs have been shown to



impact which sphingoid bases are generated. Han et al. described the following
heterodimers and corresponding specificity: SPTLC1-SPTLC2-SPTSSA lead to C18
sphingoid bases, the most common in mammalian cells, by utilizing C16-CoA as
substrate; SPTLC1-SPTLC3-SPTSSA generate C16 and Ci18 sphingoid bases by
consuming Ci4- and C16-CoA with preference for Ci4-CoA; SPTLC1-SPTLC2-
SPTSSB complex has a strong preference for C18-CoA substrate generating C20
sphingoid bases; and SPTLC1-SPTLC3-SPTSSB has the ability to use a wide range of
acyl-CoAs, without preference 211213, Therefore, the availability of different fatty acid-
CoA and serine can impact the availability of substrates for the SPTLC-SPTSS
complex to assemble. In fact, in parts of the brain, D-serine has been shown to be
abundant and to competitively inhibit sphingolipid metabolism 2%4. Another
mechanism for inhibiting this pathway is the presence of exogenous sphingolipids
that shuts down the SPTLC complex 2. Hereditary sensory and autonomic
neuropathy 1 (HSAN1) is characterized by loss of pain and temperature sensation
caused by a mutation in SPTLC1 216217, The SPTLC1 mutations in HSAN1 patients
have shown to increase the specificity for L-alanine and L-glycine and subsequent
generation of deoxysphingolipids that accumulate and cause neurotoxicity 218219, A
mutation in the SPTSSB gene in mice has been reported as leading to accumulation
of sphingolipids with C20 sphingoid bases inducing neurodegeneration 22°. The
correlation between mutations and neurodegeneration is important and the
Wattenberg laboratory recently published a temporal dynamic expression of SPTLCs
and SPTSSs during myelination in rat oligodendrocytes that can explain why these
are crucial molecules for normal brain function 22*. More studies are necessary to
elucidate these mechanisms, however and given that over and underregulation of this
pathway leads to pathological conditions, it seems important that organisms keep
this entrance in check; enter ORMDL Sphingolipid Biosynthesis Regulator 1-3
(ORMDL1-3).

ORMDL proteins were found in 2002 and located to the cytosolic surface of
ER, where they sense sphingolipid levels and interact with SPTLCs 222226, The
Breslow study showed that depletion of ORMDLs leads to increase de novo synthesis
of sphingolipids, providing evidence for ORMDLs negative regulation of SPTLCs
complex 223, Two important issues remain to be clarified in the ORMDL world: the
role of the different isoforms regarding sphingolipid recognition, and how the lipid
sensing occurs. Answering these two important questions will elucidate how cells
respond to different sphingolipid fluctuation and stop the synthesis at a given time to

prevent toxicity from occuring.



The next stop after the formation of 3-ketodihydrosphingosine is its rapid
NADPH-dependent reduction to form dihydrosphingosine (dhSph) by the enzyme 3-
ketodihydrosphingosine reductase (KDSR) 206227228 KDSR  reduces 3-
ketodihydrosphingosine at its ketone group to a hydroxyl group and is present at the
cytosolic leaflet of the ER 227229, Defects in KDSR have been associated to the onset of
a skin disorder named progressive symmetric erythrokeratoderma, bovine muscular
atrophy, and type II chronic lymphatic leucemia 228,

The progression in the subway leads dihydrosphingosine to dihydroceramides
(dhCer) by N-acylation at the C2 amino group of dhSph and is executed by 6 different
(dihydro)ceramide synthases (CERS1-6) 228229, CERS are specialized enzymes with
preference for different fatty acid-CoA substrates, albeit this preference overlaps
between some of the enzymes 202228, It is commonly accepted that CERS1 originates
C18 (dihydro)ceramides; CERS2 creates C22-C26 (dihydro)ceramides; CERS3 is
mostly expressed in testes and skin and leads to very long-chain ceramides (C28-32);
CERS4 mostly responsible for generating C18-C20; CERS5 and CERS6 create Ci4
and C16 (dihydro)ceramides 202204, Different chain length and different saturation
result in ceramides that play various roles in human cells, which will be discussed in
Section 3.3 of this Thesis.

The first (dihydro)ceramide synthase was discovered in yeast and was found
to be associated with longevity, as its deletion resulted in prolonged survival 23°. This
enzyme in yeast was also responsible for the generation of ceramides 23°. About
twenty years later, between 2002 and 2006, all human CERS were identified and
characterized 231234, Despite most studies pointing to presence of CERS mostly at the
ER in close connection with the upstream players in the de novo pathway, expression
of CERS in other organelles, such as mitochondria has also been found 202235, It is
also important to note that as it is the case for CERS3, other CERS are differently
expressed in the human body, which enriches tissues with different ceramides
according to the tissue need and function of those lipids 23¢. The idea that
sphingolipids are enigmatic, and therefore full of riddles, had its origins in the 1800s
but to this day they can still provoke surprise in investigators. That is the case for the
dimerization of CERS, where CERS have been found to modulate each other and
being able to alter the sphingolipid composition of a particular tissue or cell through
those same dimers 235237, Cellular sub-localization of CERS appears to be a dynamic
process and not static and determined by a cell’s necessity or external insults and still

need much more clarification.



After dihydroceramides are generated, we reach the final stop of the de novo
synthesis of sphingolipids pathway; a one-way ride where lipids formed might
accumulate because of enzymatic deficiencies but can’t go backwards at any point.
Dihydroceramides are then desaturated by the dihydroceramide A4-desaturase
(DEGS1-2). First DEGSs introduce a hydroxyl group at the C4-position of sphingoid
backbone at the expense of oxygen, to generate the sphingosine backbone 229. This
step is followed by dehydration using NADPH or NADH, where a double bond is
introduced between carbons C4-and C-5 to generate a ceramide (Cer) 229. DEGSs are
embedded in the cytosolic leaflet of the ER membrane, making it the primary place
for de novo synthesis of sphingolipids, from L-serine and acyl-CoA to ceramides
229,238, DEGS1 has been described as only being able to generate fully desaturated
ceramides from dihydroceramides. On the contrary, DEGS2 can produce
phytoceramides, which lack the double bond and are highly abundant in plants,
yeast, and human intestines, skin and kidneys 239.

Ceramides are the culmination of 4 enzymatic processes and the end-lipid of de
novo synthesis route. A ceramide cannot go back and become dihydrosphingosine or
dihydroceramide, but it is at the front and center of the myriad of pathways that
constitute the sphingolipid subway system. From this point on, there are multiple
two-way routes that will be discussed in the following Subsections. It is important to
recognize that more studies are necessary concerning the de novo synthesis pathway
and its potential to render therapeutic benefits and molecular insights into the

ceramide field.

EXTRA EXTRA: SPTSSB, A SMALL PROTEIN WITH GREAT IMPACT

A major player in the de novo synthesis of sphingolipids is SPTSSB, which
consists of 76 amino acids and is a 9gkDa protein. SPTSSB has three different aliases,
C30RF57, SSSPTB, and ADMP, and Singh and colleagues identified this gene in
2005 249, These authors were utilizing a mouse model that lacks testicular production
of testosterone, hpg that had high transcript levels of SPTSSB in the prostate 240241,
The expression of this gene was then down-regulated by adding exogenous
testosterone24°. Therefore, it indicates a potential connection between SPTSSB
expression and the development of hormone-refractory prostate cancer. Nonetheless,
the relevance of SPTSSB in this process is still unknown and two hypotheses might be
suggested: it may represent a biomarker for this progression from hormone
dependence to independence, or an active player by regulating signaling pathways. In

fact, the authors of this study showed that SPTSSB was more expressed in the brain



of normal mice and that this expression was decreased in hpg mice 24°. This suggests
an androgen regulation that is tissue-dependent and could be explained by the
presence of co-factors that differently impact transcription.

In 2009, as previously mentioned, Han et al. showed that the presence of
SPTSSB in the SPTLC complex is critical for maximum activity and synthesis of
ceramide via the de novo pathway 2. This elevated activity reaches 100-fold in
comparison with normal levels of the enzyme 2. The complex of SPTLC1-SPTLC2-
SPTSSB preferentially generates C20 sphingoid bases, while SPTLC1-SPTLC3-
SPTSSB uses a wide range of acyl-CoAs, without preference 2212242, Coordinated
regulation of SPTSSB and SPTSSA is also possible, as these two enzymes are reported
as leading to different sphingoid bases in the de novo pathway 2'*. This suggests that
the assembly of the complex or differential expression can be established with a
feedback loop with the availability of substrates in a given tissue.

Not a lot is known when it comes to human pathologies and SPTSSB, and in
cancer there have been no studies published. In the neuroscience field, mutations in
the SPTSSB gene in mice lead to neurodegeneration by accumulation of sphingolipids
with C20 sphingoid bases 22°. The correlation between mutations and
neurodegeneration is important and the Wattenberg laboratory recently published a
temporal dynamic expression of SPTLCs and SPTSSs during myelination in rat
oligodendrocytes that can explain why these are crucial molecules for normal brain
function 221

These data combined suggest a role for SPTSSB in the neuronal development
and function, and a negative regulation by androgens in prostate. Taking into
consideration that neuroendocrine differentiation occurs in resistance to anti-
hormonal treatments, we speculate that SPTSSB might play a role in this resistance

mechanism given its importance in cells of neuronal origin.

3.2.2 ATYPICAL ROUTE

Despite most sphingolipids being generated by condensation of L-serine with
a fatty acid-CoA, there is a class of atypical sphingolipids generated by L-alanine or L-
glycine, called 1-deoxysphingolipids 243. The use of L-alanine generates 1-deoxy-
dihydrosphingosine, while L-alanine creates 1-deoxy-methyldihydrosphingosine
213,243, A crucial difference between these classes of sphingolipids is that atypical
sphingolipids lack the Ci-hydroxyl group present in dihydrosphingosine 213:243. The
lack of Ci-hydroxyl group stops addition of any complex groups (carbohydrates,
phosphates) that are included in the more complex typical sphingolipids. Thus, these



sphingolipids cannot be degraded via the same routes as typical sphingolipids, and
instead are metabolized by cytochrome P450 enzymes 244245, As described above,
HSAN1 patients carry mutations in SPTLC1 that lead to a substrate preference to L-
alanine and L-glycine and accumulation of 1-deoxysphingolipids, which have slower
metabolism and display more toxicity 2'8219, Interestingly, studies with short-chain
labeled 1-deoxyceramides showed a rapid localization to the mitochondria unlike
labeled short-chain ceramides that localized to the Golgi and plasma membrane 245,
The authors did report that 1-deoxyceramide localized to the ER and Golgi at later
time points, and reported changes in mitochondria fragmentation 245. The ER signal
at later time points was associated with morphological changes in the organelle and
subsequent ER stress 245. The stress sensitivity to 1-deoxysphingolipids seems to be
dependent on the ability that certain tissues and cells have in processing these lipids
into polyunsaturated and hydroxylated products 243. Authors have reported that
depletion of L-serine in cultured cells starts a shift towards higher usage of L-alanine
and L-glycine, indicating a potential dead end for a cell’s fate 246. More studies are
necessary to determine how the SPTLC complex might me more promiscuous than
previously thought and able to use 3 amino acids. Given the toxicity of these atypical
lipids, it is imperative to determine their role in regulating or being regulated by the

typical sphingolipid metabolites as well as their impact in human disease.

3.2.3 PHOSPHORYLATED CERAMIDES (P)

In 2002, Sugiura et al. discovered the human gene that encodes the enzyme
responsible for phosphorylating ceramides, ceramide kinase (CERK) 247. This enzyme
converts ceramides into ceramide-1-phosphate (C1P), a lipid that was discovered in
1989 in rats and in 1990 in humans by the Kolesnick laboratory 248249, Interestingly,
CERK does not use sphingosine as a substrate and is specific to ceramides 247. The
phosphorylation reaction takes place in the trans-Golgi and is enhanced by the
presence of both calcium and magnesium 229. Upon phosphorylation, C1P can be
transported to plasma membrane and other cell organelles by the action of a recently
discovered transfer protein, ceramide-1-phosphate transfer protein 25°. C1P has been
shown to be important for induction of eicosanoid synthesis by activating
phospholipase A2 (PLA2a) 25. C1P is an important lipid messenger that activates
several key pathways such as phagocytosis, proliferation, vesicular trafficking, and
calcium levels 252255, However, C1P is still an understudied sphingolipid and more
context-dependent roles might be uncovered in the future, as sphingolipids and lipid

messengers become a more prominent field. The route that takes ceramides to C1P is



not a one-way ticket, and in the early 1990s researchers identified what they thought
were ceramide-specific phosphatase enzymes 256257, However, it is now known that
these are lipid phosphate phosphatases (LPP) that despite having C1P as substrate,
end up dephosphorylating other lipids 258-260,

Despite being the most understudied sphingolipid pathway, it is clear that C1P
plays a role in balancing the levels of ceramide in cells and can signal through several
critical pathways 26*. A homeostatic balance between levels of C1P and ceramide is

therefore critical for a healthy cellular and tissue composition.

3.2.4 FROM CERAMIDES TO SPHINGOMYELIN AND BACK (S)

Sphingomyelin (SM) is the most prevalent of sphingolipids and a vital
component of cell membranes in humans. SM is mainly synthesized in the trans
Golgi after ceramide is transported from the ER and a phosphocholine group is
added to it 202, This reaction is catalyzed by sphingomyelin synthases 1 or 2 (SGMS1-
2) that transfer phosphocholine moiety from phosphatidylcholine to ceramide
generating SM and diacylglycerol as a side product 203.264, SGMSs have also been
found to have the ability to add phosphoethanolamine to ceramide forming ceramide
phosphoethanolamine instead of SM 265, Interestingly, evidence points to a
differential role for both SGMS enzymes: SGMS1 at the Golgi seems to be responsible
for generating the majority of SM in the cells, while SGMS2 at the plasma membrane
regulates the conversion of ceramide to SM upon local perturbations 265. In 2004,
researchers found a third protein, Sphingomyelin synthase related protein (SAMDS)
that catalyzes the formation of ceramide phosphoethanolamine in the ER and has
been described as a sensor for ceramide levels 266268, Given its prominent role in the
plasma membrane, the synthesis of SM is tightly connected with cholesterol synthesis
269 SM is also an important component of organelle membranes, and SM in the
nucleus is thought to coordinate with cholesterol to act as an anchor for
transcriptionally active chromatin and to protect double-strand RNA from
degradation 27027t, SM molecules in the plasma membrane of human cells are used as
anchors by viruses, bacteria, and fungi through toxin interaction that usually forms
pores that ultimately lead to infection or cell death 25. Defects in the SGMS enzymes
is detrimental for organisms given the prominent role played by SM in the
membranes and the accumulation of ceramides in cells that can cause cellular death
272,

The synthesis of sphingomyelin does not render an endpoint in the sphingolipid

metabolic pathway. In fact, sphingomyelin hydrolysis is a major source of ceramide



in cells. There are 5 sphingomyelinase phosphodiesterase (SMPD1-4 and ENPP7)
that are categorized according to the optimal pH for them to carry out their function.
Acid sphingomyelinase (SMPD1) is predominantly localized to the lysosome and
metabolizes sphingomyelin present in endosomes and was the first sphingomyelinase
to be discovered 229. SMPD1 has also been found in the extracellular space where it
can metabolize the sphingomyelin present in the outer leaflet of the plasma
membrane 229, Deficiencies in SMPD1 results in a genetic lysosomal storage disorder
called Niemann-Pick type A and B disease due to accumulation of sphingomyelin in
several organs and resulting neurological damage 273. Alkaline sphingomyelinase
(ENPP7) is the least understood enzyme of the group but it has been shown to be
almost exclusive to the digestive system where it is suggested to play an anti-
inflammatory role 274. ENPP7 has been described as mutated in colorectal cancer
patients leading to accumulation of sphingomyelin and reduced ceramide levels 275,
Neutral sphingomyelinases, SMPD2-4, have been identified, with SMPD5 as a
pseudogene also playing a similar role in the mitochondria. Neutral
sphingomyelinases have very specific locations among the group suggesting a role in
hydrolyzing ceramide in different organelles. SMPD2 localizes primarily to the ER
with small presence in the Golgi and nucleus; SMPD3 is mainly located in plasma
membrane, Golgi and recycling compartments; SMPD4 is found predominantly in
the ER and trans Golgi; and SMPDs5 is located in the mitochondria 202276, Not only
are neutral sphingomyelinases located in different compartments within the cells, but
they are also expressed differentially depending on human tissue 262, These enzymes
have been shown to play important roles in the conversion of sphingomyelin to
ceramides in response to chemotherapeutic agents in cancer, a subject that will be
further addressed in Section 3.4.1.

A perfect balance between the levels of sphingomyelin and levels of ceramide is
crucial for cell stability, membrane signaling, and overall health of tissues, as these
are the two most predominant sphingolipids in cells. This balance is important and

can be indicative of how effective cancer therapeutics might be.

3.2.5 CERAMIDES WITH SUGAR AND BEYOND (G)

Ceramides are the basis for more complex lipids such as sphingomyelin, and
glycosphingolipids: a ceramide with a carbohydrate attached to its polar head group
by a glycosidic bound. Almost 400 species of glycosphingolipids have been described
in mammals with different numbers of carbohydrate groups attached to a ceramide,

as well as different carbohydrates 2°3. The synthesis of glycosphingolipids starts with



the addition of a glucose or galactose group to the 1-hydroxyl position of ceramide by
either glucosylceramide synthase (UGCG) or galactosylceramide synthase (UGTS8)
277,278, Both glucosylceramide (GlcCer) and galactosylceramide (GalCer) are the most
abundant glycosphingolipids species and are usually called cerebrosides due to the
presence of only one sugar residue attached to a ceramide 279.

UGTS is a transmembrane protein present in the ER membrane and mostly
expressed in brain tissue, kidneys, and testes 229. Mouse models with UGT8
knockouts die prematurely most likely due to loss of nerve function, but when the
expression of UGTS8 is restricted to oligodendrocytes the phenotype is reversed
suggesting an important role for GalCer in brain function 28°. Addition of sulfate
groups to GalCer by Galactosylceramide sulfotransferase (GAL3ST1) in the Golgi
produces acidic glycosphingolipids termed sulfatides, which are abundant in the
kidney and brain tissue 203279281 Sulfatides have been associated with several
different pathologies, but the most established is the loss of sulfatides in the early
stages of Alzheimer’s disease that leads to accumulation of amyloid plaques in the
brain by lack of clearance 282, On the contrary, if a sialic acid is added by ST3 Beta-
Galactoside Alpha-2,3-Sialyltransferase 5 (ST3GALS5) to GalCer that creates GM4 283,

UGCG is a transmembrane protein located in the cis-Golgi that synthesizes
GlcCer and is essential for mammalian development as knockout mouse models are
embryonically lethal 284, In fact, GlcCer is the first committed step in the
glycosphingolipid pathway 285. Adding exogenous GlcCer to the knockout mice
rescues this phenotype 284. GlcCer are essential components of skin as a precursor of
skin ceramides, and plays important roles in different cellular pathways 2°3. The
enzymes glucosylceramidase 1-3 (GBA1-3) are responsible for converting GlcCer back
to ceramide in the ER and keep a healthy pool of ceramide and GlcCer as well as
more complex glycosphingolipids in cells 286, In 1965, researchers identified the
enzyme that catabolizes GlcCer into ceramide and associated the lack of this enzyme
with Gaucher’s disease, a lipid storage disorder 2%7. This discovery led to a treatment
for patients with the disease that consists of enzyme replacement therapy by
administering GBA1 287. The accumulation of GlcCer and lack of conversion back to
ceramide disrupts several pathways that lead to inflammation and cell stress 288289,
UGCG has also been implicated in drug resistance in cancer where its higher
expression after treatment correlated with increase in expression of Multidrug
resistance 1 (MDR1) 290293, The increase in UGCG would therefore lead to an increase
in the levels of GlcCer and subsequent higher order glycosphingolipids upon

chemotherapy. This phenomenon is considered a mechanism for which cells evade



the accumulation of ceramide, again showing that a perfect balance in the
sphingolipids subway routes is necessary for healthy cells and tissues.

A major intermediary in the synthesis of more complex glycosphingolipids is
lactosylceramide (LacCer) generated by lactosylceramide synthase (B4GALT6) in the
Golgi 294, Upon formation of LacCer, sialic acid groups might be added to the sugar
groups generating gangliosides, crucial components of the plasma membrane where
they interact with transmembrane receptors and other lipids 29529, The initial steps
of glycosylation occur in the cis-Golgi, while the subsequent steps take place in the
trans-Golgi 294. There are five groups of gangliosides (0, M, D, T, Q, P) depending on
the number of sialic acid groups in the molecule (0-5), plus 4 series (0-, a-, b-, c-, d-)
depending on the number of sialic groups in the galactose residue 294. In the Golgi,
GM3 synthase (ST3GALj5) adds a sialic acid group generating GM3 lipids, followed by
GD3 synthase (ST8SIAI) and GT3 synthase (ST8SIA5) 294. In order, the previous
lipids belong to one of the 4 different series of gangliosides, and these are the
precursors of each series. Several other enzymes are involved in this highly complex
pathway, and have been found to be involved in different diseases (reviewed in
285297), Importantly, these membrane lipids are crucial for membrane structure, but
also for proper signaling to occur in mammalian cells. One of the most interesting
relationships between gangliosides and human disease is through their interaction
with pathogens that bind to these lipids and use them as anchors for hijacking
cellular machineries. These gangliosides are also altered in cancer and have been the
focus of recent immunotherapeutic strategies developed to recognize and target
cancer cells 298, More technological developments will help determine the exact roles
of each glycosphingolipids species as well as their importance in human diseases and
their prevention.

The last glycosphingolipid are globosides, where instead of sialic acids, more
carbohydrate groups are attached to LacCer. The globosides were initially found in
the 1960s 299. Glotriaosylceramide (Gb3) one of the most prevalent globosides, has
been identified as accumulating in blood and organs of patients with Fabry disease
300, This disease is caused by a deficiency in the enzyme that breaks down Gb3, a-
galactosidase A (GLA) leading to toxicity by accumulation of Gb3 3°°. As it is the case
for other lipid storage disorders, enzyme replacement therapy provides Fabry disease
patients with functional GLA for normal process of Gb3 3°°. Globosides have been
implicated in several diseases, but their role is still understudied, and more efforts
are necessary to understand a class of lipids that plays a role as cell surface marker

both for treatments as well as molecular understanding of diseases.



Once again, a traffic jam in the buildup or breakdown of highly complex
glycosphingolipids originates and causes unhealthy tissues and cell scenarios. The
clear role for these lipids to coordinate development and treatment response, makes
it imperative that with technological advancement better methods are developed for

quantification and analysis of their involvement in pathologies.

3.2.6 THE SALVAGE PATHWAY AND THE EXIT ROUTE (E)

All the different subway routes described above either generate ceramide or
add more functional groups to the structure of ceramide generating more complex
sphingolipids. In the late endosomes and lysosomes, ceramide can be degraded and
generate sphingosine and free fatty acid 229. This action takes place by the enzymatic
activity of ceramidases that, just like sphingomyelinases, are organelle specific and
depend on optimum pH 229, There are three groups of ceramidases: acid (ASAH1),
neutral (ASAH2), and alkaline (ACER1-3). ASAH1 is predominantly present in the
lysosome and hydrolyzes ceramide species that are degraded from the plasma
membrane. ASAH1 is the most important ceramidase for normal development, as a
full body knockout in mice ends with embryonic lethality 3°*. Moreover, in humans,
absence of functional acid ceramidase leads to development of Farber disease 285. In
1995 by the Sandhoff laboratory purified this enzyme from the lysosome 3°2, ASAH2
is a ceramidase that works at neutral pH to catabolize ceramide species either at the
plasma membrane, Golgi or mitochondria. When at the plasma membrane ASAH2,
has been shown to be important for the generation of sphingosine-1-phosphate (S1P)
303, Knockout mouse models of ASAH2 have shown that this enzyme is important in
the intestine epithelia cells for dietary ceramide degradation 3°4. The three alkaline
ceramidases (ACER1-3) differ not only in tissue expression, but also in subcellular
expression, and substrate specificity 198. ACER1 is mostly restricted to the epidermis,
while both ACER2-3 are more widely expressed in the human body 229. ACER1
localizes to the ER, ACER2 is mostly present in the Golgi, while ACER3 is expressed
both in the ER and Golgi 305308, ACER2 and ACERS3 are responsible for hydrolyzing
phytoceramides, unlike ACER1 229. A knockout mouse model of ACER3 resulted in
enhanced colitis with accumulation of glycolipids 3°9. Ceramidases play an important
role in the generation of sphingosine from ceramide. These free sphingosine and fatty
acid can then be used by ceramide synthases (CERS1-6) to re-generate ceramide
species. In fact, 50% of the sphingosine levels in cells are estimated to be converted

back to ceramide for homeostasis 3'°. This back and forth is important in order to



degrade and generate ceramide species and more complex sphingolipids keeping a
cellular balance within sphingolipid species.

In cells, sphingosine can be phosphorylated by the action of sphingosine
kinases (SPHK1-2) to generate sphingosine-1-phosphate (S1P), a potent metabolite
mostly present in the plasma. S1P was first described in the 1960s and it has a short
half-life in the blood, about 15 minutes, where it plays an important role in vascular
integrity as well as immune cell trafficking 209310, SPHK1 has been predominantly
found in the cytosol and plasma membrane of human cells, while SPHK2 can be
found both in the cytosol but also in the nuclear membrane 3. The different cellular
distribution of these kinases as well as their expression being different during mice
development shows that these two enzymes potentially have context-specific roles 3.
In the plasma, erythrocytes and vascular endothelial cells are the main producers of
S1P, while in the lymphatic system lymphatic endothelial cells contribute the most to
the pool of lymph S1P 312313, In response to stimulations, SPHK1 has been shown to
translocate from the cytosol to the plasma membrane in order to phosphorylate
sphingosine there to S1P and leading to release of this molecule 229. Despite not being
found in the nucleus most of the time, SPHK1 has two nuclear export signals in its
structure, and deletion of those lead to accumulation of SPHK1 protein in the
nucleus. SPHK2 has wider substrate specificity than SPHKi1, using not only
sphingosine, but also phytosphingosine and dihydrosphingosine 229. Knockout mouse
models for both enzymes have been generated, with SPHK2 knockout mice not
displaying any overt abnormalities, while mice with absence of SPHK1 were shown to
have less intestinal inflammation in the context of induced colitis 34. Importantly,
given the role of S1P in the vasculature, the simultaneous knockout of both enzymes
results in embryonic lethality due to improper vascular development 315, Thus, it is
likely that SPHK1 and SPHK2 might be able to compensate each other’s role when
one of them is absent or has limited expression for a healthy cellular status.

S1P is a potent signaling metabolite with 5 G protein-coupled receptors
(GPCR) known, Sphingosine-1-phosphate receptor 1-5 (S1PR1-5). These receptors
show tissue-specificity eliciting a role of S1P in activating different signaling cascades
depending on where in the body its receptors are present 3. S1IPRs have been shown
to be extremely important for immune cell development and trafficking in the body,
with a S1P gradient being important for cell migration and trafficking 31377,
Nonetheless, S1P has also been shown to be able to signal through other mechanisms
independent of S1PRs. One of the most interesting of these S1P actions is by binding

to HDAC1 and 2 in the nucleus and inhibiting their action, impacting overall



epigenetic machinery 3'8. Interestingly, these S1P targets seem to be dependent on the
SPHK and location of where S1P is generated, adding another layer to the role of S1P
as a potent signaling mediator 2°2. More work is still necessary to disclose the specific
roles of each receptor, and the degree of biological redundancy played by these
GPCRs.

Playing the reverse role of SPHKSs, there are two enzymes, Sphingosine-1-
phosphate phosphatase 1-2 (SGPP1-2), that will remove the phosphate group from
cytosolic S1P to generate sphingosine in the ER 319320, This activity of SGPPs is crucial
to salvage sphingoid bases for the synthesis of ceramides and more complex
sphingolipids such as sphingomyelin and glycolipids. SGPP overexpression, however,
leads to accumulation of ceramide levels enhanced by adding exogenous SiP,
showing that SGPPs are critical for the salvage pathway 32, Expectedly, the levels of
extracellular S1P were markedly decrease in the presence of higher expression of
SGPP, indicating that this feedback might have crucial roles in limiting S1P
availability and can contribute to S1P-dependent pathologies 322. Both phosphatases
have ubiquitous expression, suggesting a potential for compensations mechanisms
giving the importance of maintaining homeostatic S1P levels, and so far there are no
studies showing different roles for either enzyme.

Currently, the only exit route from the sphingolipid metabolic pathway is
through Sphingosine-1-phosphate lyase (SGPL1) by hydrolyzing SiP in the ER
generating phosphoethanolamine and fatty acid aldehyde that can then be reused by
different metabolic pathways 323. This reaction occurs exclusively in the ER of cells
and SGPL1 is able to degrade any canonical sphingoid base found in humans 324,
SGPL1 is widely expressed in the body, with higher prevalence in thymus and
intestines and lowest in brain and skeletal muscle 325. Given the importance of SGPL1
in degrading sphingolipids when they might not be necessary for a cell, a knockout
mouse model showed that at 8 weeks of age mice were not viable due to numerous
defects 326. This data emphasizes the necessity a cell has of keeping the sphingolipid
metabolic subway going with no stops or accumulations. As introduced in these
subsections, any unprompted stop leads to pathological phenotypes or lethality.
From the degradation of S1P there is no turning back into the other sphingolipid

routes.
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Figure 3 - The Sphingo City Metro: Representation of the pathways involved in the
synthesis and metabolism of sphingolipids, as well as the respective enzymes responsible for
each step. Any forced stops in the system lead to imbalanced cell homeostasis.

The main takeaway from sphingolipid metabolism is the intricate relationship
between the lipid levels and the coordinated effort by enzymes in different organelles
to achieve a healthy steady state. As briefly mentioned during this section, there are
several sphingolipid-based diseases that have their origin in an accumulation of
certain sphingolipids and the lack of others. Thus, it is not surprising that diseases
like different cancers are characterized by sphingolipid imbalance and that
researchers have attempted to address this with several therapeutics that target the
sphingolipid metabolism pathways. The next section will focus on the role of
ceramide in normal and cancerous cells and its use as a cancer therapeutic. The
following reviews are more complete and provide insight into more lipids and

mechanisms than the ones that are important for this Thesis 198:202:204,327,

3.3 CERAMIDES: A VERSATILE LIPID
Despite not having the most basic structure, ceramides are the center of the
sphingolipid metabolic hub, from which more complex sphingolipids are built. As
described above, ceramides are the product of 6 different enzymes: ceramide
synthases (CERS1-6). These enzymes have different substrate specificities and

generate ceramides with different chain length, in mammals mainly Ci14-C26.



Moreover, tissue distribution of these enzymes determines how much of each
ceramide species a given tissue might have 23%, Ceramides are hydrophobic molecules
and therefore their presence is vastly restricted to the plasma and organelle
membranes where it can trigger signaling cascades and regulate membrane structure
328 Ceramides consist of a fatty acid amide-linked to a sphingoid base, that can vary
not only in length but also saturation and hydroxylation 329. Each of these alterations
in ceramides causes it to signal and regulate membranes differently 328. Interestingly,
Maula and colleagues have reported that when it comes to the chain length,
differences cause minor changes in the bilayer properties of ceramide, indicating that
these might be responsible for fine adjustments in lipid-lipid interaction and
potentially signaling 328. In fact, the levels of ceramide in the plasma membranes of
resting cells is usually low, unlike the levels of sphingomyelin; however, upon certain
stimuli and stress conditions rapid increases in ceramide levels are observed leading
to activation of different signaling cascades in response 33°,

Studies have also shown that ceramide generated by sphingomyelin
hydrolysis in preformed membranes contributes to increased membrane
permeability, vesicular aggregation and efflux of intravesicular components 331332,
The fine-tuning caused by ceramide generation in the membranes has also been
related to cell signaling by altering the dynamics of lipid-lipid, lipid-protein and
protein-protein interactions. In fact, studies from Carrer et al. suggest that ceramide
in the membrane is important for entrapping receptors and signaling molecules,
favoring a stabilization of those receptors and facilitating their activation 225,
Regarding lipid-protein interaction, ceramide has been shown to associate with PKC,
protein phosphatase A2 (PP2A), voltage dependent anion channel 2 (VDAC2) among
others, thus regulating their activity 333-337. In summary, the formation of ceramide-
enriched domains contributes to the activation of signaling cascades by different
mechanisms, showing the relevance not only of ceramide but also of the balance
between sphingolipid species.

Accumulation of ceramides has long been associated with increased cell
death; however, Stiban & Perera in 2015 showed that different ceramide species that
vary in their hydrophobic tail have different abilities to promote cell death 338. These
authors reported that C16-ceramide has the ability to generate small and large pores
in the mitochondria membrane initiating release of cytochrome C and activating
apoptosis 338, On the contrary, longer ceramide species such as C22- and C24-
ceramides were also able to generate small pores, but were also reported to compete

and destabilize pore formation by C16-ceramide, thus slowing down the initiation of



apoptosis 338, These results are consistent with other studies showing that: B-cell
lymphoma extra-large (BCL-XL) is able to inhibit formation of Ci16-ceramide-
induced pores; at the beginning stages of cell death, C16-ceramide levels accumulate,
while C24-ceramide is only increased in the latter stages of the process; and that
overexpressing CERS4 and CERS6 that synthesize C16- C18-, C20-ceramides showed
an anti-proliferative phenotype while CERS2 and C24-ceramide showed a pro-
proliferative phenotype 339342, The advancement of high-resolution imaging and
crystallography will keep advancing the field of biophysics, and more information will
be gathered on how and why different ceramide species can trigger different
pathways in cells.

A recent study from the Ogretmen laboratory added another layer of
complexity to the ceramide field, while directing future studies to better understand
not only the roles of ceramides, but also of the enzymes that synthesize them. The
authors of this study showed that CERS1 is transported from the ER membrane to
the mitochondria by a novel protein called protein that mediates ER-mitochondria
trafficking (PERMIT) 343. The CERS1 transported to the mitochondria is then able to
synthesize mitochondria C18-ceramides that induce mitophagy-regulated cell death
343, The spatiotemporal distribution of ceramide species was already known to be
important, but this is one of the first studies showing that inter-organelle transport of
ceramide synthases is crucial to determine role of ceramides and cellular responses
upon stimulation or stress. However, more studies are needed with regards to other
sphingolipid metabolic enzymes, as well as the localization of the lipids generated.
Most studies are limited in their analysis of sphingolipid species mass as well as
localization and time courses. Broad studies are thus necessary to address these
issues and fully validate biological roles for both enzymes and lipids.

It is clear that different sphingolipids play opposite roles in the regulation of
key cellular pathways, with the most striking example being ceramide (anti-
proliferative) and Si1P (pro-proliferative); this dichotomy originated the so-called
ceramide-S1P rheostat 197. How this balance is tipped might determine a cell’s fate.
However, with more emphasis in sphingolipid biology and the advent of CRISPR
technology, the ceramide-S1P rheostat has become obsolete. As Marco Colombini has
stated recently, there is a “tendency to seek the simplest interpretation (Ockham’s
razor) but with complex systems especially in Biology, the simplest interpretation is
almost always wrong” 344, With this in mind, in 2018 our laboratory proposed a novel
model of interpretation for the different roles of sphingolipids 327. Each cell has a pool

of ceramide that can coordinate different cellular pathways and can be generated by



de novo synthesis or the conversion back from more complex sphingolipids such as
C1P, sphingomyelin and glycosphingolipids (“faucets”) (Figure 4). Given the
prominent role of ceramide accumulation in contributing to cellular stress and death,
cells then have different mechanisms to reduce the ceramide levels by conversion of
ceramides to either less complex sphingolipids (sphingosine and S1P) or complex
sphingolipids (“drains”). This balance between ceramide and all other sphingolipids
is important to determine cell and tissue health. As previously mentioned, changing
this homeostasis contributes to different pathologies; however, the understanding of
how a cell must adapt to sphingolipid levels can also be used in favor of new
therapeutics that explore this tipping point. It is the goal of this Thesis to
describe and understand how these two subjects have defined the

importance of sphingolipids in cancer.
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Figure 4 - Sphingolipid faucets and drains: Cells in homeostasis have a balance
between synthesis of ceramide and the conversion to other sphingolipids to prevent excess of
detrimental ceramides. Cancer cells have been described as overexpressing several pathways
involved in the drainage of the ceramide pool. Ceramide NanoLiposomes are a mechanism to
inundate this pool leading to accumulation of ceramide species and subsequent cell death in
cancer cells (Adapted from reference 327).

3.4 CERAMIDE IN CANCER: THE ULTIMATE DEATH LINEUP

It all started back in the early 1990s, when the late Lina Obeid demonstrated for
the first time that ceramide led to programmed cell death in leukemia cells 345. Since
that publication, many others have connected ceramide to different types of cellular

death in cancer. In Section 3.2 of this Thesis, the sphingolipid metabolic subway



concept was introduced, where any forced stoppage was linked to a human
pathology. Cancer is no exception when it comes to alterations of the sphingolipid
pathway. Ceramide accumulation has long been associated with increased cell death,
and researchers have demonstrated that tumor cells have increased ability to
metabolize ceramide in order to avoid its detrimental effects. In this Section, the
subject of ceramides role in cellular death in cancer treatments and the ways tumors

developed to evade those therapies will be explored.

3.4.1 CONVENTIONAL CANCER THERAPIES MEDIATE SPHINGOLIPID
METABOLISM

Ceramides, and all other sphingolipids, are not only important for their
structural role in cell membranes but also because of their active role in regulating
signaling cascades. Sphingolipids are important for all eukaryotes and the level of
conservation among species is quite high, which has enabled researchers to identify
the enzymes mentioned earlier in this Thesis, as well as their biological role. One of
the earlier mechanisms found in yeast was that when under stress conditions, such as
temperature, the organism adapts and increases its ceramide levels 346. One of main
general mechanisms by which chemotherapeutic agents work in cancer is through
increased cell stress to an irreparable state. Given the evolutionary conservation of
sphingolipid metabolism between species, it is thus not surprising that ceramide
levels are also increased in humans after cell stress caused by those drugs 347. Several
chemotherapeutic classes have been found to increase ceramide generation via de
novo synthesis 346:348-351, Generation of ceramide after treatment via quick hydrolysis
of sphingomyelin has also been reported to lead to cell death in cancer cells 352353,
That is also the case for radiation treatments; in 1994 the Kolesnick laboratory found
that the cell death induced by radiation was mediated by sphingolipid metabolism 354.
Specifically, authors found that after radiation there was a quick spike in
sphingomyelin hydrolysis at the membrane resulting in increased ceramide levels
and subsequent cell death 354, In the following years the same laboratory showed that
cells that lacked sphingomyelinase activity were insensitive to ceramide-induced cell
death after radiation treatment, and that sensitivity was restored by re-expressing
acid sphingomyelinase 355356, Activation of de novo synthesis of sphingolipids and of
ceramide synthases have also been associated with increased response to radiation
treatments in cancer cells 357360, However, the study by Mesicek and colleagues
demonstrated that different ceramide species played opposite roles related with

sensitivity to radiation treatment 359. These authors showed that activation of CERS5



and CERS6 with corresponding increases in C16-ceramide led to enhanced response
to radiation treatment, while CERS2 and one of its products C24-ceramide had the
reverse effect 359. As previously mentioned, more studies are important to determine
the specific role of ceramide species, or if its role is dependent on cell status or
localization of its increase 343359,

Nonetheless, as mentioned before, tumor cells develop molecular strategies that
allow them to adapt to treatment modalities and usually become more aggressive. In
the sphingolipid realm, drains from the ceramide pool represent those strategies; up-
regulation of ceramidases has been shown to confer resistance to radiation and
chemotherapies, as well as lead to tumor progression in several models 361-366,
Another evasion mechanism is related to the association between overexpression of
glucosylceramide synthase and MDR1 leading to resistance in vitro and in vivo to
chemotherapeutics in different models 367-369, One of the major mechanisms of drug
resistance associated with ceramides follows the up-regulation of ceramidases and
ends up with activation of sphingosine kinases and higher levels of S1P. S1P has
generally been associated with poor prognosis by regulating cell survival,
inflammation, and resistance to chemotherapy 8. Sphingosine kinase 1 has been
shown to be up-regulated in several different tumor models 37°. The up-regulation of
SPHK1-2 then leads to resistance to chemotherapies by generating S1P in different
tumor models 328371372, On the other hand, SGPL the enzyme responsible for
degrading S1P is down-regulated in tumor models contributing to increase SiP
signaling 373. It is therefore not surprising that several of these pathways have been
the focus for the development of new therapeutic modalities that are in different
phases in their pathway to the clinic. Albeit out of the scope for this Thesis, those
strategies have been extensively reviewed in 327.

It is undeniable that ceramide plays an important role in cellular death of tumor
cells and several strategies have been developed to deploy these “deadly”
sphingolipid. Following the subway system model, forcing the train to fast progress
from more complex sphingolipids to ceramide, or to add more ceramide mass de
novo is a promising therapeutic strategy. Nevertheless, it is important to first
understand how ceramides can lead to cell death, so the development of ceramide-

based treatment strategies is based on informed decisions.



3.4.2 CERAMIDE: A MAJOR PLAYER IN CELL DEATH

Considering all the information and evidence gathered about ceramide and its
role in activating cell death in cancer cells, it is important to understand through
which mechanisms that occurs. The answer is not as simple as it seemed in the early
90s, and goes back to Marco Colombini’s words that in science the simplest
interpretation is almost always wrong 344. Ceramide has been described as part of
several different death pathways, and with more and more markers for different
death pathways being discovered, it is possible that the involvement of ceramide in
death mechanisms will keep growing.

The first study connecting ceramide with apoptosis in cancer (leukemia cells)
was published in 1993 345, However, the lack of knowledge about other death
pathways and especially the lack of reliable markers rendered these initial studies as
limited. Nonetheless, later it became clear that radiation caused increased
mitochondria membrane permeability with the involvement of ceramide channels in
that organelle 340374375, The activation of apoptosis was regulated by neutral
sphingomyelinase inducing activity of pro-apoptotic proteins, such as BCL2
antagonist killer 1 (BAK1) and BCL2 associated X protein (BAX) 37°. Moreover, as
previously mentioned, overexpressing CERS5 and CERS6 contributed to higher levels
of Ci16-ceramide that were shown to sensitize cells to radiation 359. However, to
complicate matters, studies have also shown that accumulation of ceramide in the
late endosome was able to block the activation of caspase 3, an effector protein in
apoptosis 377. This studies again point to different roles for sphingolipids depending
on where in the cell they are located. Ceramide can also lead to cell death in the
presence of pro-death signals such as tumor necrosis factor alpha (TNFa) 378,

Necroptosis is a programmed form of necrosis dependent on the sequential
activation of receptor-interacting protein kinase 1-3 (RIPK1-3), and the pore-forming
mixed lineage kinase domain-like protein (MLKL) without the participation of
caspases 379. Moreover, the interaction of lipids and MLKL is necessary for
necroptosis 379. CERS1 overexpression and its product Ci8-ceramide have been
shown to induce necroptosis 380-383, These studies showed that this effect correlated
with PP2A activation that subsequently activated RIPK1 380, The full picture for
ceramide activation of necroptosis is still yet to be painted and more studies are
necessary for full understanding of this relationship.

Another cell mechanism that plays a dual role in cells is autophagy, which can be
protective for cells and to keep a healthy status or detrimental and end up in cell

death. Autophagy is a catabolic process that degrades and recycles damaged



organelles, proteins, and lipids via autophagosomes and lysosomes 384. In cancer,
accumulation of ceramide has been shown to induce autophagy resulting in death or
survival depending on the context 385, Sentelle and colleagues demonstrated that cell
stress from chemotherapeutic agents led to accumulation of ceramides at the
mitochondria 3%¢. This accumulation served as an “attractant” for autophagosomes to
the mitochondria and induced autophagy of the mitochondria (mitophagy) 386:387. The
authors therefore proposed that CERS1-generated ceramide acts as a receptor on the
mitochondrial membrane for autophagosomes to induce selective and lethal
mitophagy in both head and neck cancer and leukemia cells 3%7. Moreover, the
Ogretmen laboratory recently showed that the synthesis of C18-ceramides in the
mitochondria resulted in mitophagy in cancer cells 343. For a more complete review
on the role of ceramide and autophagy, the chapter published by Young et al. is
recommended 384,

In 30 years, the fields of cell death and sphingolipids have come a long way,
however more needs to be done when it comes to the intersection of both. The
different roles ceramides play in different organelles and how this might influence
cell death remain to be ascertained. Moreover, given this phenomenon, questions
remain regarding ceramide’s involvement in cell death in different models or upon
different treatments: is it possible that multiple types of cell death come together at
once? Can different ceramide species and sphingolipids metabolites regulate cell
death differently? How is the regulation of cell death by ceramide occurring: lipid-
lipid, lipid-protein, and/or biophysical interaction? Independent of the mechanism of
cell death or how cell death is triggered, it is clear that ceramide plays a role in cancer
cell death. Thus, in the last decades several efforts have been made to use ceramides
as a treatment for cancer. Given that ceramide is a very hydrophobic lipid, especially
with increased length of the fatty acid tail, its delivery in patients and even in in
vitro/in vivo models is not easy. However, this has been bypassed by the use of
exogenous short-chain ceramides that mimic the endogenous ceramides and still
activate sphingolipid metabolism and results in similar phenotypes compared with

endogenous ceramides.



3.4.3 CERAMIDE: OLD LIPID REPURPOSED BY CUTTING EDGE TECHNOLOGY

Ceramides are associated with cell death after conventional therapeutics;
blocking sphingolipid metabolism in order to accumulate ceramides in cancer cells
leads to cell death; endogenous ceramides are very hydrophobic and not soluble
posing enormous problems for its use as drug; enter the short-chain exogenous
ceramides. These exogenous ceramides are shorter and more soluble than the
endogenous counterparts, and mainly three different lengths have been used: C2-,
C8-, but mostly Cé6-ceramide. Short-chain ceramides are membrane-permeable and
can translocate freely via the cytosol 388, As previously mentioned, endogenous
ceramides are usually bound to membranes in cells, and are rarely detected freely in
the cytosol. This difference indicates that ceramide analogs affect the membrane
properties of cells upon treatment in a different way than endogenous ceramides
389,390, Nonetheless, the metabolism of these short-chain ceramides is very similar to
the endogenous sphingolipids making them a good proxy 39'. Authors have shown
that C6-ceramide is metabolized to endogenous sphingolipids by cells; nonetheless,
this varies according to cell type, dose administered, and ability to metabolize
sphingolipids 392. The last point is important for future study designs; understanding
how a cell/tissue will metabolize sphingolipid-based drugs is important to make
informed clinical decisions.

In order to improve delivery and make these lipid solutions as water-soluble as
possible, new formulations have been developed. The most important one for this
Thesis are the C6-ceramide nanoliposomes (CNL) developed by the Kester
laboratory, which have been shown to improve toxicity against cancer cells and allow
for rapid distribution in vivo with increased intracellular delivery 393-395. CNLs have a
diameter of 85nm and are composed of 5 different lipids other than C6-ceramide
which is the only pharmacologically active compound 3%. The nanoliposomal
formulation is designed to accumulate within tumors due to their leaky vasculature
and the enhanced permeability retention properties of the nanoparticle. Moreover,
the PEGylated groups in the outside of the nanoliposomes protects it from
engulfment by the immune system becoming a stealth agent in the body
391,393,394,397:398, The delivery of the drug occurs via interlamellar bilayer movement of
C6 ceramide and allows its delivery at the plasma membrane of cells 391:393-395:398, In
vivo studies have shown that CNL have a half-life of 11 to 35h, while non-liposomal
C6-ceramide has a half-life of <15 minutes 3%. CNL have been shown in several
different tumor models in vitro and in vivo to have anti-tumor properties 39398, In

vitro, CNLs have been shown to inhibit phosphorylation of AKT and activate



apoptosis in a more potent fashion than non-liposomal C6-ceramide 393. Moreover,
studies have suggested that the ability of CNL to specifically induce death in cancer
cells is related to the inhibition of glycolysis in those cells 399. As previously
mentioned, most cancer cells undergo a switch in their metabolism where they
become more reliant in glycolysis than their normal counterparts, the Warburg effect.
Thus, Ryland and colleagues suggest that it’s the ability of CNL to block glycolysis
that allows the specific effect against tumor cells 399. It is important to note that not
all tumors undergo that switch, with the main example being Prostate cancer. This
phenomenon poses a risk for the benefit of CNLs in these tumors as a single agent.
Nonetheless, these data indicate that cells have the ability to take up the payload and
metabolize the drug. By inundating the ceramide pool with an exogenous source, the
levels of endogenous ceramides will also be raised by re-acylation of the sphingoid
base in C6-ceramide. Thus, the ceramide pool will flood, and the cells will undergo
death. Given the specificity for tumor cells and the features that tumors have, such as
leaky vasculature and fast growth rates, it elevates the potential of CNL as a cancer
treatment.

More important than any preclinical studies, treatments with CNL have reached
the clinic, and a Phase I clinical trial (NCT number NCT02834611) for solid tumors
showed low overall toxicity even at concentrations three times above efficacious
doses, and resulted in stable disease in 50% of the patients tested. This initial success
is exciting and can be of extreme help for cancer patients worldwide. The lack of
toxicity of these nanoliposomes, allows the combination with already existing
therapeutics that might lack long-term efficacy 39840, The work in this Thesis
suggests a potential enhanced efficacy for a regimen treatment

combining CNL with inhibition of AR for Prostate cancer patients.



4. COLLISION COURSE: ANDROGEN RECEPTOR AND SPHINGOLIPIDS IN PCA

By now, the Reader should recognize the importance of Prostate cancer (PCa) as
a burden worldwide, and a burden that is only increasing in its financial and
sociological cost. It should also be clear how important metabolic switches are for
cancer, and how PCa differs from other tumors. Moreover, the role that Androgen
receptor (AR) plays in regulating several key pathways in PCa carcinogenesis should
also be clear. The question that this Thesis tries to address is: how are sphingolipids

related to AR in PCa? In this Section, potential connections between these two fields
will be addressed.

4.1 WHAT IS KNOWN ABOUT THIS INTERSECTION?

The first study connecting alterations of sphingolipid metabolism in PCa was
published in 1991, when researchers found that PCa samples had higher levels of
sphingomyelin compared with BPH 4°.. One year later, another study showed that, in
in vitro models, the levels of sphingomyelin were elevated in cells with higher
metastatic potential (DU145) compared with lower metastatic potential (LNCaP) 402,
The authors also found an increase in sphingomyelin synthase and a decrease of
sphingomyelinase in the membranes of DU145 cells compared with LNCaP 402, A
similar study was published in 2004 where authors evaluated the mass of
gangliosides and showed differences between AR-negative and AR-positive cells 4°3.
The authors reported increased levels of GM1b and GD1a in AR-negative cells when
compared with AR-positive cells 4°3. In 1996, researchers showed a synergistic effect
between a PKC inhibitor and dihydrosphingosine in PCa cells 4°4. The authors suggest
that this synergism was determined by the presence of glucocorticoid receptor.
Interestingly, the authors report an effect from dihydrosphingosine as a single agent
in PC-3 cells but not in LNCaP 494, A study that aimed at understanding the role of
TNFa in sensitizing cells to radiation, showed that this occurred by elevating
endogenous ceramide levels, which was shown by adding a C2-ceramide prior to
radiation 4°5. A similar result was later obtained with sphingosine increasing the
effect of radiation in prostate cancer cells 4°¢. Another work in the late 1990s focused
on the role of ceramides in the response to chemotherapeutics 4°7. Camptothecin, a
topoisomerase I inhibitor, was only effective in LNCaP cells that were able to increase
ceramide levels in response to the treatment, unlike PC-3 cells 4°7. However, 3 years
later another study showed that cell death by camptothecin was independent of
ceramide generation 4°8. The use of short-chain C2-ceramide showed that both PC-3

and DU145 were equally sensitive to the treatment 4°9. One of the main issues with



the sphingolipid publications especially when it relates to cell death is the lack of
consistency. In 2001, Engedal et al. showed that C2-ceramide increased cell death in
LNCaP cells, albeit at high doses, but the cells dying were not doing so uniquely
through the apoptotic pathway 4. This is somehow controversial as all studies
before, and most of the literature after, claim that ceramide analogs kill cells by
apoptosis. Thus, it is important to note this difference and point to an aspect of
sphingolipid research that needs cleanup to avoid propagation of inconsistent
conclusions regarding activated pathways.

Researchers drew a relationship between androgen levels and sphingolipid-
mediated cell death, by growing LNCaP cells without hormones and showing an
increase in C16-ceramide concomitant with cell death 4. Moreover, recently Murdica
et al. published a study showing increased levels of sphingomyelin and ceramide in
LNCaP cells after Abiraterone acetate treatment and radiation 42, In 2017, a study
looking for lipid profiles and its connection with prognosis showed that higher levels
C24:1-ceramide and Ci6-sphingomyelin were part of a three-lipid signature
associated with worse prognosis 413.

The Knudsen laboratory published dihydroceramide desaturase (DEGS1) as a
target regulated by the Androgen receptor, associating DEGS1 expression with
increased migration and worse prognosis 28. To date this is the only example of a
validated molecular regulation by AR of a sphingolipid metabolic enzyme expression.
Earlier on, the molecular focus regarding sphingolipid metabolic enzymes and PCa
was placed on acid ceramidase (ASAH1). In the year 2000, this enzyme was shown to
be up-regulated in PCa patients and cell lines; results that then were further validated
by other laboratories 414415, Ectopic expression of ASAH1 on DU145 cells was reported
as increasing tumor burden in wvivo and associated with relapse from
chemotherapeutic agents 49%. A follow-up study demonstrated that increased
expression of ASAH1 increased the size of lysosome and led to autophagy that can be
associated with treatment resistance, especially to sphingolipid-based drugs such as
C6-ceramide 47. Later studies showed an association between ASAH1 overexpression
in patients and cells with the PI3K/AKT signaling axis and promotion of SiP
production 37°. This connection between S1P and ASAH1 again shows the intricate
relationship between sphingolipids and enzymes that can affect human pathologies.
The enzymes responsible for generating S1P, SPHK1-2 have also been shown to be
elevated in PCa, and higher levels are found in metastatic patients 418419, Thus, it is
not surprising that several attempts have been made to target the sphingolipid

pathways as PCa treatments, as reviewed in (Voelkel-Johnson, 2018). In fact, a recent



paper from the Voelkel-Johnson laboratory showed that ASAH1 inhibition blocked
the growth and division of polyploid giant cancer cells in PCa, which are associated
with therapy resistance and metastasis 3.

There are some converging points that although not studied in tandem, point to
potential interactions and regulations between ceramide and AR. One of those
interactions concerns importin-a; as previously mentioned, this protein is
responsible for AR to be able to be translocated from the cytosol to the nucleus to
display its genomic actions 9. Ceramide has been shown to increase the expression
of cellular apoptosis susceptibility (CAS), responsible for the export of importin-a
from the nucleus 42°. Thus, we speculate that ceramide being able to regulate the
localization of importin-a, indirectly can impact the localization of AR in the cell.
Moreover, ceramide and S1P have been shown to interact and negatively regulate
HDAC 318421, HDAC, as previously mentioned is one of the co-repressors associated
with AR 42, Therefore, it is possible that sphingolipid metabolism can regulate the
association between HDAC and AR, impacting the signaling pathways regulated by
both.

AR has both genomic and non-genomic actions; the non-genomic actions are
associated with rapid induction of secondary messenger signal transduction cascades,
such as free intracellular calcium, activation of protein kinase A and C (PKA-C),
Mitogen-activated protein kinase (MAPK), and tyrosine kinase c-Src 133134, Caveolae
have also been suggested as a regulator of these non-genomic actions of AR by
promoting a ligand-independent activation of AR 16135, Ceramide has been reported
as both an activator and repressor of caveolae formation 422423, Interestingly,
ceramide has been shown to be involved in regulation of all these pathways, with no
intersection with AR, but opening potential speculation for an inter-regulation
between sphingolipids and AR activity. Ceramide has been shown to activate PKC;
sphingolipids have been shown to regulate opening and closing of ion channels such
as calcium flux; c-Src has been shown to regulate sphingolipid metabolism promoting
tumor progression; and last but not the least, ceramide has been reported to activate
MAPK cascades 336424-426, With all these effects in mind, as well as the biophysical
properties of sphingolipids in general and ceramide in particular at the membrane
level, we speculate that these pathways can be of interest for the intersection between
the AR signaling axis and sphingolipid metabolism. More studies, especially those
specific to PCa, are necessary to further elucidate if these potential interactions are

relevant in the disease context.



It is important to note that most of the early publications concerning
sphingolipids and prostate cancer lack the quantitative ability to identify specific
sphingolipid species or conduct the broad identification of a full sphingolipid
spectrum. Furthermore, the studies using short-chain ceramide analogs tended to
utilize higher doses than what has been observed as efficient for ceramide
nanoliposomes. Also, in recent years better understanding of the sphingolipid
metabolic enzymes and the intricate pathways regulated by them has been acquired.
Nonetheless, it is clear that sphingolipids play a role in PCa; a role that is still not
very well understood, or at least broadly understood. With discovery of new enzyme
and lipid species, painting a broader picture of sphingolipid metabolism in PCa is
necessary. Importantly, given the prominent role of AR regulation for key pathways
in PCa, more efforts should be put into place to understand what sphingolipid
metabolic enzymes AR regulates and how to exploit this relationship for future
therapeutics, or to better understand the lack of efficacy of the current AR inhibitors

in PCa patients.

4.2 ANDROGENS AND SPHINGOLIPIDS

As mentioned above, normal prostate cells have a more glycolytic dependence
than other tissues and undergo the reverse metabolic switch during tumor
transformation in comparison with other tumors. It is not surprising then that AR
regulates the basal metabolism and the metabolic switch that happens in the
transformation of prostate cells 26427, One issue that has become clear is that AR
inhibitors apply pressure on cancer cells and one of the major changes in plasticity
implies metabolic changes 25428, Metabolic switches apply enormous stress in cells
that need to adapt quickly and organelles involved in protein and lipid synthesis,
such as ER, sense and respond to this stress 42943°, In fact, AR has been reported as
regulating this adaptation 431432, Metabolic switches are particularly important
because metabolite pools then can impact transcription and translation, serving as
feedback loops in cells. A critical example is that lipid turnover provides cells with
acetyl groups by the action of ATP-citrate lyase (ACLY). ACLY generates a pool of
acyl-CoA that can be further used for lipid synthesis 433. ACLY has been shown to be
an AR target and inhibiting this enzyme reduces histone acetylation and tumor
growth in xenografts 434. Previously, AR has been shown to regulate both FASN and
ACACA in PCa 5., Increasing the content of fatty acid availability might indicate an
increase in sphingolipid metabolism, however this is purely speculation and needs

further exploration.



AR can also regulate sphingolipid metabolism; but the opposite is also true, as
bioactive lipids sphingolipids can regulate the synthesis of hormones. In 1996,
Santana et al. showed that interleukin-1f3 induced hydrolysis of sphingomyelin and
decrease in progesterone levels that was dependent on ceramide 435. This result was
independently validated three years later with the added layer of Steroidogenic Acute
Regulatory Protein (STAR) suppression, a key enzyme in the start of steroid synthesis
436, Importantly, in Leydig cells, ceramide was shown to repress STAR and
subsequently decrease the levels of testosterone in those cells 437439, Short-chain
ceramides have been shown to both suppress and enhance hormone secretion 440-442,
More clarification is then needed in the regulation of sphingolipids and their
interaction with hormone release and hormonal receptors such as AR in prostate.
Another example that indicates this potential relationship is the correlation between
ASAH1 expression and estrogen receptor in breast cancer 443. Ceramides have also
been shown to be an important player in the glucocorticoid receptor regulation 444-446,
Importantly, the presence of sphingolipid metabolites in the nucleus has been shown
to have an active role in transcription 318447,

A better understanding of the interaction between sphingolipid metabolism and
the Androgen receptor in a disease with a unique metabolism such as Prostate cancer
is of extreme necessity and might provide clinicians with new treatment avenues. The
role metabolism plays in cancer has already been recognized as a major hallmark and
the technological advance of high-throughput analysis of lipids and metabolites is
starting to identify new players in the carcinogenesis. The work here presented
aims at bridging the world of sphingolipid metabolism and AR signaling
in PCa not only to uncover novel molecular pathways involved in the
disease, but also to bring more efficient and long-lasting treatments to

PCa patients.
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CHAPTER 2: GOALS

1. RATIONALE

Prostate cancer (PCa) is one of the most incident tumors worldwide, and despite
huge amounts of investment in research the mortality rates aren’t slowing down. Low
specificity of the current biomarkers elevates the rates of over-diagnosis and
treatment of indolent tumors. Additionally, several drugs have been developed for
treatment of PCa with all resulting in relapse within 2 years. Thus, it is not surprising
that the cost of care for PCa has been rising for several decades.

The role male hormones and especially the Androgen receptor (AR) play in
normal prostate development and maturation as well as in PCa is clear and
undisputed. With technological advancements it has become clear that AR is
responsible for regulating virtually every cellular process in prostate cells, including
lipid metabolism. One of the metabolic hallmarks of PCa is lipid accumulation and
increased levels of enzymes involved in lipid synthesis. Sphingolipids have been
associated as regulators and regulated by different cellular pathways with importance
in human pathologies. In PCa, some examples of the importance of these bioactive
lipids have been reported, with some accumulation of lipids after AR inhibition being
of particular interest. Importantly, the use of synthetic ceramides has been of
particular interest especially after a successful Phase I clinical trial for C6-ceramide

NanoLiposomes (CNL) in solid tumors.

2. MAIN GOALS

* Determine the potential utility of CNL in PCa preclinical models as a single

treatment or in combination with AR inhibitors
* Explore the regulation of sphingolipid metabolic enzymes by AR

* Uncover molecular Achilles heels within sphingolipid metabolism that can be

used as therapeutic avenues for PCa
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CHAPTER 3: MATERIALS AND METHODS

Table 1 - Key resources used in this Thesis.

REAGENT or RESOURCE ‘ SOURCE IDENTIFIER
Chemicals, Peptides, and Recombinant Proteins
. Promega, Cat #G1111
CellTiter 96 AQueous MTS Reagent Powder Madison, WI
. MilliporeSigma,
Phenazine methosulfate (PMS) Burlington, MA Cat #P9625-1G
eBioscience™ Fixable Viability Dye eFluor™ g}:lizl;gli(f)ic Fisher Cat #65-0865-
780 Waltham, MA 18
Toronto Research Cat #S270
L-Serine-13C3 Chemicals, North 70999
York, ON, Canada
. Cat
Thermo Fisher
Glutamax Scientific #35050061
D-erythro-Cé6-ceramide nanoliposomes KeystoneNano, N/A
State College, PA
. KeystoneNano,
Ghost nanoliposomes State College, PA N/A
. Selleckchem, Cat #S2246
Abiraterone acetate Houston, TX
. Cat #S1250
Enzalutamide (MDV3100) Selleckchem
5a-Dihydrotestosterone (DHT) MilliporeSigma ?l\a/ItL #D-073-
. . Thermo Fisher | Cat #11668019
Lipofectamine 2000 s
Scientific
Opti-MEM™ I Reduced Serum Medium Thermo Fisher | Cat #31985062
Scientific
. Cat #11875-
Thermo Fisher
RPMI-1640 Scientific 093
DMEM Thermq Fisher | Cat  #11965-
Scientific 092
DMEM)/Fi2 Thermq Fisher | Cat #11330033
Scientific
UsS

RPMI 1640 Medium w/o L-Glutamine, L-
Serine, HEPES

Biological,Salem,
MA

Cat #R8999-15

. . Gemini Bio
Charcoal:Dextran Stripped Fetal Bovine Serum Products, West | Cat #100-119
Sacramento, CA
. Cat
. . . Thermo Fisher
Antibiotic Antimycotic (AA) Scientific #15240062
Insulin-Transferrin-Selenium (ITS) Corning, Corning, | Cat  #25-800-
NY CR
Gemini Bio | Cat #100-106

Fetal Bovine Serum

Products




Keratinocyte-Serum-Free Media Th.erm.o. Fisher | Cat #17005042
Scientific
TRIzol Thermq Fisher | Cat #15596018
Scientific
Thermo Fisher | Cat #12563011
TrypLE Select Scientific
SYTOX™ Green Nucleic Acid Stain Th.erm.o. Fisher Cat #S7020
Scientific
Matreya, State
L-threo College, PA Cat #1828
D-threo Matreya Cat #1809
L-erythro Matreya Cat #1848
Avanti Polar
D16:1 Sphingosine Lipids, Alabaster, | Cat #860669
AL
D18:1 Sphingosine Avanti Polar Lipids | Cat #860490
D20:1 Sphingosine Avanti Polar Lipids | Cat #860660
D18:0 Dihydrosphingosine Avanti Polar Lipids | Cat #860498
D20:0 Dihydrosphingosine Avanti Polar Lipids | Cat #860674
. . . Cayman Chemical,
D18:1 1-deoxysphingosine Ann Arbor, MI Cat #24515
D18:1 1-deoxydihydrosphingosine Cayman Chemical | Cat #13511
D18:1 C6 1-deoxyceramide Cayman Chemical | Cat #25493
Critical Commercial Assays
ey . Bio-Rad, Hercules,
iScript cDNA Synthesis Kit CA Cat #1708891
iTaq Universal Probes Supermix Bio-Rad Cat #1725134
- . R&D Systems, | Cat #DCTCo
Human Cytochrome ¢ Quantikine ELISA Kit Minneapolis, MN
. . Thermo Fisher
CyQUANT™ NF Cell Proliferation Assay Scientific Cat #C350006
.. . Abcam,
LDH-Cytotoxicity Assay Kit Cambridge, UK Cat #ab65393
DC Protein assay Bio-Rad Cat #5000112
Deposited Data
RNA-seq data Paschal lab Jividen, 2018 448 GSE120660
LNCaP Timecourse Takayama K. GSE70150

Experimental Models: Cell Lines

Gioeli Lab at the

PC-3 University of
Virginia
Gioeli Lab at the
LNCaP University of
Virginia
Gioeli Lab at the
DU145 University of
Virginia
Gioeli Lab at the
VCaP University of
Virginia
Gioeli Lab at the
Cq4-2 University of

Virginia




Gioeli Lab at the

22Rv1 University of
Virginia
Paschal Lab at the
PC-3/AR+ University of | 448
Virginia
Paschal Lab at the
RWPE-1 University of
Virginia
Voelkel-Johnson
Lab at Medical
PPC-1 University of South
Carolina
Oligonucleotides
. . . Thermo Fisher
Silencer Select Negative Control No. 1 siRNA Scientific Cat #4390843
. . Thermo Fisher | siRNA ID:
Silencer Select siRNA SPTSSB Scientific 546587
PrimePCR FAM probe SPTSSA Bio-Rad ‘9116{5301%029
PrimePCR FAM probe SPTSSB Bio-Rad g?;aCEPOO%
PrimePCR FAM probe PSMB6 Bio-Rad gglsaCEPO%Z
PrimePCR FAM probe TBP Bio-Rad g?;acmoo%
PrimePCR FAM probe SPTLC1 Bio-Rad 317{65301%039
PrimePCR FAM probe SPTLC2 Bio-Rad ggsacm"oze’
PrimePCR FAM probe SPTLC3 Bio-Rad ?SH;”‘CEPO%“
PrimePCR FAM probe KLK3 Bio-Rad g;saCEpooz“
PrimePCR FAM probe FKBP5 Bio-Rad 3?53CIP00272
PrimePCR FAM probe AR Bio-Rad 3265 aCIPoo26
PrimePCR FAM probe ORMDL1 Bio-Rad 25;3CEP0051
PrimePCR FAM probe ORMDL2 Bio-Rad ‘9117{253011’0027
PrimePCR FAM probe ORMDL3 Bio-Rad ?gsaCEPOOM
Software and Algorithms
https://www.g
GraphPad raphpad.com/s
GraphPad v5.0 for Mac Software Inc., La | cientific-
Jolla, CA, USA software/pris
m/

MassLynx Mass Spectrometry Software v4.1

Waters,
MA

Milford,

https://www.w
aters.com/wat
ers/en_US/Ma
ssLynx-Mass-
Spectrometry-
Software




TargetLynx™ Application Manager v4.1

Waters

https://www.w
aters.com/wat
ers/en_US/Ta
rgetLynx-
/nav.htm?cid=
513791&locale
=en_PT

R studio

R Foundation

https://www.r-
project.org/

Cytation 3 Gens 2.09

BioTek, Winooski,
VT

https://www.b
iotek.com/pro
ducts/software
-robotics-
software/gens-
microplate-
reader-and-
imager-
software/

CFX Manager 3.1

Bio-Rad, Hercules,
CA

https://www.b
io-rad.com/en-
pt/sku/184500
o-cfx-
manager-
software?ID=1
845000

Attune NxT Flow Cytometer Software

Thermo Fisher
Scientific

https://www.t
hermofisher.co
m/us/en/hom
e/life-
science/cell-
analysis/flow-
cytometry/flow

cytometers/att
une-acoustic-
focusing-flow-
cytometer/attu
ne-cytometer-
software.html

Axio Imager.Z1

Zeiss, Oberkochen,
Germany

https://www.z
eiss.com/micr
oscopy/int/pro
ducts/imaging-
systems/axio-
scan-z1.html

FlowJo v.10

BD Biosciences,
San Jose, CA

https://www.fl
owjo.com/

Cell culture

LNCaP and C4-2 cells were grown in DMEM:F12 with 5% Fetal bovine
serum, 1% Insulin-Transferrin-Selenium and 1% Antibiotic-Antimicotic (AA).
CWR22Rv1 (22Rv1), VCaP, PC-3 were grown in DMEM with 5% Heat-Inactivated
serum and 1% AA. DU145 were grown in RPMI-1640 with 10% Heat-Inactivated
serum. PC-3/AR+ were grown in RPMI-1640 with 5% Fetal bovine serum and 1% AA.



Serum starvation in PC-3/AR+ was accomplished by switching from complete media
to RPMI-1640 with 5% of Charcoal stripped FBS and 1% AA. RWPE-1 cells were
grown in Keratinocyte-Serum-Free Media. Cells were maintained at 37°C and 5%

CO2in a humidified chamber.

Cell viability assay

Cells were plated for 24 hours in 96-well plates before treatments. Cell
viability was assessed by MTS assay according to manufacturer’s instructions. Plates
were incubated for 2 hours at 37°C and absorbance (49onm) was measured after 2
hours using a Cytation 3. Data was normalized to vehicle controls as described in

figure legends.

Cell death flow cytometry assay

Cells were plated for 24 hours in 6-well plates and then treated. Cells were
ressuspended in Fixable Viability Dye 780 according to the manufacturers’
instructions. The Attune Nxt Flow Cytometer was used to collect the data. Forward
and side scatter measurements were used to gate for single cells and excluding cell
debris. Control cells were incubated at 70°C for 10 minutes for dead-cell gating.
Single-stain compensation controls for viable and dead cells were collected Data were

analyzed using FlowJo v.10 software.

Cell death imaging assay

Cells were plated for 24 hours followed by treatment with CNL and ghost for
22 hours. SYTOX™ Green Nucleic Acid Stain was then added to the cells according to
manufacturer’s instructions. Cells were then imaged using 20x magnification on an

Axio Imager.Z1 for a total of 2 hours.

Quantitative reverse transcription PCR

Total RNA was obtained using TRIzol® reagent following the manufacturer’s
recommendations. RNA concentration and purity of samples were determined on a
Cytation 3 plate reader. For the iScript cDNA Synthesis Kit 1ug of RNA was used.
PrimePCR FAM probes used in this study are described in the Star methods section.
Gene expression was quantified using iTaq Universal Probes Supermix according to
manufacturer’s instructions, and measured using CFX Connect Real-Time PCR
Connection System. Data was analyzed using the comparative Ct method 449 with the

average of PSMB6 and TBP as housekeeping control.



Cytochrome C ELISA

Cells were seeded in 6-well plates and 24h later treated. Cells were collected
and lysed following the Human Cytochrome ¢ Quantikine ELISA Kit manufacturer’s
instructions. After lysis and centrifugation, pellets were further incubated with 0.5%
Triton-X100 for 10 minutes at 4°C followed by centrifugation to obtain the
mitochondria fraction. Protein levels from this fraction were then measured using the
DC Protein assay and 1ug of protein was used. Cytochrome C levels were then
assessed using the Human Cytochrome ¢ Quantikine ELISA Kit with absorbance was
measured at 450nm with wavelength correction at 540nm using a Cytation 3 plate

reader.

Cell proliferation

Cells were seeded in 96-well plates and 24 hours later treated. Cell
proliferation was then measured using CyQUANT™ NF Cell Proliferation Assay
according to manufacturer’s instructions. Fluorescence excitation was measured at

485nm and emission at 530nm using a Cytation 3 plate reader.

Cytotoxicity LDH assay

Cells were seeded in 96-well plates and 24 hours later treated. Release of
lactate dehydrogenase (LDH) was measured using the LDH-Cytotoxicity Assay Kit
according to manufacturer’s instructions. Briefly, media was harvested from wells
and incubated with LDH Reaction mix. Cell culture media was used as background
control and lysed cells respective to each treatment as High control to account for cell
number difference. The absorbance was measured at 450 nm on a Cytation 3 plate

reader.

Mass spectrometry protocol

Lipid extraction and analysis was done using liquid chromatography-
electrospray ionization-tandem mass spectrometry (LC-ESI-MS/MS). Cells were
plated in 6-well plates and treated 24h after seeding. Lipids extraction was performed
as previously reported (Tan, 2016). All data reported are based on monoisotopic

mass and are represented as pmol/mg of protein extracted.



Isotope labeled serine tracing

Serine tracing was performed using isotope labeled L-Serine-13C3 (Toronto
Research Chemicals, North York, ON, Canada). Cells were plated in complete media
as described above in this section. After allowing cells to adhere for 24 hours, media
was replaced with RPMI-1640 w/o L-Glutamine, L-Serine, HEPES with
supplemented Glutamax and L-Serine-13C3 at the same concentration as complete
RPMI-1640. Fetal bovine serum (10%) and AA (1%) were also added to this media.
Cells were kept at 37°C and 5% CO. for 2 hours in this isotope labeled serine media,
before being switched to their normal growth media; cells were then treated. Serine
tracing was then done following the same mass spectrometry protocol described

above.

C6-ceramide Nanoliposome

D-erythro-Cé6-ceramide nanoliposomes were obtained from KeystoneNano
and manufactured according to previous literature (Kester, 2015). The vehicle control
nanoliposomes (ghost) was formulated with the same lipid composition except for D-
erythro-Cé6-ceramide. In this study, ghost control was used at a final concentration of

20uM in all experiments.

RNA-sequencing

To assess the gene expression of sphingolipid-related genes in a set of
prostate cancer cell lines, we used the pre-processed data from GSE120660. In brief,
reads were aligned to the hg38 genome using STAR, counts were determined using
HTSeq, and differential expression was determined using the DESeq2 R package 448.
To measure changes in lipid-related gene over time, we downloaded the GSE70150
gene expression dataset, which included a LNCaP time course. Reads were aligned to
the genome (hg38) using standard TopHat2 methods, counts were generated using
HTSeq, and differential expression was determined using the DESeq2 R package. Z-
score normalized gene expression changes for just sphingolipid-related genes were
graphed using R with hierarchical clustering based on the Euclidian distance. We
manually curated the sphingolipid-related genes with help from the Futerman

laboratory at the Weizmann Institute, Israel.



Knockdown of SPTSSB

Cells were plated and incubated at 37°C and 5% CO. for 16 hours. After 16
hours media was changed to DMEM without FBS and AA for 2 hours. Then,
Lipofectamine 2000 was incubated with Opti-Mem according to manufacturer’s
instructions and added to cells. Silencer Select Negative Control No. 1 siRNA and
Silencer Select SPTSSB siRNA-SPTSSB were used for cell transfection at a final
concentration of 4onM. For drug treatments, cells were treated 24h after transfection
for a total of 72 hours with mRNA levels evaluated every 24 hours according to the

protocol above described for knockdown validation.

Prostate cancer patients’ gene expression

Data available through the Cancer Genome Atlas (TCGA)
(https://www.cancer.gov/tcga) for Prostate cancer (PRAD) dataset was accessed
using the TCGA2STAT package using R software. Neuroendocrine datasets was
accessed using cBioPortal for differences in expression of SPTSSB in patients 12450, Z-

score cutoff used was + 1.5.

Statistical analysis

Comparisons between two groups were performed using non-parametric
Mann—Whitney U-test. A two-tailed t-test was used to assess differences for
cytochrome C ELISA and mass spectrometry experiment following knockdown of
SPTSSB. P values were considered statistically significant if lower than 0.05. All
experiments were repeated with a minimum of three independent experiments. Mean
and standard error of the mean (SEM) is shown in all figures unless stated. Markers
* **_and *** represent significance of p-values < 0.05, 0.01, and 0.001 respectively.
Statistical analysis was performed using GraphPad Prism 5.0 software for Mac
(GraphPad Software Inc., La Jolla, CA, USA).

Diagram design

Diagrams designed for this synthesis were generated using BioRender.com.
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CHAPTER 4: ROLE OF SPTSSB-REGULATED DE NOVO
SPHINGOLIPID SYNTHESIS IN PROSTATE CANCER DEPENDS ON

ANDROGEN RECEPTOR SIGNALING

1. RATIONALE

Prostate cancer (PCa) is the most incident cancer in the United States male
population, responsible for 20% of newly diagnosed cases 28. Moreover, PCa is
estimated to account for 10% of cancer-related deaths in the male population and has
the second highest mortality rate 28. Effective treatment of PCa remains elusive due to
disease heterogeneity and complex disease progression 5. Androgens are necessary
for normal development and functional maintenance of healthy prostatic tissue, but
also contribute to PCa onset and progression 45'. Androgens are natural ligands of
Androgen Receptor (AR), a transcription factor that regulates several key cellular
pathways such as proliferation and lipid metabolism 45, Pharmacological inhibition
of androgen synthesis or the receptor are currently the main therapeutic approaches
for advanced PCa patients 3. Despite symptom relief, virtually all patients develop
recurrence within 24 months by progression to castration-resistant prostate cancer
(CRPCa) 05452, Mechanisms of resistance to AR-signaling inhibitors in CRPCa
patients include restored AR activity, hypersensitivity to androgens, and ligand-
independent AR activation 18453, An alternative mechanism of resistance involves cell
transdifferentiation to AR-negative neuroendocrine phenotype (CRPCa-NE) after
androgen deprivation therapy (ADT) 825453, The emergence of this phenotype has
been associated with worse prognosis and has features of both small-cell carcinoma
and neuroendocrine differentiation 454. Most PCa-related deaths occur due to CRPCa,
which lacks any efficacious treatments 9. Therefore, it is imperative to understand
the mechanisms of resistance and develop new therapeutic modalities for CRPCa
patients.

Cytotoxic agents, including AR-signaling inhibitors, and radiation therapy,
have been shown to lead to an accumulation of sphingolipids, including pro-death
ceramides 202412455456, Sphingolipids are bioactive lipids that have not only a
structural role in organelle and plasma membranes, but also regulate signaling
pathways 198310, Dysregulation of sphingolipid metabolic enzymes is associated with
cancer progression 128416,419457.458. Moreover, ceramide accumulation in tumors is
associated with cancer cell death, which emphasizes the potential role of ceramide as

a cancer treatment 198202,310.327.388.459  De novo synthesis of ceramide and other



sphingolipids is achieved by condensation of L-serine with an acyl-CoA substrate 22¢.
In mammals, several enzymes are involved in this process: three serine
palmitoyltransferase long-chain (SPTLC1-3) subunits, two serine
palmitoyltransferase small subunits (SPTSSA-B), and three ORMDL sphingolipid
biosynthesis regulator (ORMDL1-3) 2. The formation of a complex between 2
SPTLCs and SPTSSA or SPTSSB leads to the generation of dihydrosphingosine, a
precursor sphingolipid that can result in accumulation of ceramide.
Dihydrosphingosine is a bioactive lipid that influences cell signaling and has been
associated with neurodegeneration (Zhao, 2015). These enzymes maintain tight
control over the generation of ceramides, as sphingolipid accumulation can lead to
several disruptions in cells and to various pathologies 202460461 Not only do
sphingolipids have a role in predicting patient outcomes in PCa, the sphingolipid
profile also undergoes remodeling in response to conventional PCa treatments 412413,
However, the underlying mechanisms and consequences of altered sphingolipid
metabolism in PCa remain unclear.

Our laboratory has developed a non-toxic and biologically stable
nanoliposome formulation that includes C6-ceramide (CNL), as a potential cancer
therapeutic. CNL demonstrates selectivity for tumor cells in preclinical models and
also has exhibited minimal toxicity in an ongoing Phase I clinical trial (NCT number
NCT02834611) 39139, In the present work, we have discovered that CNL efficacy is
determined by AR signaling in PCa. Through these findings, we determined that CNL
treatment is more effective in highly aggressive AR-negative disease models. This
efficacy occurs through elevation of SPTSSB-dependent de novo synthesis of

ceramide, an understudied pathway in PCa cancer.

2. RESULTS

CNL is more efficacious against AR-negative than AR-positive PCa cells

To determine the efficacy of C6-ceramide nanoliposomes (CNL) in PCa, 7 PCa
cell lines and a normal prostate epithelial cell line (RWPE-1) were utilized. These
cells were treated with various concentrations of CNL for 72 hours and viability was
determined relative to treatment with ghost nanoliposomes, the vehicle control that
contains no bioactive C6-ceramide (Figure 5A, Figure 6A-F). Notably, cells that don’t
express androgen receptor (AR), representative of most aggressive tumors, were the
most sensitive to CNL (Figure 5B). Given the observed dichotomy in the response to
CNL depending on AR status, we selected two of the most widely-studied
representative cell lines of PCa: PC-3 (AR-negative) and LNCaP (AR-positive) for



further studies. We treated PC-3 and LNCaP cells with various concentrations of CNL
across three different timepoints and observed that the CNL treatment was more
efficacious in PC-3 cells in a time- and concentration-dependent manner (Figure 5B-
C). These data demonstrate that CNL is most effective in the most aggressive form of
CRPCa represented by lack of AR.

To further confirm our viability results, we measured the effect of CNL on
different phenotypic readouts in the same cell lines. CNL increased cell death in AR-
negative PC-3 cells compared with the control group, while cell death was not altered
in AR-positive LNCaP cells (Figure 5D). The increase in cell death in PC-3 cells was
observed to be concentration-dependent at 24 hours. CNL treatment in AR-negative
cells also reduced mitochondrial cytochrome C levels, while these were unchanged in
AR-positive cells (Figure 5E). Additionally, CNL induced greater release of lactate
dehydrogenase (LDH) in AR-negative cells than in AR-positive cells showing
differential toxicity in these cells (Figure 5F). Similarly, CNL reduced proliferation in
PC-3 cells when compared with LNCaP cells (Figure 5G). Taken together, these
results suggest the importance of AR status in affecting the efficacy of CNL in PCa
cells, and the potential of CNL for treatment of the most aggressive neuroendocrine

advanced PCa.
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Figure 5 - CNL are efficacious against highly aggressive AR-negative
PCa cells.

(A) Viability of 7 PCa cell lines and 1 normal prostate epithelial cell line (RWPE-1) after
48h of CNL treatment (1, 5, 10, 20, 50uM) compared to ghost control (20uM). Mean =+
SEM from three independent experiments is represented. Grey- AR-positive cell lines;
Black- AR-negative cell lines.

(B-C) Effect of time and concentration of CNL on the viability of (B) AR-negative cell line
(PC-3) and (C) AR-positive cell line (LNCaP) compared to ghost control. Mean + SEM
from three independent experiments is represented. P values obtained using non-
parametric Mann—Whitney U-test: *, **, and *** represent significance of p-values < 0.05,
0.01, and 0.001 respectively.

(D) Cell death measured after 48h of ghost and CNL treatment in PC-3 and LNCaP. Mean
+ SEM from three independent experiments is represented. P values obtained using non-
parametric Mann—Whitney U-test: ** represent significance of p-values < 0.01.

(E) Mitochondria cytochrome C in PC-3 and LNCaP cells treated with CNL and ghost
control for 48h. Mean + SEM from three independent experiments is represented. P
values obtained using a two-tailed t test: * represent significance of p-values < 0.05.

(F) Cytotoxicity of CNL treatments in PC-3 and LNCaP after 48h compared to ghost
control. Mean + SEM from three independent experiments is represented. P values
obtained using non-parametric Mann—Whitney U-test: *** represent significance of p-
values < 0.001.

(G) Cell proliferation measured in PC-3 and LNCaP cells treated with CNL and ghost
control for 48h. Mean + SEM from three independent experiments is represented. P
values obtained using non-parametric Mann—Whitney U-test: *, **, and *** represent
significance of p-values < 0.05, 0.01, and 0.001 respectively.
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Figure 6 - Efficacy of CNL is higher in highly aggressive AR-negative
cells.

(A-F) Time and concentration effect of CNL on the viability of AR-positive normal
prostate cell line (A) RWPE-1; AR-negative PCa cell lines (B) PPC-1, (C) DU145; AR-
positive PCa cell lines (D) 22Rv1, (E) VCaP, (F) C4-2, compared to ghost control. Mean
+ SEM from three independent experiments is represented. P values obtained using
non-parametric Mann—Whitney U-test: *, **, and *** represent significance of p-
values < 0.05, 0.01, and 0.001 respectively.

CNL efficacy is enhanced in the presence of anti-androgens

Given the reduced efficacy of CNL in AR-positive cells, we sought to
determine if inhibiting AR signaling would enhance the effectiveness of CNL as to
mimic the effect observed in AR-negative cell lines. We combined CNL and
Abiraterone acetate (Abi), an FDA-approved drug that suppresses production of
androgens and is a partial AR antagonist %5. We showed that combining Abi with
CNL had an enhanced effect on reducing LNCaP cell viability (Figure 7A), and
increased cell death (Figure 7B). The same phenomenon was observed when
measuring cell proliferation, as combining both drugs significantly reduced cell
proliferation (Figure 7C). The inhibitory effect of Abi on AR signaling was confirmed,
as demonstrated by significant reductions of two downstream targets of AR, PSA
(KLK3) and FKPBj5 (Figure 8A). We next tested C4-2 cells that are representative of
AR-indifferent tumors, which don’t rely on androgens for growth but are still positive
for AR signaling. We observed the same response pattern as in LNCaP cells (Figure

7A), where the combination of Abi and CNL led to enhanced reduction in cell viability



of C4-2 cells (Figure 7D). Finally, we expanded our work to another FDA-approved
drug for PCa: Enzalutamide (MDV3100), an AR antagonist. Validating the Abi
results, the effect of MDV3100 and CNL was augmented by the combination of both
drugs (Figure 8B-D). These data show that combining AR inhibitors with CNL
facilitated cell death in AR-positive PCa cells.
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Figure 7 - Intact AR signaling hinders CNL efficacy in PCa cells.

(A) Viability of LNCaP cells measured after 72h of treatment with Abi (20uM), CNL (20uM), or
Combo (20uM+20uM) compared to Negative control (EtOH+ghost). Mean + SEM from three
independent experiments is represented. P values obtained using non-parametric Mann—
Whitney U-test: ** represent significance of p-values < 0.01.

(B) Cell death of LNCaP cells after 72h of treatment with Negative control (EtOH+ghost), Abi
(20uM), CNL (20uM), or Combo (20uM+20uM). Mean + SEM from three independent
experiments is represented. P values obtained using non-parametric Mann—Whitney U-test:
* and *** represent significance of p-values < 0.05 and 0.001 respectively.

(C) Proliferation of LNCaP cells treated with Abi (20uM), CNL (20uM), or Combo
(20uM+20uM) for 72h and compared to Negative control. Mean + SEM from three independent
experiments is represented. P values obtained using non-parametric Mann—Whitney U-test:
** and *** represent significance of p-values < 0.01 and 0.001 respectively.

(D) Viability of C4-2 cells measured after 72h of treatment with Abi (20uM), CNL (20uM), or
Combo (20uM+20uM) compared to Negative control (EtOH+ghost). Mean + SEM from three
independent experiments is represented. P values obtained using non-parametric Mann—
Whitney U-test: ** represent significance of p-values < 0.01.

(E) Viability of PC-3/AR+ and PC-3/WT cells after 24h of DHT (1nM) pretreatment
followed by 48h of CNL (10uM) compared to Negative control (EtOH+ghost). Mean +
SEM from three independent experiments is represented. P values obtained using non-
parametric Mann—Whitney U-test: ** and *** represent significance of p-values < 0.01
and 0.001 respectively.

(F) Proliferation of LNCaP cells treated with Dihydrotestosterone (10onM) for 24h
followed by CNL (20uM) or ghost for 48h and compared to Negative controls. Mean +
SEM from three independent experiments is represented. P values obtained using non-
parametric Mann—Whitney U-test: ** represent significance of p-values < 0.01.
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Figure 8 - Intact AR signaling hinders CNL efficacy in PCa cells.

(A) Gene expression of AR signaling targets in LNCaP cells treated with Abi (1topM), CNL
(1ouM), or Combo (1opM+10uM) for 48h compared to Negative control (EtOH+ghost).
Mean + SEM from three independent experiments is represented. P values obtained
using non-parametric Mann—Whitney U-test: *** represent significance of p-values <
0.001.

(B) Proliferation of LNCaP cells after 72h of treatment with MDV3100 (3ouM), CNL
(20uM), or Combo (3o0uM+20uM) compared to Negative control (DMSO+ghost). Mean +
SEM from three independent experiments is represented. P values obtained using non-
parametric Mann—Whitney U-test: *** represent significance of p-values < 0.001.

(C) Cell death of LNCaP cells after 72h of treatment with Negative control
(DMSO+ghost), Abi (20uM), CNL (20uM), or Combo (3o0uM+20uM) compared to. Mean
+ SEM from three independent experiments is represented. P values obtained using non-
parametric Mann—Whitney U-test: * and *** represent significance of p-values < 0.05
and 0.001 respectively.

(D) Gene expression of AR signaling in LNCaP cells treated with MDV3100 (10pM), CNL
(1ouM), or Combo (10uM+10uM) for 48h compared to Negative control (DMSO+ghost).
Mean + SEM from three independent experiments is represented. P values obtained
using non-parametric Mann—Whitney U-test: *** represent significance of p-values <
0.001.

(E) Proliferation of LNCaP cells treated with Dihydrotestosterone for 72h and compared
to Negative control. Mean + SEM from three independent experiments is represented. P
values obtained using non-parametric Mann—Whitney U-test: ** represent significance of
p-values < 0.01.

(F) Proliferation of LNCaP cells treated with Dihydrotestosterone (100nM) for 24h
followed by CNL (10uM) or ghost for 48h and compared to Negative controls. Mean +
SEM from three independent experiments is represented. P values obtained using non-
parametric Mann—Whitney U-test: ** represent significance of p-values < 0.01.



AR signaling impairs the response to CNL treatment

To further test the importance of AR signaling in the response to CNL, we
used PC-3 cells genetically engineered to express AR (PC-3/AR+) to determine if re-
introduction of AR would decrease CNL efficacy. Under androgen-deficient
conditions, we found no difference between PC-3/WT and PC-3/AR+ in the response
to CNL. However, when we tested the effect of CNL on PC-3/AR+ cells in the
presence of dihydrotestosterone (DHT) to stimulate androgen signaling, we found
that PC-3/AR+ exhibited diminished efficacy towards CNL treatment (Figure 7E).
These data suggest that activation of AR signaling is sufficient to impair CNL
treatment in PCa cells.

In PCa cell lines, AR signaling is rapidly induced by androgen stimulation.
However, due to a biphasic growth phenomenon, high doses of androgens can
prevent AR-induced cell growth 462-464, We confirmed these findings by showing that
low concentrations of DHT (1nM and 1onM) significantly increased cell proliferation
relative to vehicle control, in contrast to high dose of DHT (100nM and 1uM) where
proliferation remained either unchanged or significantly decreased (Figure 8E). To
further investigate the hypothesis that AR signaling facilitates resistance to CNL, we
abrogated AR signaling with high androgen dosages followed by CNL treatment in
AR-positive cells. The combination of CNL and blocking AR-driven cell growth with
high dose DHT resulted in significantly lower rates of cellular proliferation (Figure
7F, Figure 8F). These data further support the idea that AR signaling impairs the
efficacy of CNL in PCa cells.

Inhibition of AR signaling with abiraterone acetate increases de novo
synthesis of sphingolipids

Given the enhanced effect of combining Abi and CNL in AR-positive cells, we
sought to determine the impact of combining both drugs on sphingolipid
metabolism. Mammalian cells have the ability to convert exogenous ceramides to
naturally- occurring sphingolipids, adding importance to studies of sphingolipid
metabolism after CNL treatment. C6-ceramide levels were measured to determine
equivalent uptake between different treatment groups as well as metabolic
conversion to endogenous ceramides after treatment. Interestingly, we observed that
Abi led to more sustained levels of C6-ceramide compared to CNL treatment alone
(Figure 9A). We also found the total mass of endogenous ceramides was significantly

increased in the presence of both drugs (Figure 9B) relative to the negative control.



Moreover, we report for the first time a significant increase in dihydrosphingosine in
AR-positive cells caused by Abi (Figure 9C), which was then augmented in the
presence of CNL with Abi (Figure 9C). Importantly, dihydrosphingosine is a
precursor of endogenous ceramides and is mostly generated by activation of de novo
synthesis of sphingolipids. The accumulation of endogenous and exogenous
ceramides, as well as dihydrosphingosine, in the presence of Abi and CNL is likely
associated with enhanced cell death in LNCaP cells. These findings also suggested
that AR signaling might negatively regulate de novo synthesis of sphingolipids.

To validate and trace augmented de novo sphingolipid synthesis, in the
presence of anti-androgen, Abi, we implemented a novel mass spectrometry strategy.
This technique requires the addition of isotope-labeled serine, a necessary amino acid
for sphingolipid synthesis, to the cell culture growth media prior to anti-androgen
treatment, thus enabling us to determine newly synthesized sphingolipid molecules.
As expected, we observed a significant increase in dihydrosphingosine after Abi
treatment in LNCaP cells and this increase in dihydrosphingosine comes from newly
synthesized lipids via the de novo synthesis pathway, as measured by the serine-
labeled mass (Figure 9D). These data support our hypothesis that blocking AR

signaling leads to increase de novo synthesis of sphingolipids.

Anti-androgen abiraterone acetate increases the expression of enzyme

regulators of de novo sphingolipid synthesis

Given that AR can regulate transcription of thousands of gene transcripts in
different cell pathways, we measured the mRNA expression of 8 enzymes involved in
the initiation of de novo synthesis of sphingolipids after Abi treatment, with or
without CNL, in AR-positive LNCaP cells. We observed that after 48 hours, 6 of the 8
enzymes (ORMDL1, ORMDL3, SPTLC1, SPTLC2, SPTLC3, and SPTSSB) tested had
elevated expression levels after combination treatment, while two (ORMDL2 and
SPTSSA) did not (Figure 9E-G). Notably, Abi treatment increased the expression of
SPTSSB by nearly 2-fold, which was then significantly augmented by CNL to nearly
3.5-fold, despite a lack of increase following treatment with CNL alone (Figure 9E).
These data show that in AR-positive cells, the combination of Abi and CNL elevates
expression of enzymes involved in the de novo synthesis of sphingolipids, consistent
with the increased mass of dihydrosphingosine (Figure 9C).

To confirm regulation of SPTSSB by AR-signaling, we analyzed an RNA

sequencing dataset of three different PCa cell lines stimulated for 24 hours with



R1881, an AR agonist. The expression of SPTSSB was not detected in LNCaP in this
experiment. However, in two other AR-positive cell lines (PC-3/AR+, VCaP) SPTSSB
expression was significantly decreased after AR stimulation (Figure 9H). These data

also support AR signaling negatively regulating de novo sphingolipid synthesis

through SPTSSB.
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Figure 9 - De novo synthesis of sphingolipids is negatively regulated by AR.
(A-C) Mass of (A) C6-ceramide, (B) Total endogenous ceramides, (C)
Dihydrosphingosine in LNCaP cells treated with Negative control (EtOH+ghost),
Abi (10uM), CNL (10uM), or Combo (1ouM+10uM). Mean + SEM (n=5) is
represented.

(D) Mass of dihydrosphingosine d18:1 in LNCaP cells pulsed with L-Serine-13C3
for 2h followed by treatment with Negative control (EtOH) or Abi (10uM) for 48h.
Mean + SEM (n=5) is represented. P values obtained using non-parametric
Mann—Whitney U-test: ** represent significance of p-values < 0.01.

(E-G) Gene expression of (E) SPTSSA and SPTSSB; (F) SPTLC1, SPTLC2, and
SPTLC3; (G) ORMDL1, ORMDL2, and ORMDL3 in LNCaP cells treated with Abi
(1ouM), CNL (10uM), or Combo (1ouM+10uM) for 48h compared to Negative
control (EtOH+ghost). Mean + SEM from three independent experiments is
represented. P values obtained using non-parametric Mann—Whitney U-test: *,
** and *** represent significance of p-values < 0.05, 0.01, and 0.001 respectively.
(H) SPTSSB expression from RNA-seq in VCaP, PC-3/AR+, and LNCaP after AR
stimulation with R1881 (1nM) for 24h. Mean + SEM from three independent
experiments is represented. P values obtained using two-tailed t test: ***
represent significance of p-values < 0.001 respectively.



CNL increases de novo synthesis of sphingolipids and accumulation of
ceramides in AR-negative cells

To validate the importance of de novo sphingolipid synthesis driven by anti-
androgens in in AR-positive cells, we sought to recapitulate these findings in AR-
negative cells (PC-3) treated with CNL. After an initial increase in C6-ceramide
following CNL addition, C6-ceramide levels decreased over time. However, after 48h
of CNL treatment, C6-ceramide levels remained considerably high (Figure 10A).
More importantly, the total endogenous ceramide mass, which excludes exogenous
C6-ceramide, increased in CNL-treated PC-3 cells compared to control cells (Figure
10B). Concomitant with this increase in total ceramide levels, we observed a
significant increase in the de novo precursor dihydrosphingosine that peaked at 48h
(Figure 10C). This similar regulation of de novo synthesis of sphingolipids in AR-
negative and AR-positive cells treated with Abi (Figure 9), support the notion that AR
signaling can regulate CNL metabolism and ultimately determines CNL treatment
response.

We then evaluated the impact of CNL treatment on the expression of de novo
metabolic enzymes in PC-3 cells. We observed an overall increase in expression of
most of these enzymes, which corroborates the increase in dihydrosphingosine mass
observed (Figure 10D). Of particular interest, expression of SPTSSB was elevated in
PC-3 cells after CNL treatment similarly to the combination between Abi and CNL in
AR-positive cells (Figure 10E). In LNCaP, CNL treatment alone for 24 hours did not
alter the expression of these proteins except for a modest increase of SPTLC2
expression (Figure 10E). Overall, the findings in Figures 9 and 10 support the
hypothesis that CNL treatment increases de novo synthesis of sphingolipids only in

the absence of AR signaling.



A C6 Ceramide B Total endogenous ceramides
150004 * * **
8000+
10000+
£ 6000+ £
° ‘9" 5000+
1 g
o
g 40004 g
=
3 S 15004
: g
= 2000- 10004
5004
0t— e o 2 ol 0 T T T T T
1hour 4hours 12 hours 24 hours 48 hours 1hour 4hours 12 hours 24 hours 48 hours
Ghost &~ CNL10uM Ghost  -li= CNL
DihydroSphingosine D PC-3
40+ * e o 23 B 259 = 225
= = =
4 2 2
2 2 20 220
Sa 8o s
5301 582 . 38
] £s £5 15 g5 15
g Zs is g8
> ef 5 $f.,
E’zo- .‘351 E%” 23
= ze g ee
2 H % g
E ﬁ & 05 S 0.5
S g £ £
104 E E E
2o 2oo Loo
= SPTLC1 SPTLC2 SPTLC3 ORMDL1 ORMDL2 ORMDL3 SPTSSA SPTSSB
Ghost Ghost Ghost
0 T T T T T Il CNL N cnL N oNL
1hour 4hours 12 hours 24 hours 48 hours
Ghost <= CNL
E LNCaP
2 15 215 §1-5
= = o
I 0 o
2 2 e
S H 2
2 2 -2
Sq Sq S
a@ 10 @10 ap 10
2y oy £%
g9 -3 R
8 S o 8
28 28 22
£5 05 £505 330-5
L1 31 T
g g £
£ oo 800 Eoo
SPTLC1 SPTLC2 SPTLC3 = 'ORMDL1 ORMDL2 ORMDL3 SPTSSA SPTSSB
Ghost Ghost Ghost
N cNL N cNL I cNL

Figure 10 - CNL induces de novo synthesis of sphingolipids in AR-negative cells.
(A-C) Mass of (A) C6-ceramide, (B) Total endogenous ceramides, (C) Dihydrosphingosine
in PC-3 cells treated with ghost or CNL (1ouM). Mean + SEM (n=5) is represented. P
values obtained using non-parametric Mann—Whitney U-test: *, and ** represent
significance of p-values < 0.05, 0.01 respectively.

(D-E) Gene expression of SPTLC1-3, ORMDL1-3, SPTSSA, and SPTSSB in (D) PC-3 and
(E) LNCaP cells after 24h of CNL (10uM) treatment compared to ghost control. Mean +
SEM from three independent experiments is represented. P values obtained using non-
parametric Mann—Whitney U-test: *, **, and *** represent significance of p-values < 0.05,
0.01, and 0.001 respectively.

SPTSSB expression is up-regulated in advanced PCa patients

To determine the clinical relevance of our findings regarding SPTSSB, we
evaluated its expression across available TCGA PCa patient datasets. Using a paired
analysis of tumor versus normal tissue, we determined that the expression of SPTSSB
was significantly down-regulated in tumors (Figure 11A) 45°. The comparison of all
tumor samples versus the group of available normal samples also showed a reduction
of SPTSSB expression in PCa (Figure 11B). Importantly, the expression analysis
showed higher expression in samples with higher Gleason score, which represent

more aggressive tumors (Figure 11C). Interestingly, in the TCGA original dataset,



patients’ AR score was negatively correlated with SPTSSB expression (Figure 11D,
Spearman correlation: -0.24; p<0.001) 465,

Surveying SPTSSB expression in advanced cases of PCa also provides
evidence that SPTSSB plays an important role in PCa. In a neuroendocrine CRPCa
dataset, we calculated that 28% of the patients had SPTSSB gene amplifications or
increased mRNA levels (Figure 11E) 2. A study from Fred Hutchinson Cancer
Research Center that measured mRNA levels of genes from patients with
disseminated PCa showed SPTSSB expression alterations, primarily increases, in
33% of patients that had received Androgen deprivation therapy (ADT) (17 of 63
cases) (Figure 11E) . These results argue that elevated SPTSSB expression plays a

significant role in aggressive, metastatic cases that have been treated with ADT.
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Figure 11 - SPTSSB expression is elevated in neuroendocrine PCa
patients.

(A) SPTSSB expression from matched normal and tumor samples available in PRAD TCGA
dataset (n=52). P values obtained using non-parametric Mann—Whitney U-test: * represent
significance of p-values < 0.05.

(B) Logio expression of SPTSSB in PRAD TCGA dataset (RNA-seq) in normal samples
(n=52) and PCa patients (n=497). P values obtained using non-parametric Mann-—
Whitney U-test: ** represent significance of p-values < 0.01.

(C) Expression of SPTSSB in PRAD TCGA dataset segregated by Gleason score <7 (n=45) and
>7 (n=452). P values obtained using non-parametric Mann—Whitney U-test: * represent
significance of p-values < 0.05.

(D) Correlation between expression of SPTSSB and AR score in PRAD TCGA dataset
(n=332). P values obtained using Spearman correlation: *** represent significance of p-
values < 0.001.

(E) SPTSSB is altered in 33% of patients after ADT (277% with up-regulation or amplification)
(n=63) 1, and amplified or up-regulated in 28% of neuroendocrine PCa samples (n=81) 2.



SPTSSB is necessary for regulating de novo synthesis of ceramide, which
determines CNL efficacy in AR-negative cells

Given the prominent role that de novo synthesis plays in the efficacy of CNL
in AR-negative cells and the observed elevation of SPTSSB in the aggressive ADT-
treated PCa tumors, we examined the effect of CNL treatment after knock down of
SPTSSB in AR-negative PC-3 cells. PC-3 cells transfected with siRNA targeting
SPTSSB showed a reduction in SPTSSB expression (Figure 12A). Interestingly,
SPTSSB knockdown in PC-3 cells diminished cell viability without increasing cellular
death (Figure 12B-C). The efficacy of CNL was significantly hindered after SPTSSB
knockdown as the effect on cell death and viability was reduced in cells treated with
SiRNA-SPTSSB compared to the control siRNA-scramble (Figure 12B-C). We
confirmed that knockdown of SPTSSB was not compensated for by an overall
increase in the expression of other enzymes involved in de novo synthesis of
sphingolipids (Figure 12D). These data show that SPTSSB is necessary for maximum
efficacy of CNL in AR-negative cells.

We next sought to determine the importance of SPTSSB in sphingolipid
generation. After 24h of SPTSSB knock down, PC-3 cells were challenged with CNL
for 24h and sphingolipid masses were measured. We observed that knocking down
SPTSSB for 48 hours did not change sphingolipid mass in PC-3 cells (Figure 12E-G).
However, upon CNL treatment, the knockdown of SPTSSB reduced the levels of C6-
ceramide (Figure 12E) and total endogenous ceramides (Figure 12F). Notably, the
mass of dihydrosphingosine, indicative of de novo synthesis of sphingolipids, was
reduced in the siRNA-SPTSSB cells treated with CNL compared with scramble RNA
(Figure 12G). The lower levels of ceramide accumulated in the siRNA-SPTSSB cells
after CNL treatment correlates with reduced efficacy of CNL. This shows, for the first
time, that SPTSSB dependent de novo synthesis of sphingolipids is critical for

maximum CNL efficacy in AR-negative PCa cells.
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Figure 12 - SPTSSB is essential for CNL efficacy in AR-negative cells.
(A) Expression of SPTSSB after knockdown in PC-3 cells compared to scramble control.
Mean + SEM from three independent experiments is represented. P values obtained
using non-parametric Mann—Whitney U-test: *** represent significance of p-values <
0.001.

(B) Cell death of PC-3 cells transfected with scRNA and siRNA-SPTSSB and 24h later
treated with CNL or ghost for 48h. Mean + SEM from three independent experiments is
represented. P values obtained using non-parametric Mann—Whitney U-test: **
represent significance of p-values < 0.01.

(C) Viability in PC-3 cells transfected with scRNA and siRNA-SPTSSB and 24h later
treated with CNL or ghost for 48h. Mean + SEM from three independent experiments is
represented. Statistics were obtained using non-parametric Mann—Whitney U-test:
represented by * in CNL scRNA vs siRNA; § represents p<0.01 in ghost siRNA vs CNL
SiRNA; & p<0.001 in ghost siRNA vs CNL siRNA; # p<0.001 in ghost scRNA vs CNL
ScCRNA.

(D) Gene expression of SPTLC1-3, ORMDL1-3, SPTSSA in PC-3 cells after knocking
down SPTSSB compared to scramble control. Mean + SEM from three independent
experiments is represented. P values obtained using non-parametric Mann—Whitney U-
test: *** represent significance of p-values < 0.001.

(E-G) Mass of (E) Cé6-ceramide, (F) Total endogenous ceramides, (G)
Dihydrosphingosine in PC-3 cells transfected with scRNA and siRNA-SPTSSB for 24h
followed by treatment with ghost or CNL for 24h (1ouM). Mean + SEM (n=4) is
represented. P values obtained using a two-tailed t test: *, ** and *** represent
significance of p-values < 0.05, 0.01, and 0.001 respectively.



CHAPTER 5: ANDROGEN RECEPTOR AND SPHINGOLIPID ENZYMES

1. RATIONALE

Androgen receptor (AR) is the master regulator of several signaling pathways
contributing to the prostate’s normal growth and maturation. AR acts mostly as a
transcription factor after associating with the transcription machinery, co-activators
and co-repressors 3¢, Importantly, a ratio between co-activators and co-repressors
has been suggested as an important determinant of what kind of regulation AR will
impose on gene expression in a tissue- and temporal manner 37. AR can play multiple
roles in cells and in fact has been found to play both an oncogenic and tumor
suppressor role 143,

PCa’s development and progression are accompanied by higher rates of lipid
synthesis and metabolism, mostly coordinated by AR 91146149, Importantly, one of the
metabolic hallmarks of PCa is lipid accumulation, a phenomena that has been
reported in patients and other models of study 84. A minimally defined role for AR
concerning lipid metabolism is the regulation of exogenous lipid uptake, which can
generate a feedback loop: release of fatty acid from adipose cells or cells in tumor
microenvironment, and uptake by the prostate cancer cells 47. PCa is more lipogenic
than most tumors, given that it doesn’t rely as much on glycolysis 9. The ability
displayed by AR in regulating cell metabolism, and the importance this regulation
plays in transition from indolent to aggressive PCa makes it imperative to determine
AR regulation of metabolism and lipid metabolism. Taking into consideration the
importance that metabolites play in drug resistance and progression after treatment,
the interaction between AR and metabolism might lead to better therapeutics for PCa
patients.

The importance of sphingolipids in oncology has been established since the
early 1990s 345, In PCa, increased levels of sphingomyelin were observed in cells with
higher metastatic potential 402, Similarly, a study showed that that AR-negative and
AR-positive cells differed in their gangliosides content 4°3. Moreover, ASAH1 and
SPHK1-2 have also been reported as differentially expressed in PCa with relevant
impact in the progression of the disease or therapeutic resistance 366:370:414-419,
Recently, a study reported that blocking AR signaling with Abiraterone acetate led to
an increase in the mass of ceramide and sphingomyelin 42. In 2017, the Knudsen
laboratory demonstrated that AR regulates the expression of dihydroceramide
desaturase (DEGS1), a sphingolipid metabolic enzyme 28. To our knowledge this is

the only established example of AR regulation of sphingolipid metabolism down to



the molecular level. Nonetheless, and considering the vast information available for
the role of sphingolipids in tumors other than PCa, these lipids deserve a lot more
attention. Understanding sphingolipid metabolism and its regulation by AR is
important for a better picture of cancer metabolism in PCa, as well as rendering novel
therapeutic targets or approaches in order to combat the current relapse-prone
landscape of PCa treatments.

With that goal in mind, in this Chapter we will present data showing AR
regulation of the expression of sphingolipid metabolic enzymes by high-throughput
techniques. These data can be explored to determine the biological and pathological
relevance of the interplay between AR and specific sphingolipid metabolic enzymes.
To our knowledge, this is the first study of its kind, where RNA-seq has been used to
explore and describe the relationship between AR and sphingolipids in PCa.

2. RESULTS

Androgen receptor regulates expression of sphingolipid metabolic enzymes

To measure the effect of androgen stimulation of the Androgen receptor (AR)
on sphingolipid metabolic enzymes expression, we utilized publicly available RNA-
seq datasets in different AR-positive PCa cells. We curated a comprehensive list of 99
enzymes involved in the different pathways that comprise sphingolipid metabolism
(Figure 13). A cutoff value for the fold change differences after androgen treatment
was set at >1.5 (up-regulation - red) and <o0.5 (down-regulation - green). AR was

stimulated with the synthetic testosterone analog R1881.

LNCaP: in these cells, treatment with R1881 for 24 hours led to a significant
change in the expression of 24 transcripts out of the 99 analyzed (24%). Of these 24

transcripts 7 were down-regulated and 17 up-regulated (Table 1 and 2).

PC-3/AR+: R1881 for 24 hours led to a significant change in the expression of
21 transcripts out of the 99 analyzed (21%). Of these, 9 were down-regulated and 12
were up-regulated (Table 1 and 2).

VCaP: treatment for 24 hours changed the expression of 40 transcripts out of
the 99 sphingolipid metabolic enzymes (40.4%). Of these, 13 transcripts were down-
regulated and 27 up-regulated (Table 1 and 2).

Regarding down-regulation, one of these transcripts had its expression
significantly altered in all 3 cell lines, Serine palmitoyltransferase long chain base

subunit 3 (SPTLC3) (Table 1). SPTLC3 plays a critical role in the assembly of



SPTLC/SPTSS complex to generate sphingolipids via the de novo pathway (Han,
2009). Another gene involved in the same complex assembly, SPTSSB, was down-
regulated in both PC-3/AR+ and VCaP, while undetected in LNCaP (Table 1). The
lack of detection of SPTSSB in LNCaP cells point to additional mechanisms of
regulation of its expression than just AR. These results point to a negative regulation
from AR signaling of the de novo synthesis pathway, which in Chapter 3 we showed
could be reversed with an anti-androgen, Abiraterone acetate. The concept of
negative regulation by transcription factors such as AR, is underexplored and only
recently has started to become more evident. This negative regulation is commonly
associated with the association of AR with co-repressors that inhibit expression of
target genes upon binding to regulatory elements. More studies are necessary to
understand what the biological impact of this kind of regulatory effect is.

In the up-regulated category, we found two transcripts to be commonly up-
regulated among all three cell lines used. SMPD1 and Beta-1,3-Galactosyltransferase
4 (B3GALT4) were up-regulated in all three cell lines exposed to R1881 (Table 2).
SMPD1 is one of four different enzymes responsible for breaking down
sphingomyelin into ceramide and mutations in SMPD1 lead to Niemann-Pick type A
and B disease, which is characterized by an accumulation of sphingomyelin 273. There
is one publication showing that AR-stimulation leads to up-regulation of SMPD1 in
smooth muscle cells 4%¢. However, in prostate tissues and PCa specifically, it is not
known the impact or role of this interaction. B3GALT4 is involved in the synthesis of
higher order glycosphingolipids by generating GM1 ganglioside. This enzyme is
understudied with currently no publications in PCa or a connection with AR-
signaling. More studies are necessary to determine what is the impact, if any, of the
positive regulation by AR of these two enzymes. Interestingly, DEGS1, shown by the
Knudsen laboratory to be up-regulated by AR in LNCaP cells, showed high levels of
up-regulation in both LNCaP and VCaP in this dataset, but not in PC-3/AR+ cells
(Table 2). Thus, it is important to note that AR activation or repression of
transcription of most sphingolipid metabolic enzymes is cell line dependent
suggesting other pathways and expression of either co-activators or co-repressors as

crucial for its activity (Figure 14).
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Table 2 - List of downregulated sphingolipid enzyme transcripts by AR
stimulation in PCa cells lines (red - wup-regulation; green down-
regulation; fold change to vehicle treated cells).

FoLD CHANGE
LNCAP PC-3/AR+
CERK 0,03 0,15 0,88

S1PR3 0,25 3,20
DEGS2 0,29 - 5,38
CERS1 0,34 0,21 0,64
PLPP2 0,47 0,48 -
FAM57B 0,49 - -
ACER3 - 0,37 1,45
B3GALTs5 - 0,03 0,02
DUSP19 - 0,38 1,88
GBGT1 - 0,25 -
GLTPD2 0,58 0,39 0,42
NEU3 0,65 0,40 0,53
SMPD5 - 0,48 -
B4GALT6 0,71 - 0,38
S1PR2 0,67 0,61 0,40
SPHK1 0,72 - 0,13

ST3GAL1 0,66 - 0,44



Table 3 - List of upregulated sphingolipid enzyme transcripts by AR
stimulation in PCa cell lines (red — up-regulation; green down-
regulation; fold change to vehicle treated cells).

gy —

ivor | vor | rowaR:

SGPP1 1,50 2,05 0,82
UGGT1 1,53 3,36 =
ASAH2B 1,54 = =
SMPD4 1,58 0,92 0,80
SGMS2 1,60 0,90 -
ABCA7 1,62 2,36 -
SMPD1 1,67 3,07 2,72
ASAH1 1,78 2,13 -
GBA2 2,10 2,11 1,26
PRKCD 2,17 2,14 0,63
CERS6 2,24 - 1,58
ORMDL2 2,77 3,22 1,32
ST3GAL4 2,97 2,72 1,44
SMPD2 4,65 5,57 -
NSMAF 5,57 1,22 2,73
B3GALT4 6,29 3,55 8,19
PLPP1 7,01 2,07 -
DEGS1 8,76 2,12 0,73
B4GALT4 1,18 1,56 1,49
CERKL - 14,46 -
CPTP 1,34 1,77 -
FA2H 0,71 3,56 2,19
FUT1 1,30 1,79 -
GBA 1,38 1,57 2,03
GLA 0,56 1,81 -
PLEKHAS - 1,72 1,22
PPP2CA 1,34 1,53 0,79
SAMDS 1,30 1,64 1,31
SMPD3 - 2,51 -
SPHK2 1,49 1,52 1,25
A4GALT 1,34 - 1,82
ACER2 - = 3,15
S1PR1 - - 66,7

SPTLC2 0,79 0,89 1,55



AR regulation of expression fluctuates with timing of stimulation

We then mined the data from an available dataset that had LNCaP cells
exposed to dihydrotestosterone for 3, 6, 12, 24, and 48 hours (Figure 15). Unlike the
previous dataset analyzed, a time-course analysis of AR stimulation allows us to
determine if the regulation is continuous, or if it’s time specific. This dataset also
serves the purpose of validating the results obtained in LNCaP cells in the previous
section. In this dataset we confirmed that SMPD1 was indeed up-regulated after 24
hours of AR stimulation when its expression reached the highest level (Figure 15).
Another target that we showed to be up-regulated in all 3 cell lines at 24 hours is
B3GALT4. In this experiment, expression of B3GALT4 was increased with time of
exposure and in fact reached its peak at 48 hours after treatment (Figure 15). On the
other side of the spectrum, SPTLC3 was the main target for down-regulation by AR in
all 3 cell lines. In this time-course, SPTLC3 expression reached its lowest point after
24 hours of dihydrotestosterone treatment (Figure 15). This decrease in expression
occurred progressively from 6h to 24h, while slightly rebounding from 24h to 48h
(Figure 15). This data suggests that AR negatively targets SPTLC3, and that in fact 19

of the enzymes studied had decreased expression after 24 hours of DHT treatment.
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Figure 14 - AR regulation of sphingolipid enzymes' expression: AR
stimulation leads to increased expression of B3GALT4 and SMPD1 (red) in 3 different
PCa cell lines. These two enzymes are involved in the ganglioside synthesis (B3GALT4)
and conversion of sphingomyelin to ceramide (SMPD1). AR stimulation also represses
expression of SPTLC3 and SPTSSB (green), which are both involved in the de novo
synthesis of sphingolipids. Here are only represented the transcripts that are either up-
or down-regulated in all three cell lines measured by RNA-seq.
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Figure 15 - Regulation of sphingolipid metabolic enzymes by AR
stimulation across time.

Heatmap of sphingolipid metabolic enzymes LNCaP after treatment with
dihydrotestosterone. RNA-seq data with one replicate per timepoint of
stimulation.

In sum these results show that AR is capable of regulating the expression of
sphingolipid metabolic enzymes, thus having the potential ability to regulate
sphingolipid metabolism in PCa cells, reinforcing another pathway as under control
by this powerful regulator in prostate cells. More studies are necessary to ascertain
how these regulations occur (direct binding to target promoter vs indirect binding via
complex formation and co-inhibitor/inducer association), as well as the biological
outcome of those. These data also highlight other enzymes that can be explored in the

context of PCa and hormonal regulation.



CHAPTER 6: CERAMIDE AND CHIRALITY — THE GOOD, THE BAD
AND THE UGLY

1. RATIONALE

Ceramide is a bioactive lipid that has been described as part of several
different death pathways. The first publication tying ceramide with cell death in
cancer was published in 1993 345. Later studies showed that ceramide levels are
increased in cells under stress conditions, and importantly in cancer cells treated
with chemotherapeutics and radiation 340374375, To simulate the increase in ceramide
levels as a cancer therapeutic, exogenous short-chain ceramides have been developed
that are more soluble and can therefore be used in cells and patients 391. Despite the
fact that these exogenous ceramides display similar effects to endogenous ceramides
when it comes to cell death and signaling cascades, it is still important to determine
the role lipid structure plays.

Given the complex structure of ceramide, researchers have made attempts to
determine which components of its structure are essential for its biological role.
Initial studies showed that while C2-ceramide was able to induce cell differentiation
that was not the case for sphingosine, suggesting a critical role for the amide-linked
fatty acid 4¢7. Natural sphingolipids occur in the D-erythro configuration but three
more stereoisomers exist: L-erythro (enantiomer of D-erythro), D-threo, and L-threo.
The altered three-dimensional orientation of these lipids might confer different
degrees of access by sphingolipid metabolic enzymes. In pharmacology, usually only
one enantiomer or stereoisomer of a drug can carry out the purposed effect. Thus, in
the sphingolipid field, researchers have tried to determine if the same happens with
exogenous short-chain ceramides helping to determine if metabolism of the
compound by enzymatic reactions plays a role in the drug effect or if the toxicity
arises from only the compound.

The first study concerning the role of different ceramides was published in
1992 where Bielawska et al. wanted to determine the structural requirements for
ceramide’s action using phenylaminoalcohols 4¢7. These chemicals differ from
ceramide by the replacement of sphingosine backbone with a phenyl group. Authors
showed that sphingosine was effective at reducing proliferation but not
differentiation in HL-60 leukemic cells 4¢7. The suggested role for the need of the
amide linked acyl group was still not sufficiently addressed given the fact that the
chemicals used not fully represent sphingolipid structures. In order to address this

issue, the same team published another paper in 1993 investigating the effect of



stereoisomers of C2-ceramide 468, Importantly, the authors observed that D-erythro-
C2-dihydroceramide had no activity compared with D-erythro-C2-ceramide 468, By
measuring uptake, the authors were able to disregard lipid uptake as the reason for
differential effect of these two lipids 4°8. When comparing different chemical
structures of C2-ceramide, it was possible to observe that in HL-60, L-erythro-C2-
ceramide was equally potent to D-erythro-C2-ceramide; however, L-threo had a
bigger impact in cell proliferation than those two structures, while D-threo was the
least effective stereoisomer 4%8. Similar to dihydroceramides, lipid uptake and
metabolism was similar and didn’t seem to be related with different biological effects.
In fact, a striking 80% of both C2-ceramide and dihydroceramides were still present
in the cells after 24h treatment 468, Interestingly, using labeled C2-ceramide authors
couldn’t detect any labeled sub-products of ceramide in the form of other
sphingolipids 468, Concerning cellular death, apoptosis was detected only in U937
lymphoma cells but not HL-60 cells showing that the effect might be cell line
dependent 48, The authors suggest that given the biological difference between
ceramide and dihydroceramides, this difference might rely on the double bond that
distinguishes these two lipids 4%8. Another hypothesis proposed by the authors
concerning dihydroceramide’s inert impact, is that its presence blocks potential
detrimental effects of ceramide accumulation. Exogenous ceramide localizes
primarily to the Golgi where it can be sequestered, delaying its conversion to
endogenous ceramides 468,

Despite all the efforts to validate and confirm the stereospecificity of
ceramide’s effect, contradicting data has been reported. Hauser et al. published that
C6-dihydroceramide caused similar effects to C6-ceramide contradicting previous
reports 499, This difference might be originated from testing different cell lines with
metabolic molecular pathways that might not be similar. Moreover, it is possible that
C2 and C6 exogenous sphingolipids might trigger different effects in cells. One of the
most interesting results reported by Hauser and colleagues is the morphological
changes in cells treated with C6-ceramide 4. The authors describe a phenomenon
where cells “round up” after 10h of treatment but remain viable, an alteration that
can be reversed by removing C6-ceramide from the media up to 18h after starting
treatment 4%9. Despite not pursuing what molecular changes were behind this
morphology alterations, the authors suggest that it might be related with functional
Rho proteins and involve lipid inhibition of rhoGAP as reported for

phosphatidylinositol 4,5-biphosphate and lysophosphatidic acid, which affect the



cytoskeleton through the actin machinery 4%. This potential relationship is of crucial
importance, but still lacks further validation in the literature.

Another publication came out of the Young-Moon Lee laboratory where
researchers found that all four isomers of C2-ceramide caused increased sphingosine
mass without changes in dihydrosphingosine and equal arrest of cell cycle 47°. A
paper from the same year suggests that this effect might be independent of
metabolism to other sphingolipid species, as they showed different metabolic
outcomes of different isomers 47'. The authors suggest that all enzymes studied
(glucosylceramide synthase, sphingomyelin synthase, ceramide synthases) are able to
differentiate between the natural (D-erythro) and non-natural (L-erythro)
enantiomers of ceramide 47. It is important to note that for two of the “enzymes” the
authors don’t specify which enzyme were studied, given that there are 6 ceramide
synthases and 2 sphingomyelin synthases.

The Hannun laboratory published another study with the stereoisomer
subject in mind in 2002 472. The authors of this study showed that only D-erythro-Cé6-
ceramide but not L-erythro-C6-ceramide generated endogenous ceramides after
treatment, by recycling of the sphingosine backbone 472. Strikingly, after blocking
endocytosis the authors observed a decrease in the generation of endogenous long-
chain ceramides; however, this synthesis was completely abrogated by brefeldin A, a
drug that destabilizes the Golgi apparatus 472. This result is consistent with
treatments with fluorescent C6-ceramide showing primarily localization to the Golgi,
and tries to address the hypothesis put forth by the same laboratory that the Golgi
sequesters and delays conversion to endogenous ceramides 4%8. In fact, it seems that
complete abrogation of the Golgi apparatus can block conversion to endogenous
ceramides, showing more a dual and delayed effect than a all-or-nothing scenario.
Moreover, Ogretmen and colleagues also showed that D-erythro inhibited growth of
A549 cells while L-erythro did not; this was not the case for HL-60 cells, where both
structures caused growth arrest. Interestingly L-erythro-C6-ceramide caused
increase in apoptosis (measured by Trypan blue incorporation) without raising levels
of endogenous ceramides, suggesting a lipid role independent of conversion to
endogenous sphingolipids. Moreover it seems, just like in previous studies, that the
effects might be cell and tissue dependent, opening a can of worms when starting to
define the role of specific ceramide structures. It is therefore essential to mention in
publications concerning this subject that the effect might depend on the tissue of

origin.



In this Chapter we explored the effect of different sphingolipids and
stereoisomers of C6-ceramide in the viability of Prostate cancer (PCa), as well as its
metabolism. To our knowledge this preliminary study is the first one focused on the
subject of structure specificity and effect of sphingolipids in PCa. Thus, these data can
be further explored to determine the biological relevance of sphingolipid enzymes
and their specificity to certain isomers of C6-ceramide. Moreover, understanding the
role of sphingolipids such as sphingosine and dihydrosphingosine might hint at other

sphingolipid-based therapeutic avenues that can be explored in this disease.

2. RESULTS

Effect of ceramide in Prostate cancer cells depends on stereoisomer structure

To determine the effect of structure requirements for C6-ceramide in
reducing PCa viability, two commonly used in vitro models of this disease (PC-3 and
LNCaP) were selected. We used the same concentration (1ouM) of 4 different isomers
of C6-ceramide: the natural D-erythro, L-erythro, D-threo, L-threo, plus C6-
dihydroceramide and C6-ceramide nanoliposome (CNL). Similar to the results
reported in Chapter 3 of this Thesis, PC-3 cells were more responsive to C6-ceramide
treatments than LNCaP (Figure 16). This result indicates a cell-specific response to
ceramide-based treatments. Moreover, we observed that the effect of C6-ceramide
was also dependent on the structure of the lipid.

PC-3 cells were shown to be more susceptible to the C6-treatments, however
this was only the case for the D-erythro structure (Figure 16). After 24 hours of
treatment both D-erythro-C6 ceramide (free and in nanoliposome) and
dihydroceramide significantly reduced cell viability (Figure 16A). Importantly,
ceramide was more potent than dihydroceramide showing the importance of the
double bond for ceramide’s effect. Interestingly, D-threo and L-erythro induced a
small increase in viability of PC-3 cells, this effect, however, was not observed at 48
hours post-treatment (Figure 16B). At 48 hours the effect of D-erythro ceramide and
dihydroceramide on viability was more pronounced, again with higher impact caused
by D-erythro-C6 ceramide (Figure 16B). It is also important to note that in PC-3 cells,
the more efficacious formulation in reducing these cells’ viability was the D-erythro-
C6 ceramide nanoliposome (CNL).

In LNCaP cells at 24 hours after treatment, only D-erythro-C6 ceramide
either in its free form or encapsulated in a nanoliposome formulation (CNL) had a

significant, albeit limited, effect on cell viability (Figure 16C). At 48 hours, L-erythro



and L-threo, together with both formulations of D-erythro-C6 ceramide significantly
reduced viability in these cells (Figure 16D). It is important to note that the reduction
in viability in both timepoints was more exacerbated by CNL but didn’t surpass 25%
of reduction in either timepoint compared with its control.

These results indicate that the effect of C6-ceramide is cell-specific, and also
structure specific. In PCa, D-erythro-C6 ceramide is more impactful in reducing
viability compared with dihydroceramide, but in the case of PC-3 cells this lipid did

cause a reduction in cell viability.
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Figure 16 - D-erythro-ceramide is the most effective against PCa
cells.

Viability of PC-3 (A,B) and LNCaP (C,D) after treatment with D-threo, L-erythro, L-
threo, Dihydroceramide, free C6-ceramide, and CNL (1o0uM) compared to vehicle or
ghost control (20uM) at 24 hours (A,C) and 48 hours (B,D). Mean + SEM from three
independent experiments is represented. P values obtained using non-parametric
Mann—Whitney U-test: *, **, and *** represent significance of p-values < 0.05, 0.01,
and 0.001 respectively.



Metabolism of C6-ceramide in Prostate cancer depends on lipid structure

Next, we sought to determine the metabolism of the lipids (1ouM) above
described in LNCaP cells by analyzing the sphingolipid profile of these cells after 1
and 24 hours of treatment, via LC-MS/MS (Figure 17).

D-threo: this lipid was well incorporated by cells and at 1 hour its mass was
the highest among all stereoisomers, and D-threo-C6 mass didn’t decrease with time
as at 24 hours the mass was higher. Interestingly, the levels of endogenous ceramides
were not elevated after treatment with D-threo-C6 mass at either timepoint
measured. This suggests that D-threo-C6 ceramide presents a challenge to the
activity of ceramidases. Importantly, C6-glucosylceramide and C6-sphingomyelin
were detected in cells at low levels, again indicating a lower metabolic rate for D-
threo-C6 ceramide. This is accompanied by a small increase in the mass of
sphingosine at 24 hours indicating lack of activity by ceramidases. Concerning other
major classes of sphingolipids measured in this study: glucosylceramide,
sphingomyelin, dihydrosphingosine, and SiP, no major increases were detected
compared with the control. These data suggest that despite remaining in cells at high
concentrations, this structure is not able to trigger the same signaling cascades or
allow for the same metabolism as D-erythro-C6, which might be associated with its

lack of effect on cell viability.

L-threo: unlike D-threo, L-threo-C6 ceramide was incorporated by LNCaP
cells and metabolized between timepoints measured with a drop in about half of the
mass. This metabolism resulted in increased levels of endogenous ceramides
potentially by recycling of the sphingoid backbone, as there was no increase in the
mass of the precursor lipids to ceramide. Again, and unlike D-threo-C6, after 24
hours of treatment the levels of sphingosine were about 10 times higher than in
control cells indicating an ability of ceramidases to cleave the fatty acid chain length
from the sphingoid backbone. The metabolism of L-threo-C6 ceramide seemed to
preferentially lead to an increased mass of C6-sphingomyelin but not endogenous
sphingomyelin species. There were also modest increases in both C6-
glucosylceramide and endogenous glucosylceramide levels. These data suggest that
sphingolipid metabolic enzymes have the ability to metabolize L-threo-C6 ceramide
that is higher than D-threo counterpart. The increase in metabolism of this lipid
might also be responsible for a significant decrease in cell viability caused by L-threo-

C6 ceramide that was not observed with D-threo-C6 ceramide.



L-erythro: we were able to detect significant levels of L-erythro-C6 ceramide
at 1 hour of treatment, and the lipid mass increased at 24 hours. This increase was
also accompanied by an increase in the levels of sphingosine in the cells. We also
were able to detect C6-glucosylceramide and C6-sphingomyelin although not at high
concentrations. Despite the increase in the levels of sphingosine, we didn’t detect
increased levels of endogenous ceramides or glucosylceramides, and only observed a
modest increase in sphingomyelin. These results could indicate a diminished ability
of ceramide synthases to add fatty acid chain length to the newly generated sphingoid
backbone from the reacylation of L-erythro-Cé6 ceramide. Interestingly, we detected a
significant and robust increase in S1P after 24 hours of treatment suggesting that
sphingosine kinase activity is not hindered. The accumulation of C6-ceramide and
sphingosine can be associated with the modest effect that L-erythro-C6 caused in

reducing cell viability.

D-erythro: At 1 hour, the natural structure of ceramide, D-erythro ceramide
had the lowest levels of exogenous C6-ceramide of all 4 isomers. This was still the
case when lipid mass was measured at 24 hours post-treatment, indicating an ability
for cells to metabolize this lipid. At both timepoints, D-erythro-C6 ceramide caused
an increase in the sphingosine mass, which suggests that ceramidases have a
preferential and higher affinity for the natural occurring D-erythro structure. This
increase was also observed for endogenous ceramides, glucosylceramide and SiP.
Both C6-glucosylceramide and C6-sphingomyelin were detected at higher levels than
other isomers, with the exception of the effect of L-threo on the levels of C6-
sphingomyelin at 24 hours. The results for D-erythro-Cé6 dihydroceramide were
similar to the ones observed for D-erythro-C6 ceramide with the exception of a
slower increase in sphingosine. Levels of C6-dihydroceramide at the 1 hour timepoint
were lower than C6-ceramides suggesting either a more hydrophobic nature of the
lipid or more difficulty for cell membranes to take up this lipid in particular. These
results combined suggest that the naturally occurring D-erythro ceramide is
preferentially metabolized by cells likely due to the programmed action of

sphingolipid metabolic enzymes optimized to this structure.

Ceramide NanoLiposome (CNL): this drug delivery vehicle encapsulates D-
erythro-Cé ceramide and as previously mentioned has higher permeability and half-
life in culture and in vivo. Thus, we decided to compare the sphingolipid profile after
treatment with CNL to its Ghost control (nanoliposome without the drug payload)

and try to understand potential trends comparatively to free C6-ceramide lipids. We



observed that the mass of C6-ceramide in CNL treated cells was higher than what we
observed for free D-erythro-C6 ceramide. It is also important to note that this lipid
mass was decreased between 1 and 24 hours showing that sphingolipid enzymes have
the ability to then metabolize this lipid out of the liposome capsule. There was a
concomitant increase in sphingosine levels as well as endogenous ceramide
suggesting that both ceramidases and ceramide synthases can reacylate this lipid.
Treatment with CNL led to the highest mass of S1P both at 1 and 24 hours, as well as
increases in endogenous sphingomyelin and glucosylceramide. We were also able to
detect both C6-glucosylceramide and C6-sphingomyelin. Therefore, it is possible to
conclude that the biggest difference between free C6-ceramide and CNL when it

comes to metabolism originates from different uptake by LNCaP cells.

These results point to the importance of the structure of C6-ceramide for its
metabolism and signaling effects that still requires much more investigation. These
data also suggest that certain sphingolipid metabolic enzymes might have a more
promiscuous ability to play its part and not be restricted to the natural occurring D-

erythro ceramides.
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Figure 17 - Different ceramide analogs are metabolized differentially by
LNCaP cells.

Mass of (A) C6-ceramide, (B) Total endogenous ceramides, (C) Sphingosine, (D)
dihydrosphingosine, (E) S1P, (F), total endogenous glucosylceramide, (G) C6-glucosylceramide,
(H) C6-sphingomyelin, (I) total endogenous sphingomyelin in LNCaP cells treated with vehicle,
ghost, D-threo, L-erythro, L-threo, Dihydroceramide, free C6-ceramide and CNL (1o0uM) in
LNCaP cells after 1h or 24h. Mean + SEM (n=5) is represented.



Sphingolipid toxicity in Prostate cancer cells depends on metabolism

Despite the known effects of ceramide accumulation and induction of cell
death, the impact of other sphingolipids and their metabolism is not yet fully
understood. In fact, there are several key aspects of sphingolipids’ structure and their
role in cell death that are not fully understood. One of these key issues is the effect of
different sphingoid bases that are part of sphingolipid structure. Different
SPTLC/SPTSS complex assembly generates sphingoid backbones that range from di4
to d20, with di8 being the most common in human tissues. Defining the altered
properties for sphingolipids with different backbones is crucial as human cells can
naturally generate them. Another key point is related to the role and effect of atypical
sphingolipids (1-deoxysphingolipids), which are generated by condensation of L-
alanine or L-glycine and not L-serine. These lack the Ci-hydroxyl group present in
dihydrosphingosine and are not degraded by the same mechanisms as classical
sphingolipids. Thus, we tested a range of sphingoid bases and atypical sphingolipids
and their effect in PCa cells’ viability.

We observed that treatment with sphingosine (d16:1, d18:1, and d20:1) did
not significantly change the viability of PC-3 cells 48 hours after treatment (Figure
18). The same was not observed for dihydrosphingosine; while d20:0
dihydrosphingosine had no significant effect in cell viability, di8:0
dihydrosphingosine caused a significant reduction in PC-3 viability after 48 hours of
treatment (Figure 18). In comparison, when 1-deoxysphingolipid counterparts were
used the results were striking. Treatment with d18:1 1-deoxysphingosine resulted in a
significant decrease of viability, while the classical d18:1 sphingosine had no effect
(Figure 18). These deoxysphingolipids can’t be metabolized by conventional
metabolism, which results in their accumulation in cells leading to imbalance of
homeostasis. Even more striking results were observed for di8:0 1-
deoxydihydrosphingosine, where the reduction in cell viability reached 80% at 48
hours of treatment compared with 15% caused by d18:0 dihydrosphingosine (Figure
18). A significant reduction in viability was also observed with free C6-ceramide and
1-deoxy-C6 ceramide at similar levels (Figure 18).

These data suggest that in PC-3 cells the toxicity of dihydrosphingosine is
higher than that of sphingosine. Moreover, a potential inability of cells to metabolize
the atypical lipids results in enhanced effects on cell viability to higher levels in
comparison with Cé6-ceramide. As previously noted, stopping the sphingolipid train
system and accumulating specific classes of these lipids is detrimental for cells.

Moreover, the data indicates that classical C6-ceramide is as detrimental as 1-deoxy-



C6 ceramide to cell viability, however not ruling out the fact that these two

sphingolipids can be differentially metabolized or trafficked.
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Figure 18 - Impaired metabolism of sphingolipids leads to
reduced cell viability.

Viability of PC-3 treated with: vehicle, sphingosine di6:1, sphingosine di8:1,
sphingosine d20:1, dihydrosphingosine d18:0, dihydrosphingosine d20:0, deoxy-
dihydrosphingosine-d18:0, deoxy-sphingosine-d18:0, deoxy-C6-ceramide, free C6
ceramide, ghost, and CNL (1ouM) for 48 hours. Mean + SEM from three
independent experiments is represented.

Removing C6-ceramide from cell culture impedes drug effect

As previously mentioned, in 1994 Hauser and colleagues observed
morphological changes in cells that were treated with C6-ceramide 4. The change in
cell shape was described, “rounding up”, and occurred after 10h of treatment while
the cells were still viable 4%. No molecular mechanism to fully explain the
phenomena was described. This change, however, was reversed if the drug was
removed from the media up to 18h after treating 4%9. As part of the studies in this
Thesis, we treated PC-3 cells with 10uM of CNL for 6 hours and 12 hours before
removing the drug from the media allowing for a total of 24 hours before measuring
viability (Figure 19). As a control, we treated PC-3 cells with the same concentration
for 24 hours without drug removal. We observed that all three time-points of drug
exposure were able to reduce PC-3 cell viability, albeit with different effects (Figure
19). In fact, there was a time of exposure-dependent effect on the viability of PC-3
cells caused by CNL: the higher the amount of time exposed the more pronounced
effect (Figure 19). There was a significant difference between all three different

exposure times. These results suggest that the maximum effect of CNL in cells occurs



from continuous uptake of the drug and accumulation of sphingolipids in cells. It is
possible that the addition of new complete media could boost cells metabolism and
favor survival, however there were clear differences in morphology similar to the
ones described by Hauser et al. 4%. Our data adds to this previous work that hasn’t
been followed since, to the best of our knowledge. In sum, the results in this section
highlight that both C6-ceramide in the nanoliposome and its metabolism by cells is

important for the anti-cancer effect of CNL.

% k%
12& * *kk
100
2
2 80d
E
S 60
(]
2
T 404
Q
14
20
Qe
6 hours 12 hours 24 hours
Ghost
-CNL10pM

Figure 19 - Removing CNL from cell culture media hinders its efficacy.
PC-3 cells treated with CNL (10uM) or Ghost for 6h, 12h followed by media removal and
fresh media added to cells. Treatment for 24h with CNL and Ghost without media
removal used as a reference point. Cell viability measured 24h after the start of the
treatment. Mean + SEM from three independent experiments is represented. P values
obtained using non-parametric Mann—Whitney U-test: ***, * represent significance of p-
values < 0.001 and <0.05 respectively.

In sum, this Chapter shows that different conformations of C6-ceramide lead
to different outcomes when the readout is cell viability, highlighting that C6-
ceramide itself is not the only culprit of the anti-cancer properties of CNL. A better
appreciation of metabolic patterns shows that the effect of CNL is most likely a
compounding effect between the metabolism of C6-ceramide to other sphingolipids
combined with C6-ceramide itself. Moreover, accumulation of atypical sphingolipids
(e.g. 1-deoxydihydrosphingosine) has been shown to lead to neurodegeneration 245, In
this Thesis, we show that exogenous short-chain versions of these sphingolipids are
attractive candidates for a CNL 2.0 as these can only be metabolized by a small group

of enzymes.



CHAPTER 7: DISCUSSION AND FUTURE PERSPECTIVES

1. DISCUSSION

Prostate cancer (PCa) is a disease that encompasses major sociological and
financial concerns worldwide despite all the efforts put forth by researchers and
clinicians. This disease is characterized by a high degree of molecular heterogeneity
that has made it hard to stratify according to risk levels. The heterogeneity behind
PCa has made it hard to develop robust biomarkers, as well as treatments that can
help reduce the lethality of this disease among men. Thus, understanding the disease
at its molecular core is important to allow better epidemiological and
pharmacological tools to be developed to help patients in the clinic. The Department
of Defense (DoD) through its Prostate Cancer Research Program (PCRP) has
identified the following four major challenges designed to help bridge the gap

between clinical care and knowledge of this disease:

* Improve the quality of life for survivors of prostate cancer;

* Develop new therapeutic modalities that improves the outcome of
patients with lethal PCa;

* Reduce incidence of lethal PCa in populations at higher risk (e.g. African
Americans, Veterans);

* Define the biology of lethal PCa to help reducing death rates.

These overarching goals are crucial for the direction of PCa research and helps set the
blueprint for what remains to be done. The Thesis here presented is an attempt to
address 2 of those goals: to better define the biology of lethal PCa and develop
new therapeutic modalities that can bring some better results to patients.

In this work, we found that Ceramide NanoLiposomes (CNL) is a promising
novel therapeutic for highly aggressive neuroendocrine models of PCa. Currently
these cases have no viable treatment options available and ultimately result in death
from PCa. This sphingolipid-based drug also enhanced the efficacy of FDA-approved
anti-androgens in models that represent less aggressive PCa disease. Moreover, we
also report that Androgen receptor (AR) signaling blockade leads to altered
sphingolipid metabolism by induction of de novo synthesis of sphingolipids via novel
tracing technique. We uncover SPTSSB, a subunit in the de novo synthesis pathway,

as critical for maximum efficacy of CNL in AR-negative models. Additionally, SPTSSB



is negatively regulated by AR-signaling, which shows that AR is able to regulate
sphingolipid metabolism at the transcriptional level. The importance of sphingolipids
in the context of normal as well as disease development is striking, but more studies
need to be performed to bridge the gap between theoretical and effective

pathobiological roles.

Androgen receptor regulates expression of sphingolipid enzymes

Androgen receptor (AR) is a transcription factor that regulates several key
pathways contributing to prostate cells normal function. Importantly, recent
evidence suggests that AR can increase and decrease expression of its targets
depending on the ratio between co-activators and co-repressors 138142, This gives AR a
higher level of flexibility when it comes to regulating different pathways, depending
on cell context. Recent data from the Knudsen laboratory showing that AR triggers
different targets and pathways depending on cell cycle highlights the versatility of AR
128 Hormones and AR play a critical role in the onset and progression of PCa, one of
the key aspects of this regulation is through metabolism adaptation 42,

As previously stated, many enzymes in the lipid synthesis pathway have been
shown to be upregulated by AR in PCa, where lipids play an important role in
sustaining continued growth 9. Nonetheless, the connection between AR and lipid
synthesis is still not fully understood, with different lipid classes having been scarcely
studied. In this Thesis, we focus our studies on a better understanding of
sphingolipids in the context of PCa. Here, we report that stimulation of AR with
synthetic androgens in PCa cell lines leads to altered expression of several
sphingolipid enzymes. Some studies in the past have shown dysregulation of
sphingolipids in PCa, but these have been mostly concerned with levels of
sphingolipid species in in vitro models 4°-403, Thus, there aren’t a lot of studies
directly tying sphingolipid metabolic enzymes to AR signaling.

The only established connection between AR and a sphingolipid enzyme was
recently published by the Knudsen laboratory 28. DEGS1 is an enzyme responsible
for the conversion from dihydroceramide to ceramides, and in this study was
associated with increased migration and worse prognosis 128, However, the authors of
this study didn’t measure the impact of this AR-related upregulation of DEGS1 on the
dysfunction of global sphingolipid metabolites in PCa. The increased expression of an
enzyme responsible for generating more ceramides is counterintuitive to the
principle that more ceramide species equates to higher cell death levels. This

phenomenon is not novel and has been reported in breast cancer where tumor



samples had higher levels of ceramide when compared with normal cells 473. In this
Thesis, we have confirmed that stimulation of AR signaling leads to increased
expression of DEGS1 in PCa cells. We suggest two different hypotheses for why
increase in ceramide species might be beneficial for cancer cells: (1) sustained
proliferation and growth of cancer cells demands elevated synthesis of lipid species
for cell structure and cell signaling — two roles that ceramides are able to perform; (2)
upregulation of ceramide synthesizing enzymes is not enough to lead to accumulation
of ceramides in the cells due to conversion to other sphingolipid species that
contribute to cell survival. The data presented in this Thesis suggests that the second
suggested hypothesis is more likely to play a bigger role, but more biophysical studies
and organelle quantification are necessary to address specific increases in ceramides
in different cellular compartments. We also show that AR stimulation blocks
generation of ceramides via the de novo pathway, both by decreasing expression of
enzymes involved in this pathway as well as sphingolipid mass generated, suggesting
that this transcription factor’s regulation of sphingolipid metabolism is very intricate.
Our study also highlights that transcription factors such as AR can decrease
expression of target genes. In this Thesis, we fall short of showing specific binding of
AR to the promoters of these sphingolipid enzymes by Chromatin
Immunoprecipitation sequencing (ChIP-seq), which we suggest as a logical next step.
Nonetheless, our studies are the first to fully explore AR signaling effect on a wide
array of sphingolipid metabolic enzymes something that has been lacking in the
sphingolipid and PCa fields. It is our assessment that these data will guide further
studies that will allow for a better understanding of the role played by sphingolipids
in PCa. We have only begun to scratch the surface and the constant advancement of
mass spectrometry allows increased sensitivity and specificity of metabolites’
detection and quantification will contribute to a better understanding of diseases,

such as PCa.

Ceramide-based therapeutics: valuable options for Prostate cancer

Due to the dependence of prostate cells, both normal and cancer, on
hormones such as androgens it is not surprising that targeting hormonal signaling is
the main non-surgical treatment option for PCa. There are two main strategies
deployed to attack this dependence: block the synthesis of male hormones, or block
AR the main player downstream of those hormones. However, these two strategies
end up in the same narrow path for patients: resistance and development of

castration resistant PCa (CRPCa), the most aggressive form of the disease. Thus, one



of the main incentives in PCa research is to find novel therapeutics or to repurpose
older drugs for better treating PCa patients.

In this Thesis, we sought to determine the potential of Ceramide
NanoLiposomes (CNL) as a treatment option for PCa. Here, we report that this
sphingolipid-based therapeutic, has the potential to be an effective treatment against
neuroendocrine-CRPCa. Most importantly, when used in combination with FDA-
approved anti-androgens, CNLs may provide benefit for virtually all PCa patients.
One of the limitations of these studies is the lack of in vivo data, thus, the next step is
to validate the findings in in vivo models of PCa. Nonetheless, these preclinical
findings are important especially because CNL just finished a Phase I clinical trial
(NCT02834611) with minimal toxicity and with 50% of stage 4 solid tumor cancer
patients showing stable disease. The low toxicity results are exciting because it might
allow clinicians to use CNL combined with conventional chemotherapeutics already
administered to patients to maximize the effect of both drugs.

The rationale for the development of ceramide-based drugs started in the
mid-9os where researchers found that radiotherapy and chemotherapy used in
cancer patients lead to increased ceramide generation 348354, The increase in
ceramide levels associates with cell death in tumor cells, and ceramide has been
described as part of several different cell death pathways. Most of the initial data on
cell death connected ceramide with apoptosis 198. In this Thesis however, we didn’t
observe increases in apoptotic markers upon C6-ceramide treatment of PCa cells. It is
likely that the cell death pathway of choice upon ceramide treatment is dependent on
the cell type being tested. In agreement with this hypothesis, several other studies
have shown that increases in ceramide induce other forms of cell death and not just
apoptosis 379385386, One of the limitations of our study is that, despite showing
increased cell death from C6-ceramide in PCa cells, we didn’t reach a conclusion on
the specific mechanism behind this cell death. From the preliminary data we
generated, we speculate that more than one cell death pathway is activated at the
same time from this treatment. It is noteworthy that the effect we observed is specific
to cancer cells and that normal prostate cells are mostly protected, suggesting the low
toxicity of C6-ceramide.

The Reader might wonder what is the need or advantage of delivering C6-
ceramide through a nanoparticle. Ceramide is a very complex and hydrophobic lipid,
which makes it hard to deliver this drug. Endogenous ceramides in most tissues
range in the size of their fatty acid tail from 14-26 carbons 2°2 The increase in the size

of the fatty acid tail is accompanied by a decrease in solubility of this lipid 388. Thus,



this led to the synthesis of membrane-permeable exogenous ceramides: C2-, C6, and
C8 ceramide, that circumvent the low solubility allowing for its delivery to cells,
animals and people. A cell can recognize and metabolize these exogenous ceramides
as if they were its own endogenous counterparts, giving researchers and clinicians a
substitute to study and manipulate sphingolipid metabolism 39392, Even with
increased solubility provided by these exogenous short-chain ceramides, their
delivery is still impaired. Therefore, in the early 2000s the Kester lab developed a C6-
ceramide NanoLiposome (CNL) 39. These nanoparticles have enhanced solubility
allowing for ceramide to be administered in an aqueous buffer, higher half-life in
vivo and less toxicity than administration of free-ceramide 3%. The CNL were our
delivery vehicle of choice for this work.

In the past, laboratories have shown C2- and C6-ceramide treatments to be
effective against different PCa cell lines independent of their AR status 407409410, In
our studies, we were not able to validate these results, and instead found for the first
time a dichotomy in the response to ceramide treatment based on AR status. It is
important to note that this difference could be attributed to the nanoliposomal Cé6-
ceramide versus non-liposomal C6-ceramide formulation. However, we conducted
side-by-side studies with both formulations and found that to not be the case,
reporting in this Thesis that non-liposomal or nanoliposomal had the same effect in
PCa cells. These findings show the importance of conducting foundational
experiments, even if those have already been reported, in order to build a stronger

and elegant project, instead of relying in literature without further validation.

Ceramide species vs sphingolipid metabolism, who is the culprit?

Despite several scientific publications reporting that ceramides have anti-
tumor properties, it is still not fully understood what the mechanisms behind the cell
death effect of this sphingolipid are. This is one of the gaps in the field that this
Thesis attempted to answer, but much more work remains to be done. One of the
main advancements provided by this work is the “tracking” of sphingolipid
metabolism after CNL treatment. Most studies in the literature have not provided a
picture of sphingolipid metabolism in cells across time, essentially opting to select a
unique timepoint of choice. In this work, we were able to determine the sphingolipid
metabolism of PCa cells upon addition of C6 ceramide across time. It was this
experiment that pointed us towards a more careful study of the de novo synthesis of
sphingolipids. The importance of providing a more complete picture of the

metabolism upon ceramide treatments is important, as several enzymes that convert



ceramides into other sphingolipid species have been shown to be up-regulated in
drug resistance models and could result in evasion to ceramide treatments 361:363-
366,368,369, Thus, the full sphingolipidome can point out key differences in degrees of
sensitivity in cells.

Another key phenomenon is chirality in sphingolipids with altered three-
dimensional orientation. Many studies have attempted to determine the importance
of this three-dimensional orientation for the metabolism of sphingolipids explained
by differential access to the lipid structure by the sphingolipid metabolic enzymes.
Most of the studies that looked at the different effect of different stereoisomers of
ceramide were performed more than two decades ago, which raises the need to revisit
this literature and findings with the novel techniques that have been made available
since. In this Thesis, we show that in PCa cells different stereoisomers of C6-
ceramide have different effects in cell viability, as well as in sphingolipid metabolism.
Our findings open up new avenues for studying specific enzymes that might
metabolize these isomers differently according to their conformation. Given these
data, we are thus inclined to postulate that the effect of C6-ceramide is not unique to
the lipid itself, but more likely to its metabolism and the compounding overload of
other sphingolipid species it causes. Another piece of data that we generated
concerned removal of CNL from the media of cells at different timepoints. We
observed that by removing the drug and not allowing it to stay in culture for more
than 12 hours, the effect on cell viability was drastically impaired. In fact, a study in
1994 by Hauser and colleagues reported that cells treated with C6-ceramide rounded
up after 10h of treatment but were still viable 469. This change in morphology was
reversed by removing C6-ceramide from the media up to 18 hours after first adding
the treatment 499, These results agree with our findings in PCa cells and again suggest
that the continuous metabolism of C6-ceramide is the most likely culprit for the
effect in cancer cells. However, despite our validation of these findings much is left to
be known, including to profile the sphingolipidome of cells where C6-ceramide is
added and subsequently removed at different timepoints. Our laboratory intends to
perform these experiments in PCa cells, albeit those were not performed in time for
this Thesis. The results from this experiment will help to zoom in on the metabolism
hypothesis and again might suggest specifically what pathways are key to the effect of
ceramide, or if the overall accumulation of lipid mass is the responsible for the cell
death.



Cell response to CNL treatment needs to be fully characterized

One of the main takeaways for this body of work is that sphingolipids deserve
more credit and more attention in cancer biology and therapeutics. The same applies
within the sphingolipid field to the only pathway known for the synthesis of these
lipids de novo. De novo synthesis of sphingolipids occurs via condensation of L-
serine with an acyl-CoA substrate, and is mediated by the serine palmitoyltransferase
complex 226, This complex consists of two different enzymatic subunits (SPTLC 1-3)
and a cofactor (SPTSSA-B). When this complex assemblies it leads to generation of
dihydrosphingosine, a precursor to ceramide, a bioactive lipid that influences cell
signaling and plays a role in neurodegeneration 22°, The ORMDL family (ORMDL1-3)
have been described as negative regulators of this complex, a way for cells to keep the
synthesis of sphingolipids in check 20221460461 Tn 2012, Siow and Wattenberg
published a report showing that addition of exogenous ceramides to cells would
inhibit de novo synthesis of sphingolipids via ORMDL 224. This has been an
established and dogmatic perspective of this understudied pathway. However, in our
studies we show that, after being treated with exogenous ceramides, AR-negative PCa
cells up-regulate de novo synthesis of sphingolipids leading to accumulation of
endogenous ceramides. To the best of our knowledge, this is the first report showing
this phenomenon. Additionally, we report that blocking AR-signaling with
Abiraterone acetate led to increased expression of enzymes involved in the de novo
pathway and activity. It is important to note that expression of ORMDLs was elevated
upon CNL treatment in AR-negative cells but this didn’t stop the cells from elevating
the synthesis of dihydrosphingosine. Thus, our data highlights the need for more
investigation into the response to exogenous ceramides and the role played by the de
novo synthesis pathway in this response. In the technical aspect, our work
established a new method that can be used by researchers to determine the levels of
de novo synthesis of sphingolipids without the need for radioactive compounds like
the ones used in the past. We have developed a novel methodology that solely
requires cell culture media without serine, where stable isotope labeled serine is
added for tracing. Any novel generated sphingolipids can then be traced via mass
spectrometry across time without the burden of radiation playing an effect. This
method is also being optimized to better distinguish between de novo synthesis of
sphingolipids from re-acylation. This can be accomplished by treating cells with a
labelled C6-ceramide where its sphingosine chain can be traced by mass
spectrometry. It is our goal to establish this technique as the gold standard for the
study of sphingolipid synthesis in the laboratory setting.



Classically, the trigger of cell death in response to CNL treatment has been
proposed to fit the rheostat model where the ratio between sphingosine-1-phosphate
(S1P) and ceramides determines cellular fate: higher S1P equals more survival, while
higher ceramides more cell death 474. In 2018, our laboratory proposed a novel way to
think about sphingolipid metabolism and cell death that encompasses more
sphingolipid pathways and enzymes than the rheostat 327. We postulated that each
cell has a pool of ceramide and several escape routes to avoid cell death by ceramide
accumulation 327. In AR-negative PCa cells, we suggest that the administration of
exogenous ceramides overloads the ceramide pool by increasing re-acylation of the
exogenous ceramide, and increasing de novo lipid synthesis leading to cell death.
This phenomenon was not observed in AR-positive cells, where cells displayed a
similar behavior to the data previously published by decreasing de novo synthesis in
response to CNL treatment. We postulate that AR-negative cells have unchecked de
novo synthesis of sphingolipids that can then be further increased by ceramide-based
therapeutics leading to cell death. We observed that the increase in
dihydrosphingosine after CNL treatment is accompanied by increased transcription
of multiple enzymes involved in the de novo synthesis of sphingolipids. These data
point out a gap in the sphingolipid literature: how do cells recognize
ceramide/sphingolipid content? What are the molecular players responsible for this
recognition? What happens post-recognition of ceramide/sphingolipid pool? Taking
into consideration our data in both AR-negative and positive cells, it is possible that
by answering these questions, researchers will be able to bypass a potential ceramide
sensing pathway and pharmacologically explore that mechanism to induce cell death
in cancer cells by ceramide accumulation. At this moment in time, we are not fully
aware of why AR-negative cells up-regulate de novo synthesis of sphingolipids even
in the presence of exogenous ceramides in the cells. We hypothesize that (1)
mutations in the enzymes responsible for the SPTLC complex assembly or ORMDLs
would maximize the complex formation or stop ORMDLs from blocking its assembly;
(2) biophysical properties of the membranes in AR-negative cells promotes the
assembly of SPTLC complex evading ORMDL regulation; or (3) that other lipid
sensors that have not been described yet might be involved in the recognition of
ceramides. One of the major limitations of this work is that we didn’t reach a
conclusion on which of these alternatives explains why AR-negative cells evade the
pattern of response to CNL. Moreover, with the advancement of mass spectrometry
equipment and with the emergence of new protocols to study de novo synthesis of

sphingolipids like the one we developed, it is possible that other cell types will be



found to evade the current dogma. We postulate that cells that are very responsive to
CNL, such as AR-negative PCa, will up-regulate de novo synthesis of sphingolipids

inundating themselves with sphingolipids, which will ultimately result in cell death.

SPTSSB: a small molecule for man, a giant co-factor for sphingolipids

In our work, we ended up zooming in on one particular molecule involved in
the synthesis of sphingolipids. Serine palmitoyltransferase small subunit B (SPTSSB)
is a gkDa protein identified in 2005 24°. SPTSSB was discovered in a mouse model
that can’t produce testicular testosterone in the mouse’s prostate 24°241, This is the
first, and only, report showing a connection between expression of SPTSSB and AR
signaling. The authors further showed that treating these mice with testosterone
reduced expression of SPTSSB in the prostate 24°. Therefore, it indicates a potential
connection between SPTSSB expression and the development of hormone refractory
prostate cancer. Nonetheless, the relevance of SPTSSB in this process is still
unknown and two hypotheses might be suggested: as a biomarker for this
progression from hormone dependence to independence, or an active player by
regulating signaling pathways. Interestingly, the authors of this study showed that
SPTSSB was more expressed in the brain of normal mice and that this expression was
decreased in hpg (hypogonadal) mice 24°. This suggests an androgen regulation that
is tissue-dependent and could be explained by the presence of co-factors that
differently impact transcription. Moreover, activating mutations in SPTSSB have
been described as leading to neurodegenerative phenotype 22°. The connection
between levels of SPTSSB in the prostate and the brain and its regulation by AR
pointed us towards a relationship between neuroendocrine differentiation after
castration.

SPTSSB is a crucial co-factor that plays a role in the assembly of the SPTLC
complex. The presence of SPTSSB in the complex maximizes activity and synthesis of
dihydrosphingosine that then can be progressively converted to ceramides 2. Our
data support the importance of this small subunit as we report significant differences
between AR-positive and AR-negative cells in terms of response to exogenous
ceramides and regulation of de novo synthesis. SPTSSB is overexpressed in AR-
negative cells compared with AR-positive, a stark difference that is then amplified in
the presence of CNL (Figure 20). This is one of the more interesting questions arising
from our work: how does unchecked de novo sphingolipid synthesis potentially
benefit aggressive PCa cell survival? Speculations around ceramide localization,

signaling cascades, and metabolism to less toxic lipid species have all been



considered. One potential explanation to this question is the increased synthesis of
pro-mitogenic gangliosides in response to ceramide, an observation previously
documented 4°3. In fact, our studies do not sufficiently answer this intriguing
observation. Despite uncertainty around the oncological benefits of
increased/unregulated de novo synthesis in AR-negative PCa, our studies identify
this pathway as an avenue to be exploited by ceramide-centric therapeutics.
Translating the results obtained by Singh et al. (downregulation of SPTSSB in
the prostate by exposure to testosterone) to the human prostate, we show that
blocking androgen-signaling led to increased expression of SPTSSB in AR-positive
cells while AR-stimulation reduced its expression. Additionally, in vitro and in silico
analysis of SPTSSB expression suggest that this enzyme is up-regulated in more
aggressive ADT-treated PCa tumors and that SPTSSB levels can potentially serve as a
biomarker for clinical outcome. Importantly, in a study published by Li and
colleagues, castration-resistant prostate cancer xenografts of LNCaP cells
significantly upregulated SPTSSB, both in response to castration as well as in the
context of resistance to Enzalutamide 4. These findings identify a possible
dysregulation of the de novo pathway under AR-negative conditions in PCa and an
“Achilles’ heel” that could be exploited by ceramide-centric therapeutics. Of
particular interest, our studies document that CNL can target this pathway by driving
SPTSSB-dependent generation of dihydrosphingosine that can lead to further
accumulation of pro-death ceramide species. We hypothesize that this arises from
remodeling of sphingolipid profile, where cells in the presence of an exogenous
sphingolipid instead of shutting down the production of new sphingolipids instead
elevate its production resulting in imbalanced homeostasis. Our study also provides
insight into the expression of SPTSSB in datasets of PCa patients. Strikingly, in a
neuroendocrine dataset, SPTSSB was significantly up-regulated in almost a quarter
of the cases. This supports our hypothesis that SPTSSB expression increases in cells
that resist AR signaling inhibition. More molecular studies are necessary to
determine at what point in the PCa progression SPTSSB activity increases and if this
enzyme can be used as a predictive biomarker for patients who can benefit from
ceramide-based therapeutics. Importantly, it is necessary to expand the datasets
currently made available by scientific consortiums to include lipidomics in order to
obtain a more complete picture of tumor pathogenesis. In 2017, studies on two
cohorts of PCa patients showed that of 19 plasma lipid signatures important for

prognostic evaluation, 12 were sphingolipid species (gangliosides, ceramides and



sphingomyelins) 43. This groundbreaking study identifies sphingolipid changes as

biomarkers for prognosis but lacks depth in number of sphingolipid species analyzed.
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Figure 20 — SPTSSB is an Achilles’ heel in PCa: while negatively regulated by AR
signaling in less aggressive tumors, its expression increases with the progression of the
disease and renders susceptibility to CNL in more aggressive PCa cells.

Our results point to a potential role of de novo sphingolipid synthesis in the

progression of the disease and suggest evaluating sphingolipids involved in this

process would improve our understanding of PCa and its development. It is our

understanding that a whole lot is left to be known and characterize regarding most of

the sphingolipid metabolic enzymes and the cellular processes these enzymes

participate in. Our studies further advance the knowledge of SPTSSB, but more

research is necessary to determine SPTSSB role in normal cells and disease.



2. LIMITATIONS OF THESE STUDIES AND CHALLENGES REMAINING

In this Thesis, we have showed that CNL is a promising therapeutic option for
all PCa patients. We postulate that the combination of CNL with already FDA-
approved anti-androgens will have enhanced effect against prostate tumors. These
results were validated in several in vitro models of PCa. Notwithstanding, this
important finding needs to be validated in more translationally-relevant in vivo
models of the disease. The use of in vivo models of PCa to test the combination
treatment can vary from xenografts, patient-derived xenografts, genetically
engineered mouse models, or orthotopic models. Moreover, the use of anti-
androgens and hormonal therapies to develop castration resistant tumors in vivo,
following similar strategies employed by Zou et al. can determine the impact of CNL
in cells that have escaped the effect of these already-approved treatments for PCa 25.

In addition, the AR-dependent negative regulation of sphingolipid de novo
synthesis modulated by SPTSSB is a novel molecular pathway that can be explored
for improved PCa therapeutics. One of the most important pieces of information that
is lacking from this work is how this regulation occurs. It is well established that AR
regulates transcription of downstream targets, but its negative impact in
transcription is still not fully characterized. Despite the in silico prediction of binding
sites of AR in the promoter region of SPTSSB, the biological meaning of these AREs
have not been validated. In this Thesis, we did not characterize the importance of AR
binding to the promoter of SPTSSB and regulate its expression. Several key
experiments can be performed in order to determine this regulation: (1) ChIP-seq
would identify the binding of AR to the SPTSSB promoter; (2) a luciferase assay with
a plasmid encoding the SPTSSB promoter region followed by activation of AR to
measure the impact on SPTSSB expression; (3) mutation of the AREs predicted to
exist in the SPTSSB promoter and determine with luciferase assay if the impact of
stimulating AR activity still occurs; (4) using a plasmid encoding the promoter of
SPTSSB, perform a pull-down of DNA and extract proteins to determine which
proteins were binding to the promoter of SPTSSB. To determine the mechanisms
behind the regulation of SPTSSB expression in PCa is essential to further our
understanding of sphingolipid metabolism in the context of normal prostate, PCa,
and CRPCa.

Importantly, it is still not fully clear how cells respond to exogenous and
endogenous ceramides to regulate this putative negative feedback loop. Despite

showing the importance of SPTSSB in the response to CNL in AR-negative cells, this



work falls short of proving how CNL promotes or enhances the complex formation of
SPTLC-SPTSS in these cells. One approach that can help understand this
phenomenon is to mutate the specific enzymes and co-factors involved in de novo
synthesis of sphingolipids. This would stop the assembly of specific complexes and
allow us to understand how these protein interactions impact the response to CNL.
However, further research is necessary to define how human cells sense exogenous
ceramides.

There are other questions that when addressed will help shape our
understanding of the role sphingolipids play in PCa, and how the interaction with AR
and steroid synthesis impact the pathophysiology of this disease. The main questions
that I believe need to be addressed but fall out of the scope of this Thesis are the

following:

* What are the molecular processes that regulate and potentiate the metabolic

switch that occurs in PCa?
* How to target the metabolic switch in PCa to starve the cancer cells?

*  What are the main molecular changes responsible for the castration-resistant

and neuroendocrine phenotypes?

*  What is the specific role of sphingolipid metabolic enzymes depending on

their cellular localization and tissue?
* How does AR regulate sphingolipid metabolism?

* What is the role of sphingolipids and their metabolic enzymes in the
development of castration and neuroendocrine phenotype after AR

inhibition?

* Are the synthesis of male steroids and sphingolipids connected? Can this

intersection be used to further PCa therapeutics?



3. FUTURE PERSPECTIVES

Just like most scientific studies, the work here sheds some light on the field of
sphingolipids in prostate cancer but raises more questions that require further
investigation. One of the most important of those questions is the translational
capability of Ceramide NanoLiposomes (CNL) in prostate cancer in vivo models.
Factors like the low toxicity observed in tumor patients during a Phase 1 clinical trial
and the synergistic effect when combined with anti-androgens makes CNL into a
promising therapeutic agent for PCa patients. However, these data need to be shown
in more complex and heterogeneous models so these combination treatments can
move from the cell culture dish to help patients in the clinic. Specifically, the use of in
vivo genetic models as well as xenografts that reflect the heterogeneity of PCa (AR-
negative, AR-positive naive, AR-positive resistant to inhibition) is crucial for a better
understanding of the translational potential of CNL. It is important to note that these
liposomes can also be targeted with prostate-specific antibodies (such as prostate-
specific membrane antigen, PSMA, and PSA) and to facilitate the delivery of CNL
specifically to the prostate increasing the likelihood of incorporation in the tumors
and better treatment efficacy. All these approaches should be considered moving
forward with these studies.

The sphingolipid in cancer field has mostly revolved around the opposite roles
played by ceramide and sphingosine-1-phosphate; nowadays it has become clear that
the picture is way more complex. It is crucial to have a better understanding, and this
starts with a more complete characterization of the enzymes involved in the
sphingolipid pathways. With the advent of CRISPR technology, it is important that
the sphingolipid field shifts to a better comprehension of what the enzymes that
generate the metabolites actually do. Too little is known about the vast majority of
these enzymes, and while their role in the sphingolipid machinery might be well
established, compensatory mechanisms and other biological roles have been
described, but information remains scarce. Another important limitation in the field
is the lack of specific and selective antibodies that recognize the enzymes that
compose the sphingolipid pathway. The ability to measure the actual products of
these enzymes compensates for this absence but leaves cellular architecture and
protein localization behind. More studies are absolutely necessary to quantify
sphingolipids in the different cellular compartments, especially knowing that these
lipids can interact with proteins and other lipids triggering a multitude of biological

pathways. One example that fits this problem is SPTSSB the co-factor we studied in



this Thesis. There is only one commercially available antibody for SPTSSB and
antibody validation immunofluorescence show SPTSSB in nuclear speckles, which
are areas of regulation of transcription in cells. This is surprising given that all
reports so far only show de novo synthesis of sphingolipids occurring in the
endoplasmic reticulum. Thus, it is possible that sphingolipid machinery is present in
more organelles than the ones currently established. Moreover, it is possible that
SPTSSB has different roles in cells that have not been described in the literature yet
and that are independent of sphingolipid synthesis, yet again differentiating SPTSSB
from the other small subunit, SPTSSA. More molecular studies with knockout cells
and mutations in the protein are necessary to address this important question.

An important finding that is important to retain from this Thesis is that
sphingolipids are underappreciated but play a key role in diseases such as PCa. For
decades the focus has centered in genomic mutations and protein kinases; however,
it is clear that lipid and non-lipid cellular metabolites are phenotype-drivers and thus
require more attention. Lipid and non-lipid metabolites are involved in virtually
every cell pathway in mammalian cells, and technological advances will only uncover
more roles for these under-appreciated small-molecules. One of the “new frontiers”
that T am personally most intrigued about is the connection between epigenetic
regulation and lipid metabolism and metabolites. These two dynamic regulatory
machineries (epigenetics and lipid metabolomics) in cells are inter-dependent as they
regulate each other contributing to normal homeostasis and to disease when that
homeostasis is disturbed. Taking into consideration that neither lipids and non-lipid
metabolites nor epigenetic changes are definite like DNA mutations, these are
attractive drug targets that can benefit patients when this relationship is further
established. This is, to me, the most exciting topic in cancer biology and cancer
therapeutics nowadays, especially with all the new techniques available for
measuring epigenetic marks as well as quantification of lipids and metabolites by

mass spectrometry.
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