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Abstract

Prostate cancer (PC) is the most common cancer in men after skin cancers and
there are more than 3 million men in the United States that are living w ith the disease
today. Most current therapies target the Androgen Receptor (AR), which is the main
driver of PC. AR -targeted therapies prolong PC survival, but resistance emerges and
patients eventually succumb to the disease. This highlights the need for new PC
molecular targets. Our group puts forth Serine/threonine kinase3 (STK3) as target, which
has amplified expression in PC and increased expression from local to metastatic disease
suggesting it may play a role in PC development and progression. Here we fully
investigate the non-canonical role of STK3 in ferroptosis cell death and how its novel
downstream signaling regulates pro -tumorigenic genes including ferroptosis resistance
genes.

The first three chapters of this dissertation are introductory info rmation outlining
the disease and pathways at play.Chapter 1 reviews the landscape of PC including
patient populations, pathogenesis of the disease, current treatments and potential for
kinases as targets in developing therapies. The é&velopment of more advanced PC and
resistance to current therapies which causes eventual patient death is particularly
emphasized here given that this is the greatest unmet need in the field. Chapter 2

outlines the background of the Hippo/YAP signaling pathway that the kinase, STK3,



belongs to and the mechanisms of the canonical tumor suppressor signaling. What is
known about the upstream stimuli and downstream pathways is discussed and the large
amount unknown about this relatively new pathway is emphasized. In this chapter, we
also introduce preliminary public patient data showing that STK3 is amplified in PC and
correlates with more aggressive disease and shorter overall survival. This data spurred
our work investigating STK3 as a target for PC. Chapter 3 gives an overview of
ferroptosis cell death, a novel iron dependent cell death that has been identified as a new
cell death pathway to be exploited by cancer therapies. On top of that, ferroptosis has
specifically been illuminated as a promising pathway for PC treatment and Hippo
signaling has been implicated in ferroptosis sensitivity and resistance. Lastly, this
introductory ET Ex Ul UwPUWEUUEPEOWEUWOEU]Il UwbOw" I-Ex Ul Uwk
canonical function in PC.

Chapter 4 establishesthe non-canonical role of STK3 in PC andproves that it
does not act as a tumor suppressor in this context.To explore the role of STK3 in PC, we
started by using chemical and genetic inhibition of STK3. For these experiments, we
investigated STK3 inhibition in a number of cell | ines reflecting a range of PC disease
states. We collaborated with medicinal chemists to develop novel chemical inhibitor
tools which significantly improved specificity compared to the published STK3/4
inhibitor XMU -MP-1. We also used constitutive and inducible genetic knockdown and

knockout systems to inhibit STK3 in vitro and in vivo. We performed PK/PD analysis



with our lead STK3i compounds and identified a candidate for in vivo use. Wethen
tested this candidate in an in vivo model to show inhibition of STK3 slowed tumor
growth and did not cause off target effects. Lastly, we used matrigel spheroid assays and
colony formation assays to show that inhibition of STK3 slowed invasion and decreased
colony formation. This set the president for the next chapter s which explore the
mechanism of STK3 in PC.

To determine potential pro -tumorgenic roles of STK3 in PC, we performed
unbiased RNA sequencing comparing shNT cells to shSTK3 cells and saw significant
downregulation of amino acid transmembrane proteins, oxi dative stress, iron binding
and ferroptosis pathways. We validated that individual ferroptosis resistance genes
SLC7A11 and SLC3A2 had decreased expression with loss of STK3. In Chapter 5, we
discuss this transcriptomic data and test the connection between STK3 and these genes
using our genetic models, a kinase dead STK3 overexpression model and novel STK3i
tools. We showed STK3 corresponds with SLC7A11/SLC3A2 gene and protein
expression using knockdown and overexpression. We also test whether STK3 has a
functional role in ferroptosis resistance for proliferation and colony formation assays
using pharmacologic inducers, extracellular iron overload and increased reactive oxygen
species (ROS). Our functional assays show that loss of STK3 sensitizes PC cells to

ferroptosis-induced cell death. Conversely, STK3 overexpression confers resistance to
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definitively characterizes the link between STK3 and ferroptosis in PC.

In the last data chapter, Chapter 6, we explore the mechanism for STK3
regulation of ferroptosis resistance genes We aimed to determine the STK3phospho-
targets that have a role in ferroptosis resistance in PC and the STK3 norcanonical
mechanism(s) of action. We used the transcriptomic data from STK3-depleted PC cellsto
perform TFBSanalysis and determine potential candidates for transcription factors that
regulate the STK3 linked genes. Then todetermine what STK3 phospho-targets
influence ferroptosis genes, we performed phospho -proteomics in PC cells with genetic
depletion of STK3. Pathway enrichment analysis from proteomics indicates down
regulation of transcription factor and RNA polymerase activity pathways in STK3
depleted cells. Further, integration of our transcriptomic data defined transcription
factors and phospho-proteomic data highlighted that STK3 may regulate the
CDK9/BRD4/RNA Pol-Il transcriptional axis. We tested this hypothesis by validating
whether STK3 activity regulated CDK9 phosphorylation u sing our genetic model for
overexpression, kinase dead STK3 and knockdown as well as STK3i. We mined public
ChIP databases to investigate whether BRD4/CDK9 had binding peaks at STK3 linked
genes. We then validated that BRD4/CDK9 can regulate SLC3A2 and SLZA11 and
binding at their promoter peaks our models. We investigated how STK3 effects the

binding of BRD4 at SLC7A11 and SLC3A2 and how it affected the RNA Pol Il activity

Vii



using protein blotting and ChIP analysis. From these experiments, we determine that
BRD4 and CDK9 bind at promoter peaks of SLC3A2 and regulate its expression. We also
found that loss of STK3 seemed to be causing proximal pausing of the BRD4/RNA Pol Il
complex which was causing decreased expression of STK3 linked genesThis data led to
di YI OOx Ol OUwOI wdUU wbdhénicad préd -tOrbbugrBctmie chahisnDidRLT.
This model proposes that STK3 leads to phosphorylation of CDK9 which regulates
BRD4/RNA Pol Il mediated transcriptional elongation of ferroptosis resistance genes
SLC7A11 ard SLC3AZ2 to control PC cell resistance to ferroptosis cell death.

Chapter 7 describes our overall conclusions that can be draw from our work
investigating STK3. It also explores future directions for this project and addresses the
implications of this wor k for the greater field of PC research and potential translational

applications and benefits.
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1. Introduction

The prostate is a maleaccessory reproductive organ that provides essential
secretionsto maintain sperm viability for the ejaculate The prostate organ is below the
bladder, surrounding the urethra and is roughly size of a walnut . The histologic
structure of the prostate is composed of ducts and acini which are embedded in
fiboromuscular stroma. The ducts of these glands have two layers of parenchymal cells.
Luminal cells line the luminal opening and basal cells sit underneath theseon a
basement membrand1]. The luminal cells frequently give rise to tumors later in life
called adenocarcinoma, what is commonly known as prostate cancer (PC). Luminal cells
express high levels of the AR genethat encodes for the androgen receptor (AR) which
drive s hormone dependent growth in PC[1]. PCis the second leading cause of cancer
related deaths in men and one in eight men are diagnosed in their lifetime [2]. The
treatment of this disease involves tailored treatment plans for each patient based on
hormone dependency status and tumor aggressiveness. Treatment also involves
screening and monitoring of a n increasing list of markers of PC development from
secretal proteins like prostate-specific antigen (PSA) to genetic and epigenetic
markers[1]. There are researchefforts to inform e arlier detection and treatment and
improve molecular underpinning of each disease stageThis research iseventually

translated and informs clinical care.



1.1 Epidemiology of Prostate Cancer

PC effects populations of men globally though risk is high estin countries like the
USA and UK with high life expectancy. This is because PC risk gjnificantly increases
with age. For example, 85% of newly diagnosed patients are more than 60 yearsold.
Additionally, about 9% of individuals diagnosed with PC have a family history of cancer
indicating a strong association with family history for this disease [3]. Other risk factors
for the development of PC inclu de smoking, diet and chemical exposure[4]. Prognosis
dependents greatly on tumor grade and stage at diagnosis which emphasizes the
importance of screening. Localized diseasewhich is approximately 80% of diagnosed
cases havea survival rate of >99%][2]. However, for patients that have biochemical
recurrence or are diagnosed with late stagedisease the5 year survival rate is ~30%[5].
This low survival rate is due to metastatic development largely in the bone marrow and
lymph nodes. This patient population accounts for 20% of patients at diagnosis and
presents a significant unmet disease burden which drives the majority of research

efforts[1].

1.2 Pathogenesis of prostate cancer
1.2.1 Diagnosis and early disease

PC develops from the epithelial cells of the organ and is defined as a carcinoma.
The cells of a gland grow out of control leading to a hyperplasia phenotype with los s of

normal histological structure and enlargement of the prostate. This growth is driven by



AR activation and translocation to the nucleus where it turns on proliferative and
survival genes. For normal regulation of male sex organs including the prostate,
testosterone is converted todihyd rotestosterone (DHT) to activate AR as anessential
transcription factor . In PC, this activity is increased and AR frequently overexpressed
causing tumorigenic growth . There is often a loss of basal cellsn PC leaving only
luminal cells which express AR. When these luminal cells proliferate, there is increased
PSA which is a secreted antigen specific to cells that express ARL]. Increasing levels of
PSA in a patient is a potential sign of development of PC and is used along with digital
rectal examination (DRE) to enable early detection. The DRE test palpates the prostate to
determine size and stiffness. If PSA increases anda DRE result is abnormal, an
oncologist may suggest performing a biopsy to look at the histologic features of the
prostate.

When patients have diagnostic biopsies performed, the analysis takes into
account the presence ofbasal cells, lack of normal gland architecture and anaplastic
markers in the luminal cells. If cancer is found to have developed from the luminal
gland cells it is called adenocarcinoma and is graded by aggressiveness using a scoring
system called Gleason Scorgg]. Gleason scores ardased on histologic patterns and are
predictive of patient prognosis [6]. A score of 6 is low grade, 7 is intermediate and 8 to 10
is high grade. Patients receive treatment based on the spread and aggressiveness of their

cancer.If cancer continues to grow after treatment or i s diagnosed late it can spreadand



metastasizeto local tissue or distal locations through lymphatic or hematoge nous
spread.[1] If patients are high risk as determined by PSA levels and Gleason scoreto
determine if cancer has spread, patients may undergo aymph node m etastasis
detection using PETimaging but using a traceable moleculeto find prostate-specific
membrane antigen (PSMA) marked sites. PSMA PET can detect and stagemen with
metastatic advanced diseasebetter than conventional CT. Advances in screening like the
PSMA PET have enabled oncologists to identify metastasis earlier and improve

prognosis for patients who have developed advanced disease.

1.2.2 Metastatic disease

Metastatic PC covers disease states defined byno longer being confined to the
prostate and instead have metastasized to lymph node or bone. This includes PC that
develops asmetastatic castration sensitive PC (CSPC)disease and castration resistantPC
(CRPC)disease CSPC is disease that still responds to therapies that deprive cells of AR
and CRPC is disease thathas progressed while on androgen deprivation therapies
(ADT) . ADT which is the main treatment for metastatic disease has a good early
treatment effect but all patients receiving ADT will eventually develop CRPC.This
resistance oftendevelops through aberrations in AR such as variant expression, gene
amplification, and mutations. These aberrations allow PC to grow in low levels of
androgen, produce their own androgen and/or grow independent of AR activity. PC

progression is driven by dysregulation of key growth control genes in both localized to



metastatic disease and from CSPC to CRPQevelopment. Dysregulation of these genes
leads to development of the hallmark features of cancer including resisting cell death,
sustaining proliferati ve signaling, evading growth suppressors, activating invasion and
metastasis, inducing angiogenesis and enabling replicative immortality which contribute
to more advanced and aggressive diseas§/].

Along with PC that develop from the glandular adenocarcinoma to mCRPC,
these is also a small subset of PC which is called neuroendocrine PC (NEPC) which has
small cell cancer features and is highly lethal[8]. NEPC can, in very rare cases be
diagnosed de novo but in most cases it develops from patients with mCRPC that
develop neuroendocrine markers. NEPC does not express AR and does not respond to
AR targeted therapies. The histopathology of NEPC is similar to that neuroendocrine
tumors that arise in other parts of the body such as pancreas, intestine or lung. Clinical
feature of NEPC include osteolytic lesions, rapid progression and visceral metastasis
and median survival is around 7 months [8]. There are nd uniform definitions or
biomarker expression for NEPC and it represents a significant area of unmet need in the

field.

1.2.3 Genetics of PC

PCis largely believed to be a disease that arises due to an accumulation of

and tumor suppressors to knockout or overexpress their function leading to aberrant cell



growth and tumor development. Some of the most common genetic alteration in PC are
in the ERG, PTEN, TP53 RB1, MYC and BRCA2genes These genes are involved in
regulating cell growth, DNA damage repair (DDR), cell proliferation and cell death. PC
has relatively limited mutational burden and most of the genetic changes are structural
rearrangements or copy number alterations (CNAs) [1].

One of the most common rearrangements is fusion of AR regulated promoter of
transmembrane protease serine 2TMPRSS2) with ETSrelated gene (ERG) which is a
key regulator of proliferation and devel opment. This accelerates cell growth particularly
in cases where AR is also overexpressed or has increased activityPTEN is a key tumor
suppressor gene that is frequently deleted in PC, particularly in CRPC. PTEN regulates
the PI3K pathway which facilitat es progression of PC toCRPC. TP53and RB1genes
regulate cell cycle arrest and are frequently lost in PC to increase proliferation. TP53also
acts a major regulator of genomic stability so its loss further accelerates the
accumulation of mutations. BRCAZ2is involved in homologous repair and is altered in
advanced PC to prevent apoptosis from occurring with accumulation of mutations.
Finally, the MYC proto-oncogene phosphoprotein plays a role in cell cycle progression,
apoptosis and cell transformation and it is amplified and hyper -activated at all stages of
PC. Along with these highly common and well -studied alterations, there are countless
more being identified in research to help understand PC pathogenesis and progression

and lead to screening and/or therapy development[1].



1.3 Current treatments for prostate cancer

Treatment of PC is tailored for each patient depending upon unique cancer
characteristics such as genetics, molecular features, stage, grade and spreadreatment
also takes into account patient preference, lifestyle habits and health status, weighing the
cost-benefit of each treatment on the patient quality of life.

For local, castration sensitive, low risk patients, the main treatment is often active
surveillance and local treatment of the lesion via radiation or surgical removal. For
patients with local advanced disease that has metastasized to pelvic lymph nodes,
treatment includes the above methods as well asADT which decreases the production of
androgen. This inhibit the activity of AR, the main driver of PC. For patients with
metastatic or high risk disease, the gold standard first line of therapy is ADT therapy
often in combination with docetaxel chemotherapy or an androgen receptor signaling
inhibitor(ARSIs). ASRIs are effective at extending time to progression and have become
more first line therapies in the last 5 years They act through two main mechanisms. The
first group are CYP17A1 inhibitor s like abiraterone which target androgenic steroid
synthesis by the cancer cells. Thesecond group are next generation ARSIs like
enzalutamide, daralutamide and apalutamide block the AR receptor through
competitive binding , preventing AR translocation and activity. Though these therapies
can extend life, they are not curative; patients eventually develop resistance leading to

disease progression and deatt1].



Along with the above mentioned therapies aimed at AR activity, there are new
classes of therapies emergingthat are suited for specific patient populations based on
genomic sequencing results. Patients who have BRCAlor BRAC2 mutations may be
prescribed poly(ADP -ribose) polymerase inhibitors (PARPI). PARPI blocks the DNA
repair in an attempt to exploit synthetic lethal interactions present from mutations in
DDR genes like BRCAlor BRAC2 Patients with advanced metastatic disease may
undergo treatment with bone-targeting radionuclides (radium -223 chloride) which has
been shown to prolong life in patients with bon e metastasigl]. Similarly, another new
treatmentcalled + UUT UPUOw+ UwhA A wYDx DY OUDmhicuidsh OUERT UE Quwc
radioligand therapeutic agent has been approved for treatment of prostate-specific
membrane antigen (PSMA)-expressing metastaticPC. The active portion, lutetium -177,
is linked to a ligand that binds PSMA which is frequently overexpressed in PC [9].

For patients whose disease has progressed beyond localized PCireatments
whether those are AR targeted or other, will be lifelong and cyclical as their PC develops
and progresses.In spite of these life prolonging therapeutic advances, they are not
curative, resulting in patients eventually succumbing to the disease. This presents an
urgent unmet need develop new targets for advanced PC patients. Increased

development of prognostic markers and targeted therapies is crucial to continue to

expand patient options and extend the survival window for men living with mCRPC.



1.4 Kinases as potential targets for PC treatment

There is a significant unmet need for new molecular targets beyond AR and
kinases present attractive druggable targets.Kinase enzymes phosphorylate up to one
third of the proteome [10]. Large scale genome segencing has revealed that kinases are
some of the most altered genes in cancel1]. Additionally, regulation of kinases play a
pivotal role in a range of disease states including cardiovascular, degenerative and
inflammatory [10]. Despite the wide range of pathophysiological implications for their
activity, the majority of kinases have not been extensively studied and have an
inadequate chemical toolbox available. These understudied kinases make up the dark
kinome and efforts are und erway to study the dark kinome, such as the llluminating the
Dru ggable Genome (IDG) Common Fund[12]. In order to illuminate the biological roles
of dark kinases, there is a need to develop probes that can be used fochemical genetic
studies that may also be used to therapeutically targeting these kinases.

Protein kinases are popular targets in a range of cancer types andhe second
most targeted group of drug targets, after the GPCRs 72kinase inhibitors are FDA
approved for treatment of disease including breas and lung cancer. Furthermore, over
150 kinasetargeted drugs are in clinical phase trials. There are four main categories of
kinases implicated in human cancers;cytoplasmic tyrosine kinases, serine/threonine
kinases, lipid kinase s and receptor tyrosine kinases (RTK). The serine/threonine kinases

and receptor tyrosine kinase groups encompass some of the best known and most



successful classes of kinase inhibitors including aurora kinaseinhibitors, imatinib
inhibiting PDGFR, KIT, Abl and Arg, sorafenib inhibiting Raf, VEGFR, PDGFR, FIt3 and
KIT and lapatinib inhibiting EGFR and ErbB2 [13]. In addition to the small -molecule
kinase inhibitors, kinase-targeted antibodies like cetuximab in colorectal and head and
neck cancer and trastuzumab in breast cancethave shown efficacy. These antibodies
bind to extracellular domains of signaling ligands such as HER2 or EGFR preventing
this signaling [14, 15] Overall, the use of kinase inhibitors has significantly enhanced the
landscape of cancer treatment and there are many more in discovery and preclinical
trials.

In PC specifically, kinases present an attractive target for mCRPC because of
their role in proliferation and metastasis however, results of clinical trial have been
mixed. Some inhibitors like dasatinib, a SRC Tyr inhibitor, bevacizumab, a VEGFR Tyr
inhibitor and sunitibnib and ¢ abozantinib, both RTK inhibitors, did not improve ove rall
survival and/or progression free survival in Phase lll trials. Others such as m asitinib, a
focal adhesion kinase (FAK), have favorable safety profiles and are in early Phase trials.
The most promising therapy is an Akt inhibitor , ipatasertib, which has afavorable safety
profile and improved radiographic progression -free survival in patients with loss of
PTEN in Phase Il trials[16]. Further, ipatasertib plus abiraterone increasedradiographic
progression-free survival in patients with PTEN loss in a Phase Il trial but overall

survival results are not published [17]. As an Akt inhibitor, i patasertib competitively
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binds which inhibits the PI3K/Akt signaling pathway which is  frequently activated in
PC by the loss of tumor suppressor PTEN, one of the most frequently lost genes in PC.
This mechanism of action aligns with the results seen in the clinical trials and this
inhibitor allows physicians to take advantage of the aberran t tumor genetics for
treatments. This kinase inhibitor is a good example of how molecular profiling of
patients can help them to received more personalized medicine based on their tumor
biology. Because kinase inhibitors are such powerful tools and potential therapies, it is
crucial to continue to explore them as options for expanding molecular treatments of PC.
It is also crucial to continue to elucidate the molecular signaling of PC and discover

potential vulnerabilities for which therapies can be designe d.

11



2. The Hippo/Yap Signaling Pathway

3T 1T w0l UOw?' PxxO2 wbPUWET UDYIT Ewi UOOWUT T wdYIT UT L
is associated with genetic deletion of the hpogene which encodes a Ste20 family protein
kinase that restricts cell proliferation and regu lates apoptosis[18]. The mammalian
homolog STK3 gene and its paralog STK4, encode what are commonly referred to as
MST2 and MST1 kinases, respectively. STK3 and STK4 are essential members of the
highly conserved Hippo Tumor Suppressor pathway [19, 20](hereafter, simply STK3 and
STK4 kinases). Mammalian STK3/4 kinasesvhen bound to adaptor protein Salvador
homolog 1 (SAV1), phosphorylate large tumor suppressor homolog 1/2 (LAT S1/2) and
Mob kinase activator (MOB1). This ensues phosphorylation of homologous
transcriptional co -activators Yes Associated protein (YAP) and transcriptional co-
activator with PDZ binding motif (TAZ) which leads to their cytoplasmic retention or
degradation[21]. Inactivation or loss of Hippo kinase signaling leads to non -
phosphorylated , active YAP/TAZ, which promotes cell proliferation, inhibits apoptosis.
This membrane to nuclear signaling pathway has many stimuli and connections to other
pathways that have yet to be elucidated. Its study presents an area of fast moving

research in developmental biology, cancer pathogenesis and regenerative medicine.
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Figure 1: Basic Hippo/YAP Signaling p athway in mammal cells

2.1 History and background of Hippo/Yap signaling

The Hippo/YAP pathways was first discovered in  1995by mosaic-based
screening in a Drosophila imaginal disc to identify genes involved in growth control
This first study identified t umor suppressor Warts (Wts)and eventually its mammalian
homologue Lats1, which encodekinases of the Nuclear Dbf2-related (NDR) family [22,
23]. Deletion of Wts caused an overgrowth phenotype in fruit flies during d evelopment.
The next major discovery was of Hippo (Hpo)and is homologues STK3and STK4in
mammals, tumor suppressor genes which encode the Ste-20 family protein kinases [19,
24]. Similarly, when Hpowas deleted in fruit flies, an overgrowth phenotype was
displayed. Numerous subsequent studies showed thatHpo genetically and physically
interacted with Sav and Wts to regulate the pathway . Further, phosphorylation of Mats,

MOB1 in mammals, by one of theseupstream kinases is required for signaling.
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Scientists also found that proliferative genes could be controlled by the Hippo
signaling pathway indicating a transcription factor at the terminal nuclear end of the
pathway. Through a two hybrid screen Yorkie {rki), YAP and its paralogue TAZ in
mammals, was identified as downs tream effector, transcription factor of the pathway. In
mammals, phosphorylation of Yapat Serl27 by upstream kinase Latsl causes its
retention in the cytoplasm and prevented the transcription of target genes. Thus the
phosphorylation of YAP -S127 can be used aa functional output of the Hippo pathway
transcriptional activity [25]. Removal of Yaplargely suppressed the overgrowth
phenotype seen when STK3/4or Lats kinases were deletedwhich validated its role in
the signaling cascade controlling organ size in mammals.

Unlike other transcription factors, YAP/TAZ do not have DNA binding ability
and require a DNA binding partner(s) to mediate target gene expresson. Though YAP
has many reported binding partners such as p73, p53, SMAD7, ERBB4, RUNX2 and
/ $ ! /,th&major binding partner of YAP/TAZ for control of gene regulation and tissue
growth in mammals is TEAD1-4[26]. TEAD family members play important roles in
normal cell grown and dysregulation of these genes has been associated with several
types of cancer including breast, prostate, lung and pancreatic. Two of the well -
established YAP/TEAD target genes areconnective tissue growth factor (CTGF) and
cysteine-rich angiogenic inducer 61 (Cyr61), which help promote cell growth, though

there are many more proliferative and survival genes implicated as well [26]. Together,
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the binding of YAP/TAZ to their transcriptional partners like TEAD complete the highly
conserved Hippo signaling cascade that regulates development and organ size across
species.Much of this pathway has been discovered in the past decade and rapidly

increasing interest in this pathway are reflected in the growing number of publications

focusing on Hippo/YAP [27] (Figure 2).
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Figure 2: Number of publication s on Hippo/YAP pathway by year. Adapted
from Kim and Jho. BMB Rep. 201827]

2.1.1 Upstream regulators of the Hippo/YAP pathway

Though the signaling pathway from STK3/4to YAP/TAZ mediated transcription
has been well established, it is still unclear exactly how and which regulatory clues are
delivered to the pathway to control organ size. There are four main physical cellular
stimuli identified that activate the Hippo/YAP pathway including cell density, polarity,
mechanical stress and cell to cell junctions. Each of these stimuli have their own

interactors and specific conditions that activate Hippo/YAP signaling.
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The apical-basal and planar cell polarity machinery has been identified as
connecting to the Hippo P athway and provides one potential avenue of regulation.
These interacting proteins include proteins Merlin (Mer), Expanded (Ex) and Sterile 20-
like kinase Tao-1 which function upstream of Hpo kinases in a tumor suppressive
function controlling polarity 6 w" 1 OOWEET 1 Ub OO wéern fudiddlas) wUUET wE Uy
tumor suppressors in the skin by turning on the Hippo Pathway and preventing nuclear
localization of YAP/TAZ [28]. Physical signalsfrom cell contact inhibition works through
these adhesion molecules tocue activation of the Hippo Pathway and | imit s tissue
overgrowth . Further, there are many types of mechanical signals including shear stress,
cell geometry and tensional force that effect the architecture of organs and modulate
YAP/TAZ transcriptional activity through the Hippo/YAP pathway. These stresses and
their signaling are crucial for understanding pathological relevance in atherosclerosis,
cardiac hypertrophy and stem cell function [28].
Finally, because the YAP/TAZ transcriptional activator are involved in a range of
cellular responses, this pathway is also responsive to stressstimuli such as hypoxia,
nutrient starvation and energy stress. Cellular starvation rapidly induces LATS1/2
activity and YAP/TAZ inactivation to maintain cellular homeostasis. Conversely,
nutrient stimulations after s tarvation turns the Hippo Pathway off allowing YAP to
translocate to the nucleus. Similarly, the oxygen sensor protein HIF-uY WEEQwWET EEUDYEU

the Hippo P athway by degrading upstream Hippo Kinases and induce YAP activity
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under hypoxic conditions . Activation of this mechanism is used by cancer cells to grow
in hypoxic, stressful conditions [27]. STK3/4were originally identified as stress response
kinases that respond to oxidative stress through the FOXO transcription factor [29].
STK3/4 also respond to extreme heat shock, okadaic acid or sodium arsenite to mediate
cell response through FOXO which can be pathologic or beneficial depending on the
disease stat¢27]. These numerous pathway stimuli present many potential avenues for
cancer cells to explat within the Hippo/YAP pathway and in fact this pathway is
frequently implicated in carcinogenesis. Overall, the Hippo Pathway has many potential
upstream activators that may act in concert as well as independently leaving much to be

discovered in this fi eld.

2.1.2 Hippo Pathway interaction with other signaling pathways

The Hippo/YAP pathway converges with multiple other signali ng pathways
such as Wnt, Notch, 3 & %3nduGPCR pathways to regulate many cellular responses,
tissue development and disease pathogenesis.Multiple studies have shown that
YAP/TAZ interact with the 6 O U-gabenin pathway by blocking transcriptional activity
through direct cytoplasmic sequestration of ¢-catenin and through regulation of SHP2
which is a 6 O U-gapenin activator. These obsrvations have also been seerin vivo when
looking at cardiomyocyte proliferation and development. The Notch signaling pathway
which has diverse developmental functions has been extensively shown in mammals to

interact with the Hippo Pathway t hrough YAP/TA Z activity. YAP is cooperatively
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activated with Notch intracellular domain (NICD) in development of the
trophoectoderm by activating the expression of proliferative target geneq30]. Lastly, a
major conceptual advance was the identification of G-protein -coupled receptors
(GPCRs) as a bona fide upstream regulator of the Hippo signaling pathway . This aligns
with the pathway function as GPCRswhich are the largest family of the plasma
membrane receptors that mediate signals from the outside to the inside of the cell.
Notably, GPCR regulation of YAP/TAZ activity is closely linked in a number of cancers.
Mechanistically, GPCRs act through LATS1/2 in most cases ¢ alter the activity of
YAP/TAZ however in some contexts LATS1/2 were not involved [27]. It would be highly
beneficial to discover the specific GPCRs that act on the Hippo Pathway as they can be
modulated by currently available agonists or antagonists and could be used to help

modulate Hippo/YAP activity for therapeutic benefit.

2.1.3. Hippo tumor suppressor signaling in PC

YAP hyperactivation has been linked to PC progression in a number of studies.
YAP expression levels correlate with higher Gleason scores and higher levels of
prognostic marker, prostate specific antigen (PSA) [31]. Recently, YAP has beerdirectly
linked to the development of mMCRPC through its interaction and nuclear colocalization
with AR. YAP positively regulates AR activity and leads to transcription of AR target
genes in castration sensitive and resistant cell§32]. Conversely, upstream Hippo kinases

LATS1 and STK4 not only inactivate YAP but also bind and transcriptionally repress AR
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activity [32, 33] Interestingly, PC specific transcriptional regulators MYC and EHZ2

both downregulate STK4 expression in CRPC. Consequently, STK4 is present at low
levels in CRPC cells, however, restoration of STK4 expression decreases cell survival and
progression [32]. Together this suggests that inactivation of the Hippo Pathway and
transcriptional YAP activity directly influence AR activity and play a crucial role in
development of MCRPC. However, it is important to highlight that STK3 has not been
examined in this context and the above referenced studies. In fact, when comparing
PubMed literature searches there are many studies implicating STK4 with prostate

cancer and AR but almost none exploring the role of STK3. This highlights how
understudied the potential role of STK3 and its link with AR are within the context of

PC.

2.2 Canonical role of Hippo Tumor Suppressor kinases

As described above, theHippo pathway is a key molecular signaling pathway
for controlling cell proliferatio n, survival, and differentiation that has many stimuli,
connections and roles in cells The core of this pathway in mammals is two analogous
Ste-20 family protein kinases coded for by the STK4 and STK3 genesUpon activation
from extracellular queues, STK3/4 initiate a cascade, binding to adaptor protein SAV1
and phosphorylating LATS1/2 and MOBL1. This leads to the phosphorylation and
inhibition of potentially oncogenic transcriptional co-regulators YAP 1 and TAZ through

cytoplasmic retention or degradation [21, 34]
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As discussed, the pathway was first discovered in fruit flies where STK3/4
homologous gene hporegulates organ size and deletion of hpoled to overgrowth and
tumor phenotypes [19]. It has been studied in other models as well and in mouse
models, conditional liver deletion of STK3/4 led to liver hyperplasia and tumor
development. Similarly, conditional knockout of STK3/4 in an murine alveolar
rhabdomyosarcoma model led to increased tumorigenesis [35, 36] YAP/TAZ
transcriptional oncogenes are hyperactivated in many cancer types and the Cancer
Genomic Atlas identified the Hippo Pathway as one of eight commonly altered
signaling pathways in cancer[21, 34]In human cancers, STK3/4 are frequently lost and
studies have shown that the amplification YAP/TAZ transcription factors lead to
increased tumorigenesis and tumor progression [34]. Overall, STK3/4 have a canonical
tumor suppressive role and YAP/TAZ act as oncogenes in many cancer types through
various mechanisms.

The other side to the canonical signaling Hippo Pathway and the tumor
suppressor kinases in cancer is their role in regenerative medicine.In the context of
tissue regeneration, YAP/TAZ are highly expressed in the regenerative crypts of the
colon and inhibition of STK3/4 can increase regeneration of tissue after damage.
Similarly, YAP is highly active post partial hepactomy and in the epider mis after
wounding. Specifically, small molecule STK3/4 inhibitor, XMU -MP-1, facilitates

regeneration in liver and intestine after damage in mouse models[37]. Lastly, like the
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liver, inactivation of the Hippo kinase s or overexpression of YAP in the developing
heart increased cardiomyocyte proliferation and total deletion of YAP abolished the
regenerative ability [21]. This presents an exciting avenue for utilizing Hippo kinase
inhibition to augment cardiac damage from myocardial infarctions as well as cardiotoxic
effects from therapeutic agents such as chemotherapief38, 39] The regenerative
medicine inhibition these kinases exploits the canonical behavior for a potential benefit

while balancing the malignant cancerous effects that could occur from inhibition.

2.3 Divergent and Non-Canonical Hippo Kinase function.

Despite the current dogma outlined above about the canonical role of the Hippo
kinases as tumor suppressors, including STK3/4, there are some cases where these
kinases appear to have divergent roles in cancer.These roles are important to study as
they could illuminate novel targets for cancer therapies as well as deepen our
und erstanding of the complexities of the Hippo/YAP Pathway. Our published and
unpublished work presented in this dissertation along with literature studies described
show that there may be cancer dependent divergent roles of Hippo kinases that have

adapted from the developmental function of the pathway for organ size control.

2.3.1 Divergent Hippo kinase functions in the literature

In recent years there has been an increasing number of publications that point
out non-canonical functions of members of the Hip po Pathway. In a colon cancer model,

Hippo tumor suppressor LATS1, the downstream target of STK3/4, was required for
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cancer cell proliferation. In the study, they discovered that in one of eight mouse colon
cancer cell lines, the loss of LATS1/2 significanly repressed anchorage independent
growth and that this acted through YAP/TAZ transcriptional activity. They found th  at
YAP-TEAD hyperactivation led to transcription of WISP2and CCDC80target genes
which suppress anchorage independent formation [40].

Another paper shows that i n a subset d acute myeloid leukemias (AML),
targeting STK3 could have therapeutic potential as well. They showed that inhibition of
STK3 causedpremature CDK1 activity with increased levels o f cyclin B1 suggesting
disruption of the cell cycle [41]. However, they did not mechanistically investigate this
connection. Similarly, it has been shown in gastric cancer that STK3activates RasMAPK
to increase cel cycle progression promoting carcinogenesis. This paper found decreased
invasion, migration and proliferation with loss of STK3 as well as showing that loss of
STK3 downregulated the cell cycle and RasMAPK gene sets. Through single cell
analysis they showed that cells with high STK3 expression also had high expression of
proliferative cell cycle markers CCND1 and CDK4 and extremely high activities in cell
cycle regulation pathway [42]. This paper extensively characterized the non-canonical
role of STK3 in gastric cancer but again did not mechanistically test the connection
between STK3 and cell cycle progression.

N$V0OUOT T OwUI ET xUOUWEOXT E uged)1STKBuwasO UDUD YT wEUI
described to have a pro-tumorigenic role but no mechanism was implicated [41, 43] In
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the MCF-7 ER positive cell line, loss of STK3 induced apoptoss, cell cycle pausing and
cleaved caspase activity. When STK3 was knocked out in anin vivo MCF-7 model in
combination with ER modulator tamoxifen, there was decreased tumor weight and Ki67
staining in those tumors. Lastly, this study looked at patient su rvival and saw that in ER
positive patients, high STK3 expression was correlated with worse survival. Further, in a
retrospective PC study, STK3 expressionpositively correlate d with higher Gleason

grade and predicted biochemical recurrence in small subset of Taiwanese PC patients
[44]. However, this study did not investigate the mechanism of STK3 in PC and was

only in a small subset of patients. Overall, these previously published works show that

in some contexts the Hippo kinases and STK3 specifically can have noncanonical roles.

2.3.2 Targeting the Hippo Kinases

If there is a potential of beneficial effects of STK3 inhibitions, it is important to
understand the structure and druggablilty of STK3 and other Hippo Kinases.STK3/4
kinases of the Hippo/YAP pathway are members of the GCK-Il subfamily [45]. As
described above, this family responds to activating stimuli such as growth factors,
cellular architecture changes and cell stress factors and the downstream factorgegulates
cell proliferation and tissue size . Structurally, for STK3and its paralog STK4the C-
terminal is called the SARAH domain which allows the formation of homodimers. This
SARAH domain is fairly unique and also allows the formation of complexes with a

range of important signaling proteins including RASSF1 and SAV1To activate STK3/4,
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auto-phosphorylation of the activation loop, which is located at T180 for STK3and T183
for STK4, is required. Site directed mutagenesis ofthe auto-phosphorylation sites
eliminates the ability of these dimers to phosphorylate the downstream endogenous
substrates in vitro. STK3/4have similar ATP binding sites for activation [46]. Mutation
of the ATP binding pocket lysine amino acid 56(K56) in STK3 totally inhibits the
catalytic activity. Deletion of the SARAH domain partially inhibits the activity, due to

the inability to form dimers and phosphorylate T180/T183 on the activation loop [47]. In
addition to these modulations of activity through mutations, STK3/4also contain a
caspase 3 cleavage matin the central region of the protein. This cleavage removes the
auto-inhibitory C -terminus domain, and the nuclear export signal allowing STK3/4to
translocate to the nucleus were they contribute to progression of apoptosis[48]. The
cleaved and full -length isoforms of these kinases are linked to a range of physiological
functions including varying binding partners, apoptotic progression and degree of
downstream regulation.

Though the Hippo -Pathway has been recently begun to be elucidated,
STK4(MST1) and STK3(MST2) remain vastly understudied compared to other signaling
kinases with only 877 and 358 references in a PubMed search compared to 10,388 for
JAK2 and 86,813 forAKT. Indeed, STK3(MST2) and STK4MST1) Pubmed scores (a.k.a
Jensen Score) are 8.54 and 38.39, respectively. For reference, JAK2 and AKT are 3424 and

2278349]. Medicinal chemists, including those that we worked wit h, have discovered
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that targeting of STK3 and STK4 can be accomplished by using an ATP-mimetic two -

point hinge binde r that was originally developed for inhibition of LRKK2 protein

[50].

This design creates an ATP conpetitive inhibitor at the K56R site of STK3 and causes

significant inhibition of STK3/4 activity [47].

2.3.3 Non-canonical preliminary patient data for STK3 in Prostate

Cancer

The preliminar y data that launched our project looking at the potential non -

canonical role of STK3 in PC started with mining publicly available data. Analysis of

genomic data from 158 nonU1l EUOEEOQOUWUUUEDPT UwbOwUIT 1T wE! DO/ OUUE

copy number alteration (CNA) frequency shows that STK3 is amplified in a number of

cancer cohorts (Figure3 A8 A w. | wOT | whK wE O Tmplitidationusdviete] wa huy 0 w?2 :
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We then looked at the mMRNA expression of STK3 and STK4 in the prostate
adenocarcinoma (PRAD) dataset from The Cancer Genome Atlas (TCGA) and found
ti EQOwPOw23*+t wli BxUI UUDOOWEOI UOz OwWET EOT T wETl UPIT 1 O
downregulated as would be expected of a tumor suppressor (Figure 4A -B). We looked at
the TCGA PRAD dataset and saw 13% mRNA or CNA increase of STK3 with 5% of
STK4 (Figure 4C). Inthe metastatic dataset, the difference was even more striking with
27% increase expression of STK3 and 6% of STK4 (Figure 4D). This showed that STK3
was not decreased in expression with primary cancer and was in fact increased in

metastatic disease espedlly compared to STK4 expression.
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Figure 4: STK3 but not STK4 is maintained or amplified in primary PC and
further amplified in metastatic disease. = A) Comparison of mMRNA expression between
benign tissue and primary PC in TCGA PRAD dataset for STK3 and B) STK4 C) STK3

and STK4 expression in TCGA PRAD dataset and D) Metastatic PC dataset
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In the TCGA PRAD dataset, we looked at CNA events defined as gain indicating
a low-level gain with a few additional, often broad copies and ampl ification indicating
high -level, often focal amplification compared to diploid. We saw that higher Gleason
scores atbiopsy correlated with more gain and amplification compared to diploid in
STK3 but not STK4 (Figure 5). In fact, in the STK4 groups there was only one patient
with amplification in each Gleason score range compared to 11 and 21 in low and high
Gleason ranges respetively for STK3. This data showed that STK3 geneamplification is

correlated with more aggressive disease at diagnosis.
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Figure 5: STK3 and STK4 CNA events by Gleason Scores.

Progression free survival analysis of patients from the TCGA prostate
adenocarcinoma cohort (n=489) shows significant difference in time to progression in

STK3 amplified patients (h=41) compared to STK3 diploid patients (h=448) (HR = 1.94,
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95%CI 0.914.15, p=0.024, Logank) (Figure 6A). TCGA prostate adenocarcinomas with
increased STK3 gene copy number were associated with inceased STK3 mRNA levels
(Figure 6B). When all samples (n=48) from the PRAD TCGA cohort were stratified into

upper and lower STK3 mRNA median expression groups no significant correlation was

observed.
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Figure 6: STK3 CNA progression free analysis in TCGA/PRAD data set and STK3/4
MRNA sur vival analysis in SU2C/PCF data set A) Progression free survival analysis
of STK3 diploid and STK3 amplified patients from TCGA/PRAD, p=0.0239. B) STK3
MRNA express z-scores in diploid and STK3 amplified PCs. ****p<0.0001. C) Survival
analysis of advance mCRPC by lower and upper median STK3 expression and D) low
and high STK4 expression groups.

Next, we queried seventy-one patients with available RNA -Seq gene expression
and survival data from the metastatic Stand Up 2 Cancer/Prostate CancerFoundation
cohort (SU2C/PCF).Patients were stratified into lower median (STK3 low, n=36) and
upper median STK3 expression (STK3 high, n=35) groups by mRNA expression zscores
for survival analysis. Compared to STK3 low expression group, STK3 upper median
expression group had a significantly decreased survival rate, median survival 30.7 vs

22.2 months, respectively (HR= 1.78, 95%CI 0.961 to 3.218, p= 0.042, bayk) (Figure
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6C). Importantly, when we stratified patients by STK4 median expression, there was no
statistically significant difference in survival between groups (Lo g-rank p= 0.263) (Figure
6D).

In the same SU2C/PCF dataset, we also stratified patients bySTK3 amplified
patients (n=25) and STK3 gain (n=54) compared to STK3 diploid patients (n=485) We
found that gain or amplification of STK3 was correlated with worse survival (p = 0.041)
and that amplification had a HR= 1.83, 95%CI 0.85 to 3.9ZFigure 7A). Again, we
compared this to STK4 CNA with STK4 amplified patients (n=4 ) and STK4 gain (n=27)
compared to STK4 diploid patients (n=93) and saw no significant differences in survival

(p=0.82)(Figure 7B).
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Figure 7: Overall Survival curves for STK3 and STK4 CNA events for the
SU2C/PCF dataset. A) CNA for STK3 B) for STK4 gene as broken down by Diploid,
Gain or Amplification

The analysis of this patient data showed that STK3 amplification or increased
expression is correlated with worse outcomes including higher Gleason score, shorter

time to progression free survival and shorter overal | survival. This is counter to the
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canonical role of STK3 as a tumor suppressor. Interestingly, the same trend does not
appear for STK4 indicating that this may be a STK3 specifc effect. These observations
led up to our first hypothesis which was that STK 3 has a counter canonical role in the

specific context of PC and may have a tumorigenic role.
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3. Ferroptosis Cell Death

Ferroptosis is an iron-dependent programmed cell death that has emerged as a
target pathway for cancer therapy [51]. Ferroptosis is induced by the lethal accumulation
of lipid peroxides and intracellular reactive oxygen species (ROS) causing caspase
independent cell death [52]. Ferroptosis regulation starts with the import of cysteine and
export of glutamine through system X -, which is composed of SCL7Al1land SLC3A2
solute carrier proteins. Cysteine is essential for the synthesis of glutathione (GSH),
which activates glutathione peroxidase 4 (GPX4) to reduce toxic phospholipid
hydroperoxides that cause ferroptosis [53]. Cancer cells depend on this lipid-peroxidase
pathway to protect them from ferroptosis, thus this pathway has therapeutic potential.

Recent studies have also illuminated a connection between the Hippo Pathway
and ferroptosis cell death. These studies implicate the YAP/TAZ cofactors, showing that
activation of YAP and/or TAZ can sensitize cancer cells to ferroptosis. In renal cell
carcinoma, TAZ was shown to regulate ferroptosis through the EMP1-NOX4 expression
axis [54]. Another paper showed in breast cancer and noon-small cell lung cancer cells,
deletion of YAP caused ferroptosis resistance and conversely overexpession of YAP
sensitized cells to ferroptosis cell death through modulating the SKP2 protein [55]. This
work presents an intriguing link between the Hippo kinase activity which we have
identified as a potential PC target and this novel form of cell death which may be

exploited to target cancer cell death.
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3.1 Background of the ferroptosis pathway

Ferroptosis cell death was first observed in 2003 when a researcher used a hew
compound called Erastin, which exhibited a unique manner of cell death with no
nuclear morphology changes DNA fragmentation or caspase activation. They also
discovered that this process was not reversibleby caspase inhibitors. It was then
discovered that this death could be initiated by iron che lating agents and it was given
the name ferroptosis. The morphology of ferroptosis is increased membrane density,
decreased mitochondria volume and cristae. This contrasts apoptosis where the
chromatin condenses, nucleus shrinks and membrane is disrupted. Molecularly,
ferroptosis involves genetic changes inlipid peroxidation and iron metabolism
pathways[56].

The pathways that regulate ferroptosis can be divided into three main categories
which are regulation by GSH /GPX4, regulation of iron metabolism and regulation of
lipid metabolism. The GSH/GPX4 regulation encompassesinhibition of system Xc -,
sulfur transfer pathway, glutamine pathway, MVA pathway and p53regulation. All of
these pathways effect the intracellular level of GSH which impacts the ability of GPX4 to
block lipid ROS. The iron metabolism regulation focuses on the ATG5-ATG7-NCOA4
and p62-Keap1-NRF2 pathways which regulate the amount of intracellular iron to
control ferroptosis. Lastly, the lipid metabol ism regulation implicates ACSL4, ALOX15,

and LPCAT3. ACSL4 or acyl-CoA synthetase long-chain family member 4 and
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lysophosphatidylcholine acyltransferase 3 (LPCAT3) activate polyunsaturated fatty
acids (PUFASs). This affects the transmembrane characteristicsof PUFAs that are key
substrates for phospholipid that induce ferroptosis . Therefore, decreasedACSL4 and
LPCAT3 reduce the accumulation of phospholipids by reducing the substrate. Each

regulation pathway can act to balance another and all can potentially be targeted to

induce ferroptosis.
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Figure 8: Regulatory Pathways of Ferroptosis Li, J., et al Cell Death Dis,
2020[56]
Though ferroptosis is a relatively newly discovered pathway, it has already been
linked to dozens of diseases including neurological diseases,acute kidney injury,
ischemia/reperfusion and cancer. It plays an important role in key organ systems such as

nervous system, heart, liver, gastrointestinal, lung, kidney and pancreag56]. Research in
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this area is rapidly expanding and there are many other potential therapeutic angles for

this new pathway.

3.1.1 Ferroptosis and tumors

Ferroptosis has been studied in many cancer types including pancreatic,
hepatocellular carcinoma (HCC), gastric, colorectal, breast,lung, clear cell renal cell
carcinoma, adrenocortical carcinomas, ovarian cancer, melanoma, head and neck and
prostate[56]. In many of these cancer types, mechanisms of ferroptosis regulation and
resistance have bea identified and targeted to kill cells. Cancer cellsincrease reactive
oxygen species (ROS) which increases théevels of oxidative stress. Theincreasein ROS
is due to increased metabolic demands of cancer cells needed to support increased
biomass and accelerated proliferation [56]. To counter these effects and prevent
ferroptosis cell death, many cancer cells upregulate resistance mechanism pathways.
Iron accumulation is frequent in cancer cells as well as it is needed to support
mitochondrial metabolism and DNA synthesis. However, iron participates in ROS
generation and lipid peroxidation which can lead to cell death [57]. Similar to apoptosis,
cancer cells manipulate ferroptosis resistance pathways to evade cell death and continue
to progress and spread.

Interestingly, recent studies have found that cancer cells undergo ferroptosis
with conventional chemotherapy treatment and radiation treatment. They have further

found that these therapies synergize with ferroptosis inducers [58]. This discovery could
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aid clinicians in tr eating patient by understanding the pathway of action for each drug
and combining them in ways to achieve more effective cancer killing. However, despite
the promising potential of the ferroptosis pathways as targets for disease treatment,
there are significant hurdles to overcome it can be clinically translated. Ferroptosis can
not only be used as an effective therapeutic targetin one disease but could causecancers
and other diseasesin another part of the body . Off target issues of ferroptosis inducers
remain a major hurdle. Additionally, ferroptosis inducing drugs have issues with low
solubility and poor membrane permeability [58]. Lastly, though great strides have been
taken recently, the ferroptosis pathways are complicated and interconnected and

increased understanding is needed before these pathways can be targeted appropriately.

3.2 Ferroptosis as a target for prostate cancer

The research on ferroptosis inPC is not as robust as in other cancer types but
there are some exciting recent disoveries. There are four main regulators of ferroptosis
and resistance that have characterized roles in PC; SLC7A11, ATF4, GPX4 and ACSLA4.
Additionally, there is interesting data about the role of AR and AR targeting therapies in
ferroptosis. What is known about these as they relate specifically to PC is described

below.

3.2.1 Ferroptosis markers in PC

One of the key regulators of ferroptosis and ferroptosis resistance is XCT or

solute carrier 7 member 11(SLC7A11) which promotes the cystene uptake and
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glutamate export. Inhibition of this antiporter is the start of the extrinsic ferroptosis
pathway by decreasing intracellular cysteine. This cysteine normally is converted into
cystine, the limiting precursor for GSH synthesis which activates GPX4 to reduce the
toxic phospholipids, preventing ferroptosis . SLC7A11 increases with Gleason score in
PC and is shown to be increased in the metastatic stromal area.Overexpression of
SLC7A11 was characterized by low survival rate, resistance to radiation therapy and
increased tumor invasion and metastasis [59]. Protein levels assessed in LuCaP PDX
models from metastatic PC found that SLC7A11 was high in adeno-CRPCand had high
expression by western and IHC staining in C4-2, 22Rv, H660 and DU14[51] Mechanistic
in vitro studies found that i n PC3 and DU145 cell lines andxenograft models, restoration
of p53 activity suppresses the transcription of SLC7A11 which in turn decreases the
amount of GPX4 leading to ferroptosis sensitivity [60]. The suppression of SLC7A11 by
p53 has been demonstrated in other cancer types and overexpression of SLC7A11 can
rescue tumor suppressive effects ofactivated p53[61]. The complete mechanism of
SLC7A11 regulation in PC, specifically, AR positive PC has yet to be determine. It is
clear that this regulator of ferroptosis in relevant and could indicate ferroptosis
resistance inPC.

Another main regulator of ferroptosis is glutathione peroxidase 4 (GPX4) the
main enzyme responsible for reducing lipid hydroperoxides in a membrane

phospholipid context . This role makes it key to repressing ferroptosis cell death and its
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inhibition causes a robust cell death responsein vitro. IHC staining of GPX4 assessed in
LuCaP PDX from metastatic PC, found high levels in both adeno-CRPC and NEPC.
Staining and western blotting were also conducted across a battery of cell lines with the
highest expression occurring in C4-2, 22Rv1, H660 and DU145 ells [51].

Fatty acid-activating enzyme, ACSL4 has a key role in the initiation of
ferroptosis. It has been described as essential for the execution of ferroptosis in breast
cancer, model enmbryonic cells and other models[62]. Interestingly, it is negatively
correlated with ER in human breast cancer samples and AR in human PC samples and
cell lines [63, 64] This suggest again that hormone independent PC lines may be
sensitive and AR positive cell lines are more resistant to ferroptosis. Given this data,
ACSL4 is may be a promising marker for ferroptosis sensitivity in hormone negative PC
and restoration of ACSL4 may sensitize hormone positive cells to ferroptosis inducers
[63].

ATF3 and ATF4 are important transcriptional regulators that respond to ER
stress, which have also been implicated in ferroptosis. ATF4 and its target gene
FAM129A were shown to be required for PC growth in AR positive PDX and cell
models. ATF4 protein levels were also increased inPC compared to benign tissue [65].
However, these studies did not link ATF4 to ferroptosis directly. In gl iomas a
mechanism was found wherein ATF4 promotes angiogenesis and neuronal cell death

through transcriptional upregulation of SLC7A11 [66]. There are studies showing
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increased ATF4and SLC7A11 mCRPC suggestinga similar role may be present in PC
[67].
3.2.2 Androgen Receptor regulation of ferroptosis

A study of ferroptosis and AR agonists was recently published finding key
regulators of ferroptosis, SLC3A2, SLC7A11 and GPX4 ircreased with advanced PC,
specifically, treatment resistant PC. The same study found that AR positive cells
including 22Rv1 and C4-2 were much more resistant to GPX4 ferroptosis inducers
compared to AR negative cells (PC3 and DU145). However, when anti-androgens,
enzalutamide and abiraterone were used in combination, there was a synergistic effect
which suggesting that AR activity may play a role in the ferroptosis resistance [51]. This
combined therapy was also shown to have an additive effect in vivo[51]. Another study
shows that ferroptosis inducer, Erastin, can down regulate AR and splice variant sin
CRPCwhich could explain the synergistic effects of AR agonists and ferrop tosis
inducers [68]. Other studies show that GPX4 inhibition in PC may also be a promising
therapeutic target especially in patients who develop ed AR therapy resistance.
Enzalutamide caused an increasedtherapy indu ced lipid uptake and metabolic
remodeling. This rise in membrane polyunsaturated fatty acid (PUFA) levels caused
hyper sensitivity to GPX4 inhibition and ferroptosis. Charcoal stripped serum (CSS)
media treatment for 7, 14 and 21 daysalso significantly in creases phospholipids in cells

sensitizing them to ferroptosis induction. This was observed with treatment of

38



enzaltuamide or CSS in LNCaP, C42B, DuCaP, and 22RV1 which arecells shown to

have high levels of and rely on GPX4[6916 w3 T PUwxT 1 OOO01 OOOwOI wlOiT 1 UE x 3
vulnerability to GPX4 inhibition induced ferroptosis has been well characterized in other

cancer types[70-72]. This is a promising therapeutic avenue to overcome AR drug

resistance though the further mechanisms in of the direct role of AR activity in

ferroptosis and PC still need to be investigated.

Recently studies have identified a novel regulator of the ferroptosis pathway,
DECR1, that may provide a link to AR. 24-dienoyl -CoA reductase (DECRL1) isa
mitochondrial enzyme involved in  PUFA degradation. One study identified DECR1as
an androgen-repressed gene induced in response to androgen deprivation therapy or
AR targeted therapies. Knockdown of DECRL1 in LNCaP PC cells causes PUFA
accumulation, lipid peroxide and ferroptosis and caused further cell sensitization to
ferroptosis inducer, Erastin [73]. However, another study showed that silencing AR did
not affect DECR1 protein levels in LNCaP cells chronically treated with AR antagonists.
While androgen deprivation induced DECR1 expression over short term exposure,
androgen addition did not decrease DECR1 expression. They also investigated AR
binding at the promoter of DECR1 and found that it was not significantly enriched.
Thus, DECR1 expression might be part of an adagive response to AR inhibition and its
loss alters lipid homeostasis and sensitizes CRPC cells to ferroptosig74]. As mentioned

above, AR inhibitor resistant cells alter their metabolism to increased glucose
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consumption. This metabolic shift opens up therapeutic potential through proteins such
as DECR1 that are associated with resistancg74].Overall, the connection between AR

and ferroptosis appears nuanced and context specific.

3.2.3 Novel ways to target the ferroptosis pathway for treating PC

Beyond these established regulators, there is also data to further suggest tlat
ferroptosis could be a promising PCtherapy. There is increasing evidence that
ferroptosis play a larger role in PC progression than previously thought. For instance,
ROS has a key role in the development of PCa because ROS contribute to the oxidation
of lipids, proteins and DNA that drives the change from normal prostate tissue to
cancel[75]. Thus PC alters pathways to protect against this oxidative stress such as
antioxidant pathways such as through nuclear factor erythroid -2-related factor 2 (Nrf2),
a transcriptional regulator of the antioxidant response [75]. The transcription factor

3%t Ywi EUWEOUOWET | OwUl OpPOwWUOWEEUDPYEUT w/ + | &K
metabolism of polyunsaturated fatty acid arachidonic acid (AA) to resist ferroptosis [76].

A recent study showed that activation of PI3K -AKT -mTORC1 pathway, one of
the top two deregulated pathways in PC, suppresses ferroptosis. The mechanism was
identified as sterol regulatory element binding protein 1(SREBP1) mediated lipogenesis
and was demonstrated in a number of breast and prostate cell lines including, PC3 and
DU145[77]. This finding indicates that PC may rely more on ferroptosis than previously

assumed as well as identifying a target for therapy. Another p ublication put forth seven
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ferroptosis related genes, AKR1C3, ALOXE3, ATP5MC3, CARS1, MT1G, PTGS2, and
TFRC, as prognostic predictors for PC. These genes were identified from mRNA
expression and clinical data from PC patients from TCGA and MSKCC databases and
were used to establish a risk model The expression of these genes towards ferroptosis
resistance correlated with a worse patient prognosis. This model was used to validated
with patient disease progression and used to identify targets to induce ferroptosis as a
therapy [78].

Overall, ferroptosis is a promising target pathway for PC treatment. The
pathway has been shown to be active in PC and the key regulators are expressed in
patient samples. Ferroptosis resistance is higher in hormone dependent PC and
sensitivity increases with disease progression and conventional therapy resistance.
These findings are encouraging but leave many mechanisms ofPC specific ferroptosis to

be illuminated.
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4. The non-canonical role of STK3 in prostate cancer

4.1 Introduction and rationale

Hyper -activation of YAP in PC has been observed in a number of studies. Thus,
the consensus would be that loss of STK3/4 Hippo kinase signaling results in
hyperactivation of YAP/TAZ and potential ontogenesis. From our preliminary data
mining of patient datasets, we found that STK3 was amplified in PC datasets which is
counter to what we would expect if it had a canonical tumor suppressive role in PC.
Additionally, we found that STK3 expre ssion is correlated with worse outcomes for
patients and more aggressive disease. Conversely, we did not see similar trends when
OOO0O0POT WEUW?2 3* 1t 7z Uwiedus o &0 WhdtheOSTRBmaKavea I D U w
separate and non-canoncial role in the context of PC that would explain what we saw in
patient data. We hypothesized that STK3 was not acting as a tumor suppressor in PC
and in fact it may have a pro-tumorgenic role. Given the high value of STK3 as an
actionable target and the urgent need for new molecular targets in PC, we sought to
investigate the potential non-canonical pro-tumorigenic role of STK3.

In order to test our hypothesis, we used a complement of STK3 molecular,
genetic studies as well as pharmacologic tools for STK3 inhibition. We utilized av ailable
STK3/4 inhibitor XMU -MP-1 and identified novel complementary series of STK3 small
molecule inhibitors with different structures, narrower kinase inhibition profiles, and

more potent cellular activity. These small molecules may also be useful tools for the
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research community to elucidate STK3 function in other disease contexts.We used these
tools along with traditional molecular methods, two -dimensional and three dimensional
growth assays as well as invasion assays. Finally, we usedn vivo models to test the role

of STK3.

4.2 Materials and Methods
4.2.1 Cell lines and culture conditions

Hi-Myc ventral prostate 2 cells (HMVP2) were a gift from Dr. John DiGiovanni.9
Cell lines were authenticated by STR profiling and tested for mycoplasma at Duke
University cell culture facility by MycoAlert PLUS test Lonza. H9C2, DU -145 and 293T
cells were grown in Dulbecco's Modified Eagle Medium (DMEM) + 10% fetal bovine
serum (FBS). PC3, 22RV1, HMVP2, C2 and LNCaP cells were cultured in RPMI + 10%
FBS. LAPG4 cdls, a gift from Dr. William Aronson at UCLA, were cultured in Iscove's
Modified Dulbecco's Medium (IMDM) + 10% fetal bovine serum (FBS) + 1nM R1881. For
androgen deprivation conditions charcoal stripped FBS (CSS) (MilliporeSigma, St. Louis,

MO., USA) was used.

4.2.2 Western blots

Cells were collected in radioimmunoprecipitation assay buffer (RIPA) lysis
buffer with protease cocktail inhibitor 1 and phosphatase cocktail inhibitor 2 and 3
(MilliporeSigma). For tumor biochemical analysis, tumoral tissues we re ground in liquid

nitrogen with a mortar and pestle and then extracted with RIPA. Protein was quantified

43



using DC Bio-Rad protein assay (Biol EEQuw' I UEUOI UOw" &60w42 AKwEOE wi
protein were run on SDS-PAGE gels and transferred onto 0.45 or 0.22micron

nitrocellulose. The following antibodies were used at 1:1000 dilution: p -MOB1-Thr35

(Cell Signaling Technology, Danvers, MA., USA [CST]#8699),BRD4 (CST #13440), ASNS
(CST#92479), H3 (CST#9715)-MST1/2 (CST#493525), XCT/SLC7A11 (CST#12691), RNA

Pal Il Ser2 (CST#13499), RNA Pol Il Total (CST#26295))OB1 (CST#13730S), Cyclin D1

(CST#2922S), prAP-Ser397 (CST#13619S); PAP-Ser127 (CST#13008S), YAP

(CST#14074S), STK4 (CST#1496S), TAZ (CST#83669S3OK1-Tyrl5 (CST#4539T), p

STAT3-Tyr705 (CST#9145S)Cyclin E1 (CST#20808), Cyclin B1 (CST#12231);listone

H3-Serl0 (CST#53348), Puma (CST#98672), p27 (CST#3686), Cleaved Casfase

(CST#9664), Tiymidine Kinase 1(CST#8064), HEXIM1 (ABclonal, Woburn, MA, USA,

#A5775), NELFE (ABclonal, Woburn, MA, USA, #A3249). Antibodies for GAPDH

(CST#5174S) and AR (CST#5153S) were used at 1:4,000 and 1:2,000 dilution, respectively.

Antibody for STK3 (ThermoFisher #703027, Waltham, MA., USA) used at 1:2,000

dilution. For phos -bind gels, samples were extracted in 50mM Tris, pH6.8, 2% SDS,
YEYKUWEUOOOxT I OOOWE O U -Berchpjosthahod Sabpled DePeub&IEE wk U wé
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resolving gel, phos-bind acrylamide (PB-A) (APExBio, #F4002, Houston, TX., USA)was

used to pour 6% acrylamide concentration and 50 uM PB-A concentration gel in Mini -

PROTEAN 12 well empty cassettes. Gels were run at 80V for 20 minutes and then 150V
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for 1hr. Gels were rinsed in transfer buffer containing 10 mM EDTA for 10 min, three
times, then transfer buffer alone for 10 min, and transferred onto nitrocellulose
membrane, then immunoblotted for total YAP. For Western blot quantification, ImageJ
1.52a software was utilized to quantify band densitometry and Actin or GAPDH loading
controls for normalization. When shown as percentage, treatment group ratios were
divided by control group ratio and multiplied by 100. For AR null cell lines,

densitometry background levels were used for STK/AR ratios.

4.2.3 Cell proliferation assays

For standard two -dimensional proliferation assays, cells were plated in a 96-well
in 100 ul of media and after 24 hours, cells were treated as specified for 126192 hours
using DMSO as a vehicle or 2X drug in 100 pl of media. For three-dimensional spheroid
assays,cells were plated in 96 well u-bottom, SBioPrime ultra-low attachment plates
(Fujifilm Wako Chemicals, Richmond, VA., USA) in 100 ul of media and after 24 hours
when spheres formed, cells were treated as denoted with 2X drug or DMSO vehicle
control. Confl uence and spheroid measures were conducted on an IncuCyte S3 livecell
imaging system (Sartorious, Ann Arbor, MI., USA) on 96 whole -well scan mode. Plates
were imaged every 8-24 hours and quantified with bundled image analysis software. For
real-time cell death assays, Incucyte® Cytotox Green Reagent (Satorius) was used to

indicate dead cells.
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4.2.4 Colony formation assays

For clonogenic assays, t O + @42 (1000/mL) cells were seeded in12-well plates
and cultured in 10% FBS-containing media, which were replaced every 2t 3 days. For
inducible shRNA experiments, doxycycline was added to media at 0.25ug/mL final
concentration the day after seeding. For experiments with Compound Al, treatment was
added to media the day after seeding. After 10t 14 days, cellswere fixed in 4%
xEUEI OUOEOGEI T aEl wi OUwhk oOPOWESEWUDOUI EwbPDUT w#/
0.05%0EUAUUEOQwWYDOOI OwUOOUUDPOOS
4.2.5 Gene Knockdown

For inducible knockdown of STK3, sShERWOOD UltramiR lentiviral inducible
shRNA system was used (Transomics Technologies Inc., Huntsville, AL., USA). To
deplete mouse STK3 gene expression in HMVP2 cells, TRC2 MISSION shRNAs in
pLKO.1-puro vector backbone were used (Millipore -Sigma). In the sgSTK3 system we
used pLV[Exp] -Puro-TRE3G>hCas9 (nerTA) and pLVX -Tet3G blasticidin (Addgene
Plasmid #128061) to create an inducible Cas9 expression system. We then used two
sgRNA constructs for STK3, pLV[gRNA] -Hygro -U6>hSTK3[gRNA#37199] and
pPLV[gRNA] -Hygro -U6>hSTK3[gRNA#20202](VectorBuilder # VB2112011174whm and
VB21121-1176fnk) along with a sgScramble sequence (VectorBuilder #vVB211201
1175anv).STK3 overexpression construct and empty vector control, were purchased

from VectorBuilder Incorporated (Chicago, IL., USA). For the inducible knockdout of
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STK3 with CRISPR guide RNAs, constructs for the tetracycline responsive element,
pLVX-EFlaTet3G, and inducible hCas9 plasmid, pLV[EXp] -Puro-TRE3G>hCas9were
purchased from Takara Bio as a kit Cat #632633 (Kusatsu, Shiga, Japafn. The sgSTK3
(VB2112011176fnk) and sgScrambk (VB2112011175anv) plasmids were purchased
from was purchased from Vector Builder ( Chicago, lllinois). Lentivirus was generated
with psPAX2 and pMD2.G packaging plasmids using with the Polyplus jetPRIME
transfection kit in 293T cells. Virus was collected at 48 hours post transfection and a 1:1
ratio of viral media to fresh culture media with 8ug/mL of polybrene infection reagent
was incubated for 24 hours on target cells. Cells were selected with 2ug/ml of

puromycin.

4.2.7 Kinetic cell migration and matrigel invasion

For three-dimensional spheroid invasions, 500 cells were plated in PrimeSurface

3D culture, ultra-OOP WEUUEET O OUOwWNt whbl OO0O0OwWw4 wEOUUOOOWE O |

hours to allow spheres to form (S-BIO, Hudson, NH USA). Then matrigel was gently

OPRI EwbOwi OUwi DPOEOQWEOOET OUUEUDPOOWOT wt ws1 vO+wEOD
OYI UCEPEwWPPUT whyYws +wlOi wi/ , (wOl EPEWEOEWDOEDPEEU
spheroid growth of invasion front was conducted using the IncuCyte sphero id software

module.
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4.2.8 In vivo syngeneic allograft study

Mouse experiments were conducted as approved by the Duke University IACUC
board protocol number IACUC006565. For the pharmacokinetic(PK) study, CD -1 male
mice were used and Compound 6 was formul ated in 400 w-¢yclodextrin. 25 mg/mL
doses were given by intraperitoneal (IP) and oral administration. The tissue was
carefully surface-washed after extraction to avoid artifacts due to IP injection. PK
experiments were performed in order to obtain concentration vs time data and calculate
critical PK parameters utilizing non -compartmental approach within WinNonlin
software. The PK analysis was performed by the Pharmacokinetics &
Pharmacodynamics Shared Resourceun by Ivan Spasojevic, PhD, Director, PK/PD
Laboratory.

Briefly, for the shRNA experiment 32 and 12 for the small molecule study, male
FVB/N mice aged 6 weeks (Charles River Laboratories Raleigh NC, USA) were injected
with HMVP2 spheroids grown in ultralow attachment plates as previously
described[79]. Approximately 2x105 cells were plated in 6-well ultra-low attachment
plates and allowed to form spheroids for 24hrs, spheroids were injected in 1:1 RPMI to
matrigel per animal subcutaneously in the right flank. Caliper me asurements were
commenced 14 days after engraftment three times per week and body weights measured
twice a week. Tumor volumes were calculated using the formula L x (W)2/2. For the

small molecule study, Compound 6 was formulated in 40 U wr¢yclodextrin with water
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bath sonication and prepped daily. Mice were dosed every day with 100uL per animal.
At terminal endpoint, wet tumor weights were recorded; tumoral tissues divided and

fixed in formalin or flash frozen in liquid nitrogen.

4.2.9 STK3 NanoBRET Kinase Assays

Intracellular NanoBRET assays were performed as previously described using
NanoLuc®-STKS3 Fusion Vector Cat.# NV4301 (Promega, Madison, WI, USA).10 Briefly,
NanoLuc-STKS3 along with carrier DNA was transfected into HEK -293 cellsin a 96 well
format. NanoBRETTrEET Uw* Y wPEUwUUI EWEUWE wEOOEI OUUEUDOC
11 concentrations. To measure NanoBRET signal, NanoGlo substrate (Promega) at 1:166
to Opti -MEM media in combination with extracellular NanoLuc Inhibitor (Promega)
substrate/extracellular NanoLuc inhibitor was added to each well. The plates were read
within 10 minutes on a GloMax Discover luminometer (Promega). Biological replicates
were normalized and fit us ing a sigmoidal, 4 parameter logistic regression binding curve

in Prism Software (GraphPad, La Jolla, CA, USA). IC50 and standard error (SE) were

calculated in Prism Software.

4.2.10 Enzyme Assays

Assays were performed at Eurofins discovery services (Celle-L'Evescault, France)

as previously described.11 Investigational compounds were provided as 10 mM stock
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solutions and screened in 1Gpoint dosetresponse at the Km of ATP using 2end

recombinant STK3 protein and myelin basic protein as a substrate.

4.2.11 Compound Kinase Selectivity

KINOMEscan scanMax assay panel was performed at Eurofins DiscoverX (San
Diego, CA., USA) across 403 wild-type human kinases and 65 mutant human kinases at
EWEOOx OQUOEWEOOET OQUUEUDPOOWOI whiwy , wsEotklxdd$19 DOU U O A
(1 uM) was used for compound selectivity metric, where the threshold is 10% of activity
remaining relative to control for a given kinase. S-score is calculated by dividing the

number of inhibited protein kinases at or above this threshold , by the total number of

tested protein kinases.

4.2.12 Statistical analysis.

GraphPad Prism 9.0.2 was used for statistical analysis of in vitro studies and
survival analysis of patient data sets. For time-course live cell proliferation assays and
migration/invasion assays, 2way repeated measures ANOVA multiple comparison
EOEOQaUPUWPEUWEOOEUVUEUI EwbpPUT w#UOOI UUzvalueOUOUD x Ol
both with alpha=0.05. Tumor growth kinetics in vivo were analyzed using a generalized
estimating equation with exchangeable correlation to test if tumor volume growth
varied over time between the three treatment arms. Time was treated as a categorical
variable to not assume linear growth. P<0.05 was considered statistically significant.

Copy number alteration (CNA) frequency was queried in 187 studies that included
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48341 no overlapping samples on cBioPortal. Transcriptome profiles and patient clinical

information of patient data for were downloaded from cBioPortal for TCGA Prostate

Adenocarcinoma (PRAD) (n=489), SU2C/PCF metastatic PRARRNASeq FPKM relative

to all samples) and TCGA Invasive Breast Cancer (BRCA) cohorts (log RNA Seq V2

RSEM)80, 81] Patient samples with available time to progression (PRAD) or overa Il

survival data (SU2C/PCF) were used to perform Log-rank Mantel -Cox test to estimate

significance of survival difference and hazard ratio between stratified groups. TCGA

PRAD samples were stratified by STK3 copy number, while SU2C/PCF metastatic

PRAD, FPKM capture.” OUUI OEUPOOUwPI Ul wEOOxUUI EwEaw2x1 EUC
method.

4.3 Results [82]
4.3.1 STK3 and STK4 expression across PC cell lines

We started by screening the expression of STK3/4 acrossommonly used PC cell
lines. We found there was a trend for an inverse relationship between STK3 and K4
protein expression (Figure 9A). In addition, in AR positive cell lines, STK3 tends to be
higher as shown by a higher STK3/AR ratio as compared AR null cell lines with a higher
STK4/AR ratio (Figure 9B). Exploring PC cell lines for syngeneic studies, we found that
Hi-Myc V entral Prostate 2 (HVMP2) cell line derived from the commonly Hi -Myc
transgenic PC mouse model, has significantly eevated levels of STK3 (Figure ). Itis

important to not e HMVP2 cells do not express AR79]. When we looked further at
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LNCaP derived cells such as C42 and LN95 cells, we saw that they had further
increased STK3 as well as a slight increase in STK4, though the ratio was still highly in

favor of STK3 expression (Appendix B, Figure 68).
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Figure 9: STK3/4 Protein expression across cell lines A) Western blot of
protein expression B)Ratios of STK3/AR compared to STK4/AR for each cell line

4.3.2 Genetic knockdown of STK3 slows PC growth in vitro

We utilized shRNAs and inducible C as9 sgRNA systemsto test if STK3 is
essential for PC cell proliferation. Western blot validation of STK3 inducible knockdown
in C4-2 cells coincides with reduced levels STK3 phosphatarget p-MOB1 Thr35, a
widely validated STK3/4 phospho -substrate as a reaout for STK3 inhibition in cells
(Figure 10A)[19]. Importantly , STK4 levels are not induced to compensate for STK3 loss.
In addition, we observed increased levels of cell cycle inhibitor p27 which will be
discussedfurther in a future chapter . Modest increases in YAP1 Ser127 were observed,
but appear in non-targeting doxycycline treated cells as well. This indicates that YAP is

not activated in this model due to loss of STK3. We saw similar STK3 knockdown via
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western blotting in LNCaP and LAPC4 cells which allowed us to test our hypothesis in
multiple PC cell lines (Figure 10B and C). We also knocked down STK3 in HMVP cells
derived from mouse PC cells(Figure 10D). We also confirmed a heterozygous STK3

knockout with our CRISPR guide system which gave us a multiple genetic models to use

to manipulate STK3 (Figure 10E).
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Figure 10: Western blot validation of STK3 genetic knockout/knockdown

models across cell lines A) C4-2 cells with shSTK3 B ) LNCaP cells C) LAPC4 cells D)
HMVP2 mouse cell E) C4 -2 cells with sgSTK3

In C4-2, LNCaP and HMVP2 cell lines, STK3 knockdown with two shRNAs
compared to non-targeting shRNA control, resulted in significantly reduce d
proliferation rates (Figure 11A). The HMVP2 cells had a less efficient infection rate
however, the slight decrease in STK3 protein expression decreased the proliferation
demonstrating a non-canonical trend. In C4-2 cell line, sgRNA knockdown of STK3 also
similarly decreased cell proliferation (Figure 11B). It is important to note that there was a

delay in proliferation though not apoptosis or a complete stalling of cell proliferation.
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However, this is markedly different than the results we would expect if STK3 were

functioning as a tumor suppr essor in PC and aligns with our hypothesis.
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Figure 11: C4-2, LNCaP and HMVP2 growth curves with A) shSTK3 or B)
SgSTK3 *p<0.05, *p<0.01, ***p<0.001, ****p<0.0001.

We used a spheroid model to examine the effect of STK3 losin LAPC-4 (Figure
12A) and C4-2 (Figure 12B) cells. A GFP reporter protein was used to show the induction
of our shRNA system. A spheroid model mimic tumor growth physiology more closely
than two dimensional growth. Additionally, the spheroid model ensures ¢ ell to cell
contact which activates the Hippo Pathway in a different manner compared to two
dimensional growth. We found inducible STK3 gene knockdown also resulted in slowed
tumor spheroid growth kinetics in both cell lines. We also used similar inducible shRNA
system to knockdown STK4 in C4-2 cells and tested whether loss of STK4 slowed
spheroid growth in a similar manner to STK3. We found that loss of STK4 did not
increase the expression of STK3 to compensate and that loss of STK4 did not
significantly s low the spheroid growth ( Appendix B, Figure 69). Of note, we did not see
increased proliferation in the spheroids with loss of STK4 as would be expected with the

knockdown of a tumor suppressor. We believe is because STK4 is present at very low
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levels endogenously in C4-2 cells so loss of it did not alter molecular signaling given that
these cells appear to have already downregulated STK4 expression. This validated our

hypothesis that STK3 but not STK4 had a potentially pro-tumorigenic role in PC.
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Figure 12 C4-2 and LAPC4 spheroid models with genetic depletion of STK3
A) Representative images for LACP4 with shRNA and total spheriod are graph B)
Representative images for C4 - with shRNA and total spheriod are graph  *p<0.05,
**rxp <0.0001.

In AR negative cell lines, we have found that STK3 protein is present at low
levels and STK4 is present at comparatively high levels (Figure 8A and B). The inverse is
true in AR positive cells, with low STK4 and high STK3. This trend follows liter ature
that shows STK4 has been shown tonegatively regulate AR, causing downregulation of
STK4 in AR positive cells to release AR from binding [32]. We have usedour inducible ,
as well as constitutively active, shSTK3 systemsin AR negative DU145 and PC3 cells for
2D and 3D proliferation assays. We found that loss of STK3did not significantly affect
cell proliferation (Appendix B, Figure 70). Again, this is in line with our evidence that
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STK3 expression is low in AR negative cell lines and thus knockdown does not impact

cell function.

4.3.3 Pharmacologic inhibition of STK3 slows PC growth

We next wanted to determine if STK3 is a druggable target in PC. To this end, we
utilized the available STK3/4 small molecule inhibitor XMU -MP-1 aaoss a battery of cell
lines. In LNCaP, 22RV1 and PC3 cells, we observed a dose dependent decrease in
proliferation rates with XMU -MP-1 treatment, with IC50 values of 0.8, 1.97 and 3.86 M,
respectively (Figure 13A). Importantly, PC -3 cdls have lower levels of STK3, which
maybe reflective of a slightly higher IC50 and steeper curve slope. Hill slope values for
XMU -MP-1 in LNCaP, 22RV1 and PG3 were -0.73,-1.54 and-2.28, respectively. We
found growth of LAPC -4 3D spheroids was significantly blunted with XMU -MP-1in a

dose dependent manner (Figure 138-C).
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Figure 13: STK3/4 inhibitor XMU -MP-1 slows 2D proliferation and spheroid
growth across a number of PC cells A) IC50 curves for LNCaP, 22Rv1 and PC3 PC cells
B) Representative image of LAPC -4 spheroid growth with XMU -MP-1 treatment C)
Quantitative growth curve for LAPC -4 spheres
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Western blot analysis of LNCaP and LAPC-4 cell lysates treated with 10 uM
XMU -MP-1 showed decreased levels of pMOB1 and phospho-YAP at both Ser127 and
Ser397, denoting activated YAP, yet PC cells were growth inhibited counter to canonical
pathway phenotype (Figure 14). Consistent with slowed proliferation rates, cell cycle
progression marker cyclin D1 was down regulated 1 8hrs post XMU-M P-1 treatment.
Nonetheless, observed growth inhibition maybe due to inhibition of STK4 or other

documented XMU -MP-1 off targets and thus we needed more specific STK3 inhibitors.
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Figure 14: Western blot of STK3/4 inhibition in LN  CaP and LAPC-4 cells

4.3.4 Development and validation of new STK3 inhibitors

To identify new medicinal chemistry starting points for targeting STK3, our team
screened diverse kinase inhibitors in a large assay panel, and carefully scrutinized

previously p ublished kinome data[83, 84] Through this literature mining, we identified
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two independent scaffolds (Figure 15) disclosed as inhibitors of well -studied kinases
that also possess what we perceived to be exploiable off-target STK3 inhibition. One
lead, alias UNC-BE4-017, referred to as compound Al hereafter, is a pyrrolopyrazine
that was originally disclosed in a medicinal chemistry campaig n targeted at the JAK
kinaseg84]. The compound potently inhibits JAK1, 2, and 3, but only 3 kinases, one
being STK3, out of the panel of 48 are inhibited >90% indicating good kinase selectivity
for a starting point. The second lead, alias UNC-SOB-5-16, referred to as compound B1
hereafter, a pyrrolopyrimidine, came from a literature series designe d to target the
kinase LRRKZ83]. It is also an inhibitor of STK3, with an IC50 = 22 nM and in the
DiscoveRx KINOMEscan panel of 451 kinase assays only 10 kiases give a percent of
control (PoC) <90% at 1uM. Thus, compounds Al and B1 are very selective across the
kinome with only a handful of off -targets. We synthesized these lead compounds and
some additional analogs from each series to test for STK3 engagemet and inhibition

(Appendix B, Table 4 and 5).
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Figure 15: Chemical structures of STK3 analog inhibitors
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We utilized p -MOB1 Thr35 as a readout of STK inhibition in cells. As shown in

Figure 15A, 30 min treatment with compounds A 1, A2, B1, B2 and XMUMP-1 resulted

in reduced STKS3 activity at the 10 pM dose. However, A1 and B2 were more potent,

blocking MOB1 phosphorylation at lower doses (Figure 16A). We next employed an

STK3-NanoBRET assay to quantitate our compounds occupancy ard affinity to STK3 in

live cells.[85] In STK3-NanoBRET assay, Al and B2 were found to have the lowest incell

IC50 values, 7.6 and 2.7 M, respectively (Figure 16B). XMU -MP-1 was found to have an

IC50 of 8.4 M, whi ch coincided well with western blot results. Of note, B3 showed no

activity in western blot assays and an IC50 out of range (>10 M) in the STK3 NanoBRET

assay, indicating strong congruency between these two assays.
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Figure 16: Western blots and NanoBRET assay demonstrating STK3 inhibitor
specificity A) Western blot analysis of STK3 target p -MOBL1 in HMVP2 cells treated
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with denoted compound for 30 minutes. B) STK3-NanoBRET intracellular 11 -point
IC50 dose response curves with denoted compounds.

Compounds were further evaluated using radiometric enzyme kinases assays
using human recombinant STK3, STK4, STK24 (aka MST3) and STK26 (aka MST4)
kinase assays Appendix B, Table 4 and 5). Enzymatic IC50 values for A1 and B2 were in
the low nanomolar range, 41 nM and 33 nM, respectively.

Al and B2 were screened for selectivity against a panel of 468 kinases at a &t
dose. Both compounds showed a high degree of selectivity (Figure 17). Al inhibited only
10 kinases other than STK3 by greger than 90% with an So (1uM) of 0.027. B2 inhibited
only 8 other kinases by >90% of control with an So (1uM) of 0.022. Kinases with >90%
inhibition for A1 and B2 are depicted in Appendi x B Table 6. In addition to STK3
overlap, compounds Al and B2 So overlapping hits included LRRK2, LRRK2 (G2019S),
and NUAK2. In this assay, STK4 percent of control for A1 and B2, was 69% and 38%,
respectively. However, in recombinant enzymatic assays Al and B2 inhibited STK4 by

98% and 94%, respectively Appendix B, T able 7).
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Figure 17: Kinome tree for A1 and B2 at 1 p M doses. Kinases with 0 -35%
percent of control remaining activity depicted. STK3 denoted in blue.

HMVP2 have very high levels of STK3 suggesting these cells may rely on STK3
more and be more sensitive to STK3 inhibition. Quantitative densitometry analysis of
western blots of p-MOB1 in HMVP?2 cells treated with 1 M for 30 min shows
approximately 75% reduction of p -MOB1 in cell lysates treated with A1 and B2 (Figure
18A-B). This indicated high efficacy of STK3 inhibitors but we also wanted to test
specificity of these compounds. Compounds in series A are derived from JAK inhibitors
and accordingly we observed a modest, but significant reduction of p -STAT3 Tyr705 in
Al treated cells only. Compounds in series B are derived from LRRK2 inhibitors;
however, phosphorylation of LRRK2 at autophosphorylation site S1292 was not detected

in PC cellg[86]. These results indicate that the inhibition of STK3 has a more significant
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effect on the Hippo/YAP pathway compared to the JAK/STAT or LRKK2 pathway in PC

cells.
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Figure 18 STK3i specificity to STK3/Hippo Pathway compared to JAK /STAT
Pathway A) p-MOB1 and p-STAT3 western blots and B ) plotted densitometry
normalized to GAPDH plotted relative to DMSO control (n=4). ns= non  -significant,
*p=0.0473, *p=0.0017, ***p<0.0007.
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4.3.5 Novel STK3i0 significantly inhibit PC growth in a number of cell
lines

We wanted to use these more specific STK3 inhibitors to test whether inhibition
of STK3 slowed PC cell growth validating our hypothesis of non -canonical activity. We
decided to also test compound Al and B2 against HMVP2 tumor spheroid gr owth
which have extremely high levels of STK3. As shown in Figure 19A-B, both compounds

inhibited HVYMP2 spheroid growth by over 50% at 10 M doses.
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Figure 19: STK3i treatment inhibited growth in a HMVP2 spheroid model A)
Effi cacy of lead STK3 compounds on HMVP2 s pheroid growth at Day 9 (h=4). B)
Representative bright field i mages of vehicle, A1 or B2 (10 pM) treated HMVP2
spheroids at 9-day endpoint.

Given our encouraging previous results, we proceeded to synthesize and screen
additional analogues from both Compound A and Compound B scaffolds. Compounds
were tested using recombinant protein radiometric assays and in cell STK3 NanoBRET
target engagament assays (Appendix B, Table 45). From these two assays, compounds
with a NanoBRETICs <2.5nmM and enzymatic IC s < 200nM were screened forin vitro

efficacy.

63



Amongst these, we tested B1, B4, B5, B6, A3 and A4 on HMVP2 spheroids at a 5
mM dose. Over the course of a 9day HMVP2 spheroid assay, B5 and B6 showed the
highest efficacy (Figure 20A-B). Western blot analysis of HMVP2 lysates treated with B5
and B6 (1nM) confirm inhibition of STK3 activity as measured by loss of p -MOB1 T35 to
a level of approximately 75% inhibition for both compounds (Figure 20C-D). We also
tested a number of these compounds against off targets identified in our kinome
selectivity screen using recombinant radiometric assays (Appendix B, Table 7).
Consistent with recombinant JAK3 enzyme assays @ppendix B, Table 7), B6, but not B5
significantly reduced leve Is of JAK3 phospho-target p-STAT3 Tyr705, albeit a modest

reduction relative to STK3 inhibition (Figure 20 C-D).
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Figure 20: Lead analogue screening in HMVP2 cells A) Representative images
of HMVP2 spheroids and B) percent growt h bar graphs relative to vehicle control at
endpoint day 9 treated with 5 niM of indicated STK3 inhibitors. C) Western blot
analysis of HMVP2 cells treated for 30 min with B5 and B6 at 1 mM and D)
densitometric analysis normalized to GAPDH. *p<0.05,**p<0.01, ***p<0.0001.
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As shown in Figure 20A-B, HMVP2 cell have inherently higher levels of STK3
relative to LAPC -4 cells. Thus, we next conducted dose response curves using STK3 high
expressing HMVP2 and STK3 low expressing LAPC-4 spheroid models. There was a
much more significant effect in the HMVP2 cells. Non-linear curve fit to determine IC s
values of B5 and B6, which showed lower ICs values in HMVP2 cells compared to

LAPC-4 (Figure 21). This suggests STK3 high expressing cells are more dependent on

STK3 adivity.
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Figure 21: Cells with higher expression of STK3 are more sensitive to novel
STK3 inhibitors  A) Quantification of STK3 in indicated cell lines B) plotted by
STK3/GAPDH ratio. C) Curve fit of HMVP2 and LAPC -4 spheroid gr owth assays with
B5 and B6 for ICs calculation. **p<0.01,****p<0.0001.

We also tested Compound B6 in LNCaP and castration resistant LNCaP
derivative cell C4-2. In both cell lines, there was significant growth delay mostly at the
highest dose of 10 uM (Fgure 22). These cell lines have high levels of STK3 compared to

STK4 and also compared to AR negative cell lines like PC3 but lower than HMVP2 cells.
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Figure 22 Compound B6 inhibits proliferation of human derived CSPC and

CRPCcells A) LNCaP proliferation with B6 relative to O dose on final day B) C4-2
proliferation with B6 relative to 0 dose on final day  *p<0.05,****p<0.0001.

In addition, we generated C4-2 cells stably overexpressing STK3 to test the
specificity of our compo unds (Figure 23A). However, despite increased STK3 levels we
did not see increased pMOB1 basal levels. Yet, there was a modest level of sustained p
MOBL1 in response to compound B6 in STK3 overexpressing cell. In addition, pLX-STK3
cells were partially resistant to compound B6 at the 5 M dose, but not 10 niM (Figure
23B). This suggests STK3 inhibition is at least partially responsible for response to our
compounds, but other factors are likely necessary to activate STK3 kinase activity in

overexpression models.
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Figure 23: Overexpression of STK3 can partially rescue the effects of STK3
inhibitors  A) Western blot analysis of B6 dose response assessed by p-MOBL1 in STK3
overexpressing and empty vector C4 -2 cells. B) Proliferation as say C4-2 control or C4-2
pLX-STKS3 cells treated with indicated inhibitor for 6 days.  *p<0.05,****p<0.0001.
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4.3.6 STK3 chemical tools have a protective effect in H9C2
cardiomyocytes

To determine if our investigational compounds are specific to STK3 or have a
general toxic effects, we utilized the rat H9C2 cardiomyocyte cell line . We decided to test
them in this model of cardiomyocytes because Hippo kinase signaling is essential for
cardiac development and repair so the Hippo P athway should be active in these
cells[87]. Additionally, we wanted to test if inhibition of STK3 could not only have no
malignant effects but perhaps also have aprotective effect on heart cells. Indeed, the
literature supports either inhibition of Hippo kinases or activation of YAP is a promising
therapeutic target to improve cardiac survival and improve function following injury. In
mouse models of heart ischemia/reperfusion (I/R), activation of Hippo kinasesinhibits
YAP, leading to enhanced oxidative stress-induced cell death and YAP restoration
protects against I/R injury. [88]STK3 loss resulted in reduced hypertrophy and fibrosis in
studies with high heart pressure .[89] Likewise, treatment with STK3/4 inhibitor XMU -
MP-1 rescuedhigh pressure overload adverse effects[90]

As shown in Figure 24A, treatment with increasing doses of A1 and B2 for 72hr
had modest growth stimulatory effects on H9C2, nonetheless divergent from effects
observed in PC cells.We also confirmed that HIC2 cells expressed STK3 and in fact they
expressed very high levels, higher than some PC cellssuch as LAPC4 (Figure 24B). We
also showed that treatment with B6 reduced levels STK3 phosphotarget p-MOB1 Thr35

in a dose dependent manner showing on target STK3 inhibition. Consistently, ShRNA
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mediated knockdown of STK3 did not inhibit H 9C2 cell proliferation (Figure 24C).
Overall these results show that inhibition of STK3 in cardiomyocytes does not slow

proliferation, appears to be acting in the canonical manner and is not the same as the

non-canonical role seen in PC.
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Figure 24: STK3 inhibition does not decrease H9C2 proliferation as seen in PC
but does inhibit STK3 phosphorylation activity. A) HI9C2 cardiomyocyte
proliferation assay treated with denoted compounds 72hrs post treatment (n=4). B)
Western blot assessment of B6 after 24hrs in H9C2 and LAPC -4 cells with low,

medium and high exposures for p -MOB1. C) HOC2 proliferation assay at 72hrs with
non-targeting control or shSTK3 (n=3/shRNA). *p<0.05,**p<0.01.

Many studies show a role of Hippo pathway in response to cardiac injury, but
there is a lack of studies targeting Hippo pathway for cardio protection in response to

chemotherapies such as DOX. In two studies, melatonin[91] and exercisg92] were found
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to provide cardioprotective effects against DOX -induced cardiac damage by activation
of YAP. We decided to test this hypothesis by using our novel STK3 inhibitors. To
determine if inhibition of STK3 has a cardio -protective effects, we treated cells with a
lethal dose of doxorubicin (500 nM) alone or in combination with pretreatment (1hr) of
Al and B2 (1nM). Real-time quantitation of cell death showed a steady induction of
H9C2 cell death with doxorubicin, which was partially, but significantly, blunted by co -
treatment with STK3 inhibitors A1 and B2 (Figure 25). Similar chemo-protective effects
were observed with the taxane docetaxel (Figure 25). These data are consistent with
inhibition of canonical Hippo Tumor suppressor function that leads to activation of
YAP/TAZ and provides protective effects in cardiomyocytes [93] [94]. Thus, data from
the literature and our data, support that targeting Hippo kinases may provide
cardioprotective effects against chemotherapy. This presents an interesting two pronged
benefit for PC patients who are on traditional chemotherapeutics and at risk for
cardiotoxicity. STK3 inhibition would slow PC growth and provide cardio protective

effects simultaneously.
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Figure 25: STK3 inhibition has a protective effect against cell death from
docetaxel and doxorubicin in H9C2 cardiomyocytes . H9C2 proli feration and cell
death monitored by cytotox green dye (GFP) over time treated with vehicle,
doxorubicin ( Doxo, 500nM ) or STK3 inhibitors (1 nM) *p<0.05,**p<0.01.

4.3.7 STK3 inhibition and loss inhibits PC cell invasion

Since metastatic PC disease is thenost deadly form of PC, we were interested in
whether inhibition of STK3 could help slow PC cell invasion. W e tested the effects of
STK3 inhibition on 3D matrigel invasion of HMVP2 cells. In this model, we first tested
XMU -MP-1 and our two leads A1l and B2. Compared to vehicle control, HMPV2
spheroids treated with each of the three compounds had statistically significant reduced
overall spheroid size and invasion fronts ( Appendix B, Figure 71). We next tested B6
which was our lead compound from novel STK3i series andshowed increased STK3
target engagement We saw high efficacy in HMVP2 3D invasion model (Figure 26A). B6

dramatically reduced overall 3D matrigel invading spheroid area in a dose dependent
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manner (Figure 26B). In addition, the invading cell fro nt (blue mask) was universally

inhibited at all three doses tested (Figure 2&).
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Figure 26: STK3i treatment significantly reduced HMVP2 spheriod invasion
and invasive front A) Representative images of 3D invasion of HMVP2 cell s treated
as denoted and imaged over time. B) Graphical representation of real -time 3D
HMVP2 total spheroid area kinetics and C) cell invasion front (blue mask).
**rxpn<0.0001

Similarly, genetic depletion of STK3 in HMVP2 cells reduced invasion rates
compared to non-targeting control (Figure 27A-C). Albeit, genetic depletion of STK3 was
not as potent as inhibition with B6, likely due to modest STK3 shRNA knockdown in
HMVP2 cells. We also knocked down STK3 in our inducible shSTK3 model in human
C4-2 cells andsaw a reduced invasion rates with loss of STK3 (Figure27D-E). In our C4-
2 model, we used the GFP reporter to show that shSTK3 knockdown was induced and
maintained in the cells. The C4-2 model has a much slower invasion than the HMVP2

cells and does not have an aggressive invasion front but it is clear that the loss of STK3
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slowed spheroid invasion . This demonstrates the decreased invasive capacity in both
mouse Hi-MYC and human castration resistant derived cell line . Together, our chemical
and genetic data shows that STK3 plays a role in cell invasion counter to its role as a

tumor suppressor in other contexts.
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Figure 27: Loss of STK3 in HMVP2 and C4 -2 cell lines reduced spheroid
invasion. A) Representative images of 3D invasion of HMVP2 with denoted shRNAs,
B) total spheroid area and C) invasion front. D) Representative images of 3D invasion
of C4-2 with denoted shRNAs E) total spheroid area 2way RM ANOVA *p=0.01.

4.3.8 Genetic and pharmacologic STK3 inhibition decreases colony
formation

We also tested how the knockout or inhibition of STK3 affected colony formation
growth in PC cells. Colony formation assays are used to examine the capability of a
single cell to grow into a colony through clonal expansion and is a sensitive indicator of
cancer stem cell$95]. This assay can be used to judge how a cancer cell would develop

clonal metastasis and is often used to assess metastatic capacity vitro along with
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invasion and migration assays[96, 97] With the knockdown of STKS in the C4 -2
castration resistant cell line, we saw a dramatic decrease in number of colonies and
percent of area covered by colonies compared to control (Figure28). This was a very
dramatic phenotype compared to our two dimensional growth curves suggesting that

STK3 may have a more important role in colony formation.
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Figure 28 Colony assay with C4 -2 with the loss of STK3 . Quantified using
ImageJ. n=6 per cell line. Representative image for each shRNA stained with crystal
violet . ****p<0.0001

We also tested whether inhibition of STK3 using compound A1 would also
decrease colony formation in C4-2 castration resistant cells We found a dose dependent
decrease in thepercent of area covered by colonies compared to control with increasing
doses of Compound Al (Figure 29A). The representative images demonstrated that
there the number of colonies decreased and the overall are covered in colonies as well

from control to 10 uM (Figure 29B). The IC50 from this assay was around 2.5 pM which
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is much lower than the efficacious dose in two dimensional proliferation assays using
compound Al in C4-2 cells(Figure 29C). In the two dimensional growth assays there
was only a slight but significant decrease in proliferation at the 5 and 10 uM doses. This
further reinforces the idea that STK3 may have an important role in colony

establishment and expansion in PC cells.
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Figure 29: C4-2 Colony assay with compound Al doses compared to 2D proliferation
A) Colony formation normalized to control n=6 for each dose B) Representative
images for each dose stained with crystal violet for quantification via ImageJ C)
Proliferation of C4 -2 percent confluence *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001

4.3.9 Loss of STK3 slows syngeneic tumor growth in vivo

To determine the role of STK3 on PC growth in vivo we utilized HMVP2
syngeneic allograft model. Depletion of STK3 in HMVP2 cell in vitro resulted in reduced
p-MOBL1 levels, induction of p27, but no significant changes in pYAP levels (Figure 30A).
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Loss of STK3in vivo showed an overall statistically significant interaction (p<0.0001)
between treatment arm and time, which tests whether tumor volume differs by
treatment (i.e. sShSTK3 vsshNT) over time (Figure 30B). On pairwise comparison,
shSTK31 (p<0.001), but not shSTK2 (p=0.23) was significantly different compared to
shNT control arm. At the experimental endpoint, similar results were observed with

tumor w eights (Figure 30C).
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Figure 30: STK3 knockdown in HMVP2 and in vivo growth curves and tumor
weight A) Analysis of STK3 knockdown and denoted proteins in HMVP2 cells  in
vitro . B) Longitudinal growth kinetics of HMPV2 allograft tumors with  shNT (n=8),
shSTK3-1 (n=8), shSTK3-2 (n=7), interaction time vs shRNA arm p<0.001. Pairwise
comparison shSTK3 -1 vs.shNT : p<0.001; shSTK32 vs.shNT : p=0.23.C) Final tumor
wet weight at terminal endpoint. *p<0.05

Biochemical analysis of pooled tumor protein lysates (n=6 tumors per group),
confirmed reduced levels of STK3 in shSTK3 tumors compared to shNT control tumors
(Figure 31A). Interestingly, we did not observe reduced levels of p-MOB1 in STK3
depleted tumors. In fact, contrary to in vitro STK3 knockdown (Figure 30A), we

observed increased levels of pMOB1 in shSTK3 tumors relative to shNT tumor lysates.

Analysis of YAP phospho -species in tumor lysates using phos-tag acrylamide gels also
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showed increased YAP phosphorylation (Figure 31B). Loss of STK3in vivo resulted in
reduced levels of p-CDK1 Tyrl5. In addition, we observed decreased levels of cleaved
Caspase 3 and the proapoptotic protein PUMA in shSTK3 tumors compared to shNT
tumors (Figure 31A). These data suggest that STK3 losf vivo results in slowed tumor
growth kinetics due to cell cycle/proliferative alterations and not cell death due to
hyper-activation of YAP as described in other models[98].
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Figure 31: Tumor an alysis showed decreased cell cycle markers and increased
YAP phosphorylation A) Western blot analysis of pooled tumor lysates (n=6/shRNA)
loaded in technical triplicate and Phos-bind gel assessment of YAP phospho -species
and B) Phos-bind gel assessment of YAP phospho -species.

4.3.10 Inhibition of STK3 slows syngeneic tumor growth in vivo and
does not cause toxicity or hyperplasia in other organs

After seeing loss of STK3in vivo slowing tumor growth, we wanted to test our

STK3 inhibitor in vivo to confirm this effect. Phenotypic studies in HMVP2 spheres
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treated with analog STK3 inhibitors showed dose dependent decrease in proliferation
and matrigel invasion so we hypothesized that they would decrease growth in vivo.
From in vitro assays compound B6 emerged as the most potent. PK and PD studies
showed that intraperitoneal (IP) injections of B6led to short time in plasma, but pro -
longed half-life in the organs such as liver, heart and notably prostate with a terminal
half-life clearance of 8.3hrs(Figure 32). This indicated a favorable PK/PD profile for the

use inin vivo inhibition of STK3.

A' PK Profile of Compd. B6 © p.o. Plasma
o [p. Plasma Intraperitoneal Oral (gavage)
s = jp. Liver SD sD
%_ N ig Kidney PK PARAMETER VALUE | (n=4) | VALUE | (n=3)
g' ¥ i.p. Muscle Cmax (0bs), pg/mL 5.7 1.2 0.66 0.27
5 ; Ciast (8h), ng/mL 0.04 0.01 0.019 | 0.006
o + p. Heart i 10.00 | 0.00 | 13.00 | 0.17
o & i.p. Prostate tmgs. MiN : - : :
3 AUC (0-inf.), ug h/mL 46 0.7 0.6 0.1
o tas2 (initial; 10min-1h), h 0.3 0.020 0.1 0.047
ti2 (terminal; 3-8h), h 8.3 7.0 4.8 2.0

Figure 32 Pharmacokinetic and pharmacodynamics for Compound B6 in vivo .
PK profile of Compound B after single bolus injection i.p. compare d to oral.

Daily injections of B6at 10 mgs/kg significantly delayed HMVP2 tumor kinetics
compared to vehicle control over 31 days of treatment (Figure 33A). Tumor weights in
the B6 groups were lower vs control though not significantly but this trend agre ed with

the tumor volumes (Figure 33C).
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Figure 33: Growth curve, body weight and tumor weight for ~ STK3i B6in
HMVP2 syngeneic model A) Longitudinal growth kinetics of HMPV2 allograft
tumors treated with 10 mpk B6 Control (n=6), 10 mpk (n=6), interaction time vs
treatment arm p<0.001. Pairwise comparison Control vs. 10 mpk: p<0.001;B)
Longitudinal animal bodyweight C) Final tumor wet weight at terminal endpoint.
p=0.1067 *p<0.05, **p<0.01, ***p<0.001

Importantly, no differences in organ weights or total body weights were
observed between groups (Figure 33B and Figure 34. This is significant in two senses.
The bodyweight indicates that B6 compound was not toxic and did not trigger any
unwanted side effects that would cause acute toxicity in the mice. No difference in the
organ weights indicates that there was not a significant increase in weight which could
indicate hyperplasia or cancerous lesions growing. Additionally, gross examination of
organs upon necropsy did not reveal any lesions. Given that STK3 functions as tumor
suppressor in normal tissue, we wanted to check this in order to assess whether this
treatment had therapeutic potential. From this we validated that targeting STK3 in vivo

could decrease the proliferation of PC while not causing deleterious effects.
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Figure 34: Organ weights comparing vehicle to Compound B6 show no
significant differences . Weights taken at endpoint. n=6.

4.4 Discussion

Our investigation originated from the simple o bservation that STK3, a known
tumor suppressor, is amplified in a subset of cancer types including PC. For this reason,
we sought to determine if STK3 plays a non-canonical pro-tumorigenic role in PC.
Although this notion contradicts the widely accepted Hi ppo Tumor suppressor
signaling dogma, the combined value of STK3 as a druggable target and the need for
added molecular targets to combat mMCRPC motivated us to investigate this likelihood.
Our study provides genetic and pharmacological evidence that in PC, STK3 is essential
for PC cell proliferation and in vivo tumor growth.

There is ample evidence that STK3 acts as tumor suppressors in various tumor
types other than PC, however data from the literature does support the possibility that
STK3 may have a pio-tumorigenic role in a cancer type-dependent manner. For
example, Hippo Tumor suppressor kinases LATS1 and LATS2, the immediate

downstream phospho -targets of STK3/4, were also shown to be essential for
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tumorigenesis in a mouse colon cancer model[40] Likewise, a subset of acute myeloid
leukemias were found to be dependent on STK3 signaling in vitro.[41] Lastly, in a
retrospective PC study, STK3 expression positively correlated with higher Gleason
grade and predicted biochemical recurrence in Taiwanese PC patients[44] Our study
expands on the idea that STK3 has a nhorcanonical role in a cancer type-dependent
manner.

Our pharmacological and genetic knockdown studies show that inhibiting STK3
slows PC cell proliferation (iin vitro and in vivog) and matrigel invasion. The small
molecule inhibitors had effects across multiple cell lines with the greatest phenotypic
consequences in cell lineswith the highest expression of STK3, implicating STK3 as the
driver of the response. The impact of the loss of STK3 on invasion is particularly
noteworthy as PC metastasis is the main cause of death in patients. A target that is
specific to this phenotype in metastatic PC or BC, but does not growth inhibit or have
cytotoxic effects in normal cells could have pronounced translational impacts. Data from
STK3 depleted PC cellsin vitro and HMVP2 tumors suggest a cell cycle arrest phenotype
as shown by altered expression patterns of cell cycle progression markers and loss of p
CDK1/accumulation of cyclin B1 in HMVP2 tumors. This is consistent with STK3
dependent leukemias that suggest STK3 regulates CDK1 to promote cell
proliferation [41]. In HMVP2 STK3 depleted tumors, we did not observe increased cell

death as was observed by hyperactive YAP/TAZ due to loss of Hippo kinase (LATS1/2)
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signaling in a colon cancer model[40]. This suggest that in PC cells STK3 pro
tumorigenic role differs from the non -canonical role of LATS1/2 in colon cancer. Itis
important to note that in HMVP2 syngeneic tumors, STK3 knockdown tumors
unexpectedly showed increased levels of p-MOB1 and p-YAP species (Fgure 30). While
STK3 knockdown in HMVP2 tumors was modest, this does not explain this observation.
Given this is a syngeneic model in immune intact mice, it is possible tumor infiltrating
cells may account for increased phosphorylation of MOB1 and YAP [99, 100] However,
this remains to be tested and is out of the scope of this study.

Our study also presents a new set of small molecule tools to dissect the role and
functions of STK3/4. In a screening assay of ove450 kinases, A1 and B2 proved to have
a narrow spectrum of activity that is improved compared to XMU -MP-1. While XMU -
MP-1 is a potent STK3 inhibitor, it also inhibits 23 other kinases by 90% or more,
resulting in a selectivity score Sio (1 uM) of 0.05[37]. In comparison, Al (Sw (1 uM) =
0.03) and B2 (& (1 uM) = 0.02), inhibited 11 and 8 other kinases, respectively, by 90% or
more. Our medicinal chemistry campaign yielded compounds with improved efficacy
(B5 and B5) in the low micromolar range on 3D tumor spheroids and in the sub -
micromolar range on 3D matrigel invasion. Further optimization and in vivo evaluation
of our compounds is needed, yet at this point these compounds may serve as tools to

further investigat e STK3 function in different contexts.
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To determine potential off target or general toxicity effects of our STK3 kinase
inhibitors we tested H9C2 cardiomyocytes. Contrary to our observations in PC cells,
STK3 inhibitors did not slow H9C2 cell proliferatio n. Since STKS3 inhibition and
activation of YAP have been shown to reduce the effect of apoptotic stimuli in HOC2
cells, we tested the effects of STK3 inhibitors in combination with the commonly used
chemotherapeutics doxorubicin and docetaxel [93]. Consistent with a canonical role for
STK3, we found chemical inhibition of ST K3 with our investigational compounds
blunted chemotherapy induced cardiomyocyte cell death. While these are initial
observations, it is understood that an STK3 kinase targeted therapy with combined anti -
tumor and cardiac chemo-protective effects would hol d high clinical significance.

Overall, our study illustrates that STK3 does not always act as a tumor
suppressor and that in fact, for a subset of PCs, STK3 provides a pretumorigenic
growth advantage. Our studies show that inhibition or loss of STK3 slow ed PC growth
and limited invasion potential. We developed potent and specific inhibitors to expand
the tools available for probing STK3 and the Hippo/YAP pathway. Importantly, these
inhibitors did not slow proliferation in cardiomyocytes and instead provid ed protection
from apoptosis, which illustrates the canonical function of STK3. While deeper
mechanistic studies are necessary, our studies support a noncanonical and actionable

role for STK3 in PC growth and progression.
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5. STK3 plays a non-canonical role on PC regulation of
ferroptosis cell death

5.1 Introduction and rationale

After determining that STK3 does not act as a tumor suppressor in the context of
PC and that chemical and genetic inhibition of STK3 slowed growth in vitro and in vivo,
we aimed U OwWET Ul UOP OlumdiGehid rpld) We Hygdthesized that not only
does STK3 have a norcanonical role in PC but that STK3 expression in PC plays a role
in the progression and development of advanced PC. To determine this role, we used an
unbiased transcriptomic approach to determine which genes were altered with the loss
of STK3 expressionand phospho-proteomics to illuminate downstream STK3 targets .
We then used bioinformatics analysis to determine pathways of interest and validated

this pathway usin g genetic and pharmacologic tools in molecular methods.

5.2 Materials and Methods
5.2.1 RNA-Sequencing

C4-2 cells were seeded in 6well tissue culture plates with four replicates per
treatment group. Cells were treated with 0.5 pug/mL of doxycycline 24 hr s after seeding
and allowed to grow 48 hrs. Doxycycline and media was refreshed at 48 hrs and cells
grew for an additional 24 hrs bringing the total time with doxycycline to 72 hrs and cells
were about 75-85% confluency. RNA was isolated per Direct-zol™ RNA Miniprep Plus

protocol (Zymo Research, cat# R2073)Duke Omics core validated the RNA quality for
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all samples before they were sent to collaborators at CedarsSinai Medical Center. RNA -
sequencing data was processed using the TrimGalore toolkit [101] which employs
Cutadapt [102]to trimlow -GUE OPUA WEEUI UWEOEwW( OOUOPOEwWUI gUI OE
end of the reads. Only reads that were 20ntor longer after trimming were kept for
further analysis. Reads were mapped to the GRCh38 version of thehuman genome and
transcriptome [103] using the STAR RNA-seq alignment tool [104]. Reads were kept for
subsequent analysis if they mapped to a single genomic location. Gene counts were
compiled using the HTSeq tool [105]. Only genes that had at least 10 reads in any given
library were used in subsequent analysis. Normalization and differential expression was
carried out using the DESeq2[106] Bioconductor [107] package with the R statistical
programming environment [108]. The false discovery rate was calculated to control for
multiple hypothesis testing. Gene set enrichment analysis[109] was performed to
identify gene ontology terms and pathways associated with altered gene expression for

each of the comparisons performed.

5.2.2 RNA extraction and quantitative real-time polymerase chain
reaction (RT-PCR)

Total RNA was extracted from cells using TRIZOL RNA extraction kit
(Invitrogen #15596026). Messenger RNA was converted to cDNA using iScript cDNA
synthesis kit (Bio-Rad #1708891), followed by RTPCR reaction usingD 3 E@a w4 OP Y1 UUE Oy

SYBR® Green Supermix(Bio-rad #1725120) in QuantStudio ViiA7 System (Applied
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Biosystems #4453549. Gene expression was normalized to B2M using the comparative

CT method.

5.2.3 Genetic overexpression and mutant plasmids

Lentiviral particle s were produced using pMD2.G and psPAX2 packaging
plasmids in HEK293T cells transfected with JetPrime (Polyplus Transfection, lIkirch,
France).For overexpression of STK3, plasmid pLV[Exp] -Hygro -
EFS>hSTK3[NM_006281.3(Vector Builder # VB1901221123vty) and control plasmid
pLX304 (Addgene, Plasmid #25890) were usedTo create the STK3_KD plasmid, we
used the QuikChange Il XL Site-Directed Mutagenesis Kit (Agilent Technologies
#200521) to introduce two single base changesPrimer sets for molecular cloning are
listed in A ppendix B, Table 3. Colonies were grown on LB Agar plates with ampicillin.
After colonies were picked and DNA isolated via QIAprep Spin Miniprep Kit (Qiagen
#27104) plasmids were sequenced using Sanger Sequencing method throughEton Bio.

For overexpression of CDK9, Lentiviral ORF vector for CDK9 (accession number
BC001968.1in a pLX304 backbone was used(transOMIC Technologies, Clone ID:

TOLH -1505040. For the CDK9_S347A plasmid, we used theQuikChange Il XL Site-
Directed Mutagenesis Kit (Agilent Technologies #200521) to introduce two base changes

again. Similar methods were used for colony growth and sequencing.
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5.2.4 Ferroptosis inducers and inhibitors

JKE1674 was ordered from Cayman Chemical (ltem No. 30784). RSL3 and
Erastin were ordered from ApexBio, Cat#B6095 and Cat#B1524IKE was a generous gift
f UOOw#UBw, POT w" 11 Oz UwWw+EEOQw# UO1 wavasvidalddb Ua Ow# UU
from Sigma, CAS# 34717454, Product #SML05835MG. Hemin was purchased from
Sigma, CAS# 16009, Product #51Z81G1600913-5 and H202 was purchased from Sigma,
CAS#772284-1, Product #386796100ML. All compounds were dissolved in d imethyl
sulfoxid e (DMSO) to appropriate concentrations except for H 202which was diluted in

sterile water and then diluted in media for treatment in vitro.

5.2.5 Nuclear Fractionation Assay

For nuclear/cytoplasmic fractionation assays, we used the Subcellular Protein
Fractionation Kit for Cultured Cells from ThermoFisher, Catalog number: 78840
(Waltham, MA). Cells were cultured in a 10 cm dish under serum starvation conditions
24 hours prior to collection. 30 mins before collection cells, were stimulated with FBS to
activate transcription and co-transcription factors. Cells were washed with ice cold PBS
and then scrapped into a microcentrifugre tube. The kit protocol was executed as

described and the samples were buffered as in normal SDS PAGE protocol.

5.2.6 Combination shRNAs and Ferroptosis inducer assays

For proliferation assays with the combination of ShRNAs and ferroptosis

inducers, shRNA cells were induced in 6 cm dishes for 48 hours with doxycycline and
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then split into 96 wells with doxycycline in media to attached overnight. Cells were then
treated with ferroptosis inducers after attachment once and cell growth was monitored
via IncuCyte S3 live-cell imaging system (Sartorious, Ann Arbor, MI., USA). When
control cells reached 100%confluence cells were treated with Cell Counting Kit -8 (CCK-
8) reagent (Catalog No. K1018) from Apex Bio [Biotechnology company in Hsinchu,
Taiwan). The protocol was followed and measurements of absorbance were taken at 1, 2
and 3 hrs for each plate on a SpectraMax M2e. Control wells were used with media and
no cells to account for background absorbance. For colony assays with the shRNAs and
ferroptosis ind ucers, cells were similarly induced and then plated at 1000 cells per well.
Treatment with ferroptosis inducers occurred 5 -7 days post plating. After 10-14 days of

growth colonies were fixed and quantified as above.

5.3 Results

5.3.1 Transcriptomic data links STK3 to the ferroptosis cell death
pathway

To understand the mechanisms through which inhibition of STK3 may slow PC
progression, we conducted a global gene expression RNA-sequencing study of C4-2 cells
treated with doxycycline to induce shRNA knockdo wn of STK3 for 72 hours. We
compared shSTK31 and shSTK32 to a Non-targeting shRNA. The shSTK3 groups
yielded significant changes in gene expressionand a different heat map profile
compared to the shNon-targeting (Fig. 35A). We analyzed the gene signature identified

by the loss of STK3 using Gene set Enrichment Analysis (GSEA)The GSEA primary
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statistic is normalized enrichment score(NES) which is the reflects the degree to which a
gene is overrepresented at the top or bottom of the ranked genes associatd with a
phenotype. The normalization accounts for factors like gene set size. Another metric,
false discovery rate (FDR), estimates the probability that a given NES represents a false
positive finding. We looked at our genes in comparison to the mCPRC ard primary PC
phenotypes. Our STK3 gene signaturewas positively correlated with the mCRPC gene
signature (NES =1.372, p = 0.020, FDR = 0.020) and negatively correlated with primary
PC (NES =-1.456, p = 0.000, FDR = 0.00(Bigure 35B-C). this tells us that not only does
the loss of STK3 produce aunique gene signature but that this signature is correlated
with the more advanced disease mCRPC and not primary PC. This supports our overall
hypothesis that STK3 has a pratumorigenic role in PC and plays a rol e in progression to

MCRPC as well.
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Figure 35: Transcriptomic data heat map and GSEA enrichment from C4 -2 cells
with genetic loss of STK3 A) Heat map of differentially expressed genesin shSTK3
vs sShNT4 p%# 1 wAY 8 Y k A8 w! AfarmERPQO GsEC)Rdimay?PE enriched gene
sets.
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We used gene set pathway enrichment to look at other pathways specific to our
STK3 phenotype and saw decreased enrichment of neutral amino acid transmembrane
transporter activit y and anion transmembrane transporter activity (Figure 36). Tumor
cells demand increased amounts of amino acids because of their rapid proliferation rates
and certain amino acid transporters have been shown to be expressed in high levels in
cancef110]. These transporters play a role in cancer biology and have been identified as
potential targets so it was promising to see these downregulated, enforcing our
hypothesis that STK3 regulates genes for a pretumorigenic fu nction. The pathway
analysis also showed decreased enrichment of iron ion binding, peroxidase activity and
ferroptosis (Figure 36). All of these are gene sets that implicate the ferroptosis cell death

pathway. Both of these hits indicate a functional pro-tumorigenic role for STK3 in PC.

Negatively Enriched

neutral amino acid transmembrane transporter activity
serine-type peptidase activity

receptor ligand activity

hormone activity

phospholipase Al activity

organic anion transmembrane transporter activity
protein homodimerization activity

PI3K-Akt signaling pathway

Ferroptosis

magnesium ion binding

iron ion binding

peroxidase activity

MAPK signaling pathway

T T T
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-log P-value enrichment

Figure 36: Gene set pathway negative enrichment with the loss of STK3
Enrichment plot for negatively enriched hallmark gene sets, including amino acid
transporter pathway, iron binding , peroxid aseactivity , and ferroptosis .
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We next looked at the top down regulated individual genes from the RNA
sequencing data and found that two of the most highly downregulated genes were
SLC7A11 and SLC3A2 which are both amino acid transporters genesthat act together to
make up the System XN a key component of ferroptosis resistancg111]. As discussed in
Chapter 3, the System XNprotein, made up of SLC7A11/SLC3A2genes exports
glutamate and brings in cysteine which is converted into cystine, the limiting precursor
for GSH synthesis which activates GPX4 to reduce the toxic phospholipids, preventing
ferroptosis cell death. Thus the System %Nis a ferroptosis resistance protein that has
been shown to be upregulated in cancer to allow them to resist cell death in stressful
environments. Looking at TCGA PRAD data comparing benign tissue to primary
tumors, we saw that RNA levels of SLC7A11 were significantly upregulated in primary
tumors (Appendi x B, Figure 72 indicating this gene may have a role in PC development
and progression.

61 WYEOPEEUI EwUT 1 Ul wl 1 -GACR &hdifounckthat whehav® O wl UD OT u
knocked down STK3 for 72hrs in C4-2 mimicking the RNA seq uencing conditions, we
saw a significant fold decrease in SLC3A2 and SLC7A11 in both shSTK3s (Figure37A-B).
Importantly, we did not see any significant changes in the STK4 gene levels with the loss
of STK3 (Figure 37A). We also saw two other interesting genes in the RNA sequencing
data that correlate with more aggressive PC phenotypes and play a role in the amino

acid transport and ferroptosis pathway s. These genes ar@asparagine synthetase (ASNS)
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gene and Growth/differentiation factor 15 (GDF15) which are both implicated in
metastatic PC development. Immunohistochemi cal (IHC) analysis of ASNS protein
expression in patient samples showed association with progression to CRPC and ASNS
inhibitors slowed growth of CRPC cell lines [112]. We further queried the Prostate
Cancer Transciiptome Atlas (PCTA) and found that ASNS increases significantly in
expression from benign to MCRPC. Gene expression data shows an increase in GDF15
expression with mCRPC and other studies show GDF15 secretions in bone
microenvironment contribute to mCRPC p rogression. [113, 114]Erastin treatment in
fibrosarcoma cells increases mMRNA expression of ASNS, SLC7A11, and GDF15115].
Interestingly, these Erastin-induced ferroptosis g enes are depleted in STK3 knockdown
PC cells. The latter suggests that STK3 knockdown will sensitize cells to Erastin because
these response genes are depletedWe validated that GDF15and ASNS gene expression
was decreased with the loss of STK3 by RTpPCR as well (Figure 37B). We also mined
data from the Prostate Cancer Transcriptome Atlas and found that SLC3A2, SLC7A11
and ASNS are increased from bengin to primary disease and from primary to mCRPC
disease (Appendix B, Figure 73). This data demonstrates inlarge scale patient data that
these STK3 linked genes are correlated with PC and specifically mCRPC diseaseThis
preliminary transcriptomic data and validation led us to hypothesize that STK3 activity

regulates ferroptosis resistance genes and genes asstated with more advanced PC.
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Figure 37: Decreased gene expression of ferroptosis resistance and metastatic
genes with knockdown of STK3 in C4 -2 cells. A) RT-gPCR quantification of STK3
and STK4 gene levels with loss of STK3 normalized to B2M control gene B) RT -qPCR
guantification STK3 target gene levels with loss of STK3 normalized to B2M control
gene n = 4 for each shRNA**p<0.01, ***p<0.001, ****p<0.0001
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5.3.1.1 Loss of STK3 does not turn on canonical, proliferative YAP activ ity

To further validate our hypothesis that STK3 is not acting in the canonical
manner in PC, we looked at YAP gene signatures in our transcriptomic data to see
whether loss of STK3 altered any of the canonical YAP gene signatures. We saw no clear

patterns emerge from this analysis (Figure 38).
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Figure 38 Heat map analysis of YAP activity signatures from RNA seq data do
not show clear patters with loss of STK3 . STK3 genes analyzed compared to hallmark
YAP UP, YAP DOWN and YAP C ONSERVED gene sets

To examine this further, we used a nuclear fractionation kit to determine
whether the loss of STK3 altered the compartmentalization of YAP. If STK3 was acting
in the canonical manner, loss of STK3 would increase the nuclear localizationof YAP.
However, we did not see this when we looked in our model; there was no significant
changesin the levels of nuclear or cytoplasmic YAP (Figure 39A). Finally, we probed
canonical YAP target genes that have been implicated in proliferation, CTGF and

Cyr61[26]. Transcriptional levels of these genes should be increased if YAP was turned
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on by STK3 inhibition but instead we found no change in mRNA levels in these genes

with loss of STK3 (Figure 389).
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Figure 39 Loss of STK3 does not alter the compartmentalization of YAP and
does not alter levels of proliferative YAP gene targets A) Western quantification of
YAP levels in nuclear and cytoplasmic fractions alongside whole cell  lysates
comparing shNT vs shSTKS3 cells B) RT -gPCR quantification of proliferative YAP
target genes comparing shNT to shSTK3 . n=4

This data shows that inhibition of STK 3 does not activate YAP in the canonical
sense by causing nuclear localization and proliferative gene transcription. This data

further validates our hypothesis that STK3 is acting through non-canonical mechanisms
in PC.

5.3.2 STK3 expression regulates expression of SLC7A11/SLC3A2
gene and protein expression

We wanted to see if the protein expression of SLC7A11 and SLC3A2 also
decreased with loss of STK3 as we saw in the mRNA levels. We probed for System XN
and found that with loss of STK3, this expression decreased in both shSTK3s in C42
cells (Figure 40A). We then wanted to ask whether overexpression of STK3 could also

change the expression of SLC7A11/SLC3A2We used hSTK3 plasmid which
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overexpressed the STK3 NM_006281.3 variant in cells and compared it with PLx304
control overexpression plasmid. We found that overexpression of STK3 slightly but
significantly increased the mRNA expression of SLC7A11 and SLC3A2 by RT-gPCR
(Figure 40B). We also validated this with protein showing that overexpression of STK3
increased the protein expression of System XN(Figure 40C). Importantly , we saw that
overexpression of STK3 increasedevels STK3 phospho-target p-MOB1 Thr35 indicating

increased STK3kinase activity which could also be increasing the expression of System
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Figure 40: STK3 expression regulates expression of SLC7A11/SLC3A2 gene and
protein expression A) Western blot shows loss of STK3 decreases expression of
System Xc- system protein in C4 -2s B) RT-gPCR quantification shows overexpression
of STK3 increased mRNA levels of STK3 and SLC3A2/SLC7AL11 significantly
compared to control PLX plasmid. n=6 C) Western blot shows overexpression of STK3
increases expression of STK3, p-MOB1 and System Xc- system protein in C4 -2s
*p<0.05, **p<0.01

5.3.3 Loss of STK3 sensitizes PC cell response to ferroptosis cell
death

After determining that STK3 expression regulates the expression of

SLC7A11/SLC3A2 which are key gene for ferroptosis resistance, we aimed to determine
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whether STK3 had a functional role in ferroptosis resistance in cells. We started by
knocking down STK3 using our shRNA model in C4 -2 cells and testing whether these
cells had any different response to chemical ferroptosis induction. For these experiments
we started by using commercially available ferroptosis inducers, i midazole ketone
erastin (IKE) and RSL3116, 117] IKE, an analog of previous inhibitor erastin, is a potent
inhibitor of system X - which causes induction ferroptosis by blocking this pathway. IKE
has higher potency, higher metabolic stability and intermediate water solubility
compared to erastin[117]. RSL3 is a GPX4 inhibitor andinactivates it by direct binding or
by depleting glutathione. After binding and inhibiting GPX4, ROS poduction is induced
due to lipid peroxidation leading to cell death[116].

We found loss of STK3 sensitized C42 cells to ferroptosis cell death from IKE
and RSL3 (Figure41A-B). The effect with RSL3 was more pronounced, perhaps because
it targeted a different part of the ferroptosis resistance pathway than the loss of STK3
creating a more synergistic effect. There was a significant shift in the IC50 for C4-2 cell
treated with RSL3 from 122nM in control cells to 65nM and 60nM for the tw 0 shSTK3

cell lines (Figure 41C).
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Figure 41: Loss of STK3 sensitizes C4-2 cells to death by ferroptosis inducers
via inhibition of system Xc - and GPX4 A) Proliferation measurements of shNT cells
vs shSTK3 cells normalized to ¢ ontrol cells with IKE treatment and B) RSL3 treatment
C) IC50 curves for RSL3 treated cells. Measurements from Day 5 post treatment
**p<0.01, ***p<0.001, ****p<0.0001

We also tested whether loss of STK3 would sensitize C42 colony formation to
ferroptosis inducers since we had seen such a pronounced effect in the colony formation
with loss of STK3 alone. For this assay, we allowed the colonies to grow for ~1 week
before treating with RLS3. We also normalized each shRNA to the control dose so as to
just compare differences from the ferroptosis inducer rather than loss of STK3 as well.
We saw increased sensitivity to RSL3in colony formation with loss of STK 3 with almost

complete ablation of colonies at 100nM dose (Figure42A-B).
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Figure 42: Loss of STK3 sensitizes colony formation to GPX4 inhibitor RSL3
A) Quantification of proliferation, normalized for each shRNA to 0 dose of RSL3 B)
Representative images of colonies stained with crystal violet at 100nM of RSL3 with
ShNT vs shSTK 3 **p<0.01, ***p<0.001

The dependency of cancer cells on GPX4 activity and the targeting of GPX4 for
ferroptosis induction is a promising target beyond PC however RSL3 binds covalently
via a reactive alkyl chloride moiety [98]. This confers poor selectivity and
pharmacokinetic properties so efforts have been made to develop better GPX4 inhibitors.
One such inhibitor is JKE-1674 which is masked nitrile -oxide electrophiles that undergo
chemical transformations in cells and selectively target GPX4. This inhibitor exhibits
proteome-wide selectivity and improved pharmacokinetic properties compared to
existing GPX4 inhibitors [98]. We tested this more selective GPX4 inhibitor in our model
with loss of STK3 and found that, like IKE and RSL3, loss of STK3 sensitized cells to cell
death from JKE-1674. In fact, the effect was greater than that of RSL3 with IC50 shifts
from 1.45 uM in control cells to 0.24 and 0.25 uM in cells without STK3 (Figure 43A). We

wanted to validate that this effect was from ferroptosis induction and not from off target

98



effectsor apoptosis. To test this, we used a wellestablished inhibitor of ferroptosis,
Ferrostatin-1, in combination with JKE -1674. We saw that at2 uM there was about 60%
death in cells without STK3 compared to 15% death in intact cells. However, with the
addition of 5 uM of Ferrostatin -1, we saw a total rescue in shSTK3 cells and control cells
with no decrease in viability (Figure 43B). This demonstrated that the cell death we saw

from combination of loss of STK3 and JKE-1674 was specifically ferroptosis induced cell

death.
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Figure 43: Loss of STK3 sensitizes cells to JKE-1674causing specifically
ferroptosis induced cell death which can be rescued by ferrostatin -1 A) IC50 curves
for JK3-1674 treated cells. Measurements from Day 5 post treatment B) Proliferation
guantification of shNT vs shSTK3 cells treated with JKE -1674 alone and in
combination with ferroptosis inhibito  r, Ferrostatin -1. ****p<0.0001

We similarly tested JKE-1674in colony formation assay with C4 -2s and found
that loss of STK3 significantly sensitized the colony growth to ferroptosis cell death
(Figure 44A). In this assay, at 1uM we saw a very small decrease incontrol cell colony
formation, ~20% decrease. However, in the cells with STK3 loss we saw 80%
inhibition of colony formation at the same dose of 1 uM JKE-1674leading to a more

striking phenotype (Figure 44B). With this more specific inhibitor, w e were able to see
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that the role of STK3 is essential for PC resistance to ferroptosis cell death via inhibition
of GPX4. This strengthens our hypothesis that STK3 plays a role in resistance by
regulating ferroptosis resistance genes SLC7A11/SLC3A2 which &t upstream but in the

sameferroptosis regulating pathway as GPX4.
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Figure 44: Loss of STK3 sensitizes cells to JKE-1674in colony growth assays A)
Percent of 0 dose per shRNA of area of colonies quantified by ImageJ. Colonies
treated with JKE -1674 B) Representative images of shRNA colonies treated with 1uM
of JKE-1674. Stained with crystal violet for imaging ****p<0.0001

After finding that the loss of STK 3 sensitized PC cells to ferroptosis cell death via
chemical inducers of ferroptosis, we wanted to test whether loss of STK3 sensitized cells
to ferroptosis via other inducers of ferroptosis. We used a hemoglobin degradation
product hemin, which is an iron-containing porphyrin , to incude ferroptosis via ROS
production and lipid peroxidation through the Fenton reaction pathway [118]. This
compound has been used in other literature to overload the cells with iron and cause
ferroptosis in cancer and normal cells[119]. We found that in a proliferation assay, C4-2

cells that had knockdown of STK3 were sensitized to hemin and proliferation was
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significantly slowed (Figure 45A). We also tested this in our colony formation assay and
saw a very similar trend ( Figure 45B-C). This effect was a more moderate effect than the
chemical inducers which may be due to low intracellular absorption of hemin due to
solubility issue in vitro. None the less a significant decrease in the colonies was seen

with the loss of STK3 enforcing that loss of STK3 sensitizes cells to ferroptosis and that

this effect is not limited to chemical inhibitors.
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Figure 45: Loss of STK3 sensitizes cells to ferroptosis inducing reagent hemin
in proliferation and colony formation assays A) Quantification of proliferation,
normalized for each shRNA to 0 dose of hemin B) Percent of O dose per shRNA of
area of colonies quantified by ImageJ. Colonies treated with hemin B) Representative

images of shRNA colonies treated wit h 50uM of hemin . Stained with crystal violet for
imaging *p<0.05, **p<0.01

Finally, we wanted to test whether loss of STK3sensitized cells to increased ROS
via H202which activates lipid peroxidation and cause ferroptosis cell death. Intr acellular
H20:2can be generated by oxidoreductases and causes ferroptosishowever the
exogenous addition of H202can be used as a crude method to induce lipid ROS and
cause ferroptosis death as wel[120, 121] We saw that in both our sgSTK3 and shSTK3

systems, when we decreased expression of STK3 we saw increased sensitivityo H202

causing cell death. (Figure 46A-B).
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Figure 46: Loss of STK3 sensitizes cells to cell death via H 202 A)
Quantification of p roliferation, normalized for each shRNA to 0 dose of H 202B)
Quantification of proliferation, normalized for each sgRNA to 0 dose of H  202*p<0.05,
**p<0.01, ****p<0.0001

After these experiments, we were confident that, as hypothesized, loss of STK3
increased sensitivity of cells in vitro to death through the ferroptosis pathway. We
showed this using chemical inducer which directly targeted the System XNand GPX4
pathway as well as through iron overload and direct addition of H 202which activate
ferroptosis through the Fenton reaction pathway. Since loss of STK3 decreases the
expression of ferroptosis resistancegenes,it makes sense that it would sensitize these

cells which we demonstrated.

5.3.4 Overexpression STK3 increases resistance to ferroptosis cell
death

Since loss of STK3 sensitized cells to ferroptosis cell death, we tested whether
overexpression of STK3 would conversely increase resistance o ferroptosis cell death.
We overexpressed the human STK3 gene and compared it to aontrol overexpression
plasmid. We validated that STK3 was overexpressed in all cell lines at the protein level

and then used these cells for our resistance experiments Ap pendix B, Figure 74).
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Similarly, to the loss of STK3 experiments we started by testing whether
overexpression of STK3 increased resistance to chemical inducers of ferroptosis, RSL3
and Erastin. Erastin, like IKE, inhibits System XN We used a range of @ll lines including
C4-2 cells, their precursor LNCaP cells and 22Rv1 cells which represent another CRPC
cell line. In C4-2 cells, overexpression of STK3 significantly increased resistance to RSL3
and Erastin at two doses (Figure 47). In LNCap cells, which are known to be more
resistant to ferroptosis inducers, overexpression of STK3 further increased resistance to
Erastin at two doses and RLS3 at the highest dose of 1000 nM (Figuré7)[51]. In the
22Rv1 cells, overexpression of STK3 significantly increased resistance to RSL3 at the
intermediate dose of RLS3 (Figure47). Overall this showed that the overexpression of
STK3and increased STK3 activity increased resistance to ferroptosis cell death via

chemical inducers.
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Figure 47: Overexpression of wild -type STK3 increases resistance to
ferroptosis inducers RSL3 and Erastin across multiple PC cell lines . A) Normalized to
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0 dose proliferation of PC cells treated with Erastin and B) RSL3 comparing PLx vs
hSTK3 cells *p<0.05, **p<0.001, ****p<0.0001

5.3.5 STK3 kinase activity is necessary for resistance to ferroptosis
cell death

Though we had seen the increase in pMOB1-Thr35 which indicated that in our
overexpression cells there was increasedSTKS3 activity (Appendi x B, Figure 75, we
wanted to directly test whether the resistance to ferroptosis inducers was due to STK3
kinase activity. In order to do this, we made an overexpression plasmid for kinase dead
(KD) STK3 without ability to phosphoryl ate downstream targets. We hypothesized that
this would show whether effects were due to STK3 activity or potentially some
downstream or consequential interaction with STK3 that did not rely on the kinase
activity. To do this we utilized site directed muta genesis which allowed us to make
single nucleotide substitutions in order to change amino acids and disrupt the function
of the kinase and its activity.

STK3 has two important sites we needed to target in order to createthe kinase
dead version. Literatur e describes a ommon kinase dead version of STK3with a lysine
to arginine substitution at position 56 (K56R) [122]. This substitution mutates the ATP
pocket of the kinase causing loss of its ability to phosphorylate most targets. However,
STK3 itself is phosphorylated in the process of its activation and without knocking out
this auto-phosphorylation, the kinase can still phosphorylate a subset of targets. This
self-phosphorylation is associated with RASSF1 binding and other SARAH domain

partners[123]. There arevarying opinions in the literature as to whether it is critical for
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downstream p-MOBL1 activation [47, 123] The self-activation loop of STK3is knocked out
by a threonine to an alanine substitution at position 180 (T180A). We started by
changing AAA which codes for Lysine to AGA which codes for Arginine to make the
K56R mutation. We sequenced the plasmids that were positive from colony picking and
determined that the substitution had been made and that the rest of the plasmids were
identical (Figure 48A). However, when we tested the functional ability of our

STK3v1l K56R plasmid in cells, we found that there was still kinase activity presentas
indicated by p-MOBL levels and a high degree of auto-phosphorylation as indicated by
p-MST1(Thrl83)/p-MST2(T180) activity (Appendix B, Figure 75). We decided to
introduce the other mutation at T180A so we made an ACT to a GCT substitution on our
new STK3vl K56R plasmid We again sequenced ourplasmids that were positive from
colony picking and determined that the substitution had been made, the first mutation

at K56R was conserved and that the rest of the plasmids were identical (Figure48B).
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Figure 48: Sequencing results from STK3_K56R and STK3_K56R_T180A
mutations. A) Sequencing for K56R mutation that shows AAA to AGA substitution
B) Sequencing for K56R and T180A mutations shows ACT to GCT substitution

When we tested the functional ability of this new plasmid , we saw that STK3 was
overexpressed in thewildtype STK3 overexpression and the KD mutant overexpression.
However, when we looked at p -MOB1, it increased with the wildtype overexpression
but fell back to control plasmid levels in the mutant indicating that though there was

overexpression of the STK3 protein, it did not have functional kinase activity (Figure 49).
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Figure 49: Overexpression of STK3_KD does not have kinase phosphorylatio n
function. Functional validation of the kinase dead mutation in STK3 by western blot
of downstream target p -MOB1
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Next, we tested whether the STK3 KD overexpression would re -sensitize cells to
ferroptosis cell death via ferroptosis inducers. We tested the hSTK3 and hSTK3_KD cells
compared to PLx-304 control cells with RSL3 and IKE ferroptosis inducers and saw that
with RSL3 at both doses, the increased resistance that was seen with hSTK3 ware-
sensitized in cells with STK3 KD (Figure 50A). The same trendwas seen in the wild type
STK3 overexpression and STK3 KD overexpression cells with the treatment of JKE-1674
(Appendix B, Figure 76). In the IKE treated cells, we saw that at the intermediate dose,
the increased resistance that was seen with hSTK3 was resensitized in cells with
STK3 KD and at the lower dose the hSTK3 KD cells were further sensitized below the
control cells (Figure 50B). It is possible that in the lower dose trend, the hSTK3 KD is
further disrupting function of STK3 beyond that of the end ogenous expression in the
control. Regardless, the trend with both ferroptosis inducers clearly supports the
hypothesis that the resistance to ferroptosis from STK3 overexpression is contingent
upon the kinase activity.
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Figure 50: Resistance to cell death from ferroptosis inducers is dependent upon
overexpression of wild -type STK3. A) Normalized to 0 dose proliferation of C4 -2 cells
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treated with RSL3 and B) IKE comparing PLx vs hSTK3 vs hSTK3_KD cells
***p<0.001, ***p<0.0001

We tested whether the overexpression of STK3and its kinase activity would
protect cells from increased ROS viaH202which would cause ferroptosis induced cell
death. We saw that as with the ferroptosis inducers, overexpression of STK3 but not
overexpression of the STK3_KD protected C42 PC cells from cell death via H202 (Figure

51A-B).
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Figure 51: Resistance to cell death from increased ROS via H 202 is dependent
upon overexpression of wild -type STK3 A) Normalized to O dose proli feration of C4 -
2 cells treated with H 202comparing PLx vs hSTK3 vs hSTK3_KD cells B)
Representative images of cell confluence treated with 0.5uM H 202**p<0.01,
****n<0.0001

This resistance for both H20:2 and ferroptosis inducers is due to increased
expression of System XN the ferroptosis resistance mechanism, with overexpression of
STK3 as seen in Figure. The data in Figures 43 and 44 shows that the kinase activity of
STK3 is essential for the resistance to ferroptosis cell death and suggests that STK3

kinase activity is essential for the mechanism to regulate the ferroptosis resistance genes.
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5.4 Discussion

Our data presented in this chapter clearly illustrates the link between STK3 and
ferroptosis resistance genes SLC7A11 and SLC3A2 and also characterizes the role of
STK3 in PC cell ferroptosis resistance.There has been increasing interest in the
ferroptosis pathway as a potential target for many types of cancer and specifically,
recent studies have characterized the role of ferroptosis in PC. Markers of ferroptosis
resistance increase with advanced PC disease and PC that has AR expression and/or
treatment resistant is often more resistant to ferroptosis cell death [51]. These are also the
characteristics of PC that have higher exression of STK3 which further suggests a link
between STK3 and ferroptosis resistance. Understanding the mechanisms of ferroptosis
resistance in PC could uncover new targets and vulnerabilities to be exploited such as
STKS.

We started by using RNA sequencing to determine the STK3 linked genes that
would explain the non -canonical and pro-tumorigenic behavior we showed in Chapter
4. Transcriptomic data in cells with knockdown of STK3 found a clear pattern of
downregulated genes which indicate amino acid tra nsfer, peroxidase activity and
ferroptosis pathways are impacted by STK3. Transcriptomic data further revealed that
23*+z 0wl 61 wUDT OGEVUUIT wbUwx OUD U Eively Gith prnéry) U1 OE 01 E
disease. We validated that with knockdown of STK3 ther e was a decrease in gene

expression of SLC3A2 and SLC7A11 as indicated from the transcriptomic data and also
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showed that knockdown of STK3 decreased protein levels of the System X- protein
which is comprised of the SLC7A11 and SLC3A2 gene. Conversely, whan STK3 is
overexpressed and activity is increased SLC3A2/SLC7A11 gene and protein increases.
This established and validated the connection between STK3 expression and ferroptosis
resistance mechanism expression illuminated from the transcriptomic data and
DOEPEEUI EwEwOI ET E-ubddeniciraethi?Z.3 * + z Uwx UO

From our transcriptomic data, we also looked at whether YAP proliferative
target genes were upregulated by loss of STK3 which would indicate the canonical
pathway was activated. However, we saw n o alignment in the overall gene signatures
for loss of STK3 with YAP signatures and no change in individual, proliferative YAP
target genes. Lastly, we saw no change in the nuclear localization pattern of YAP with
loss of STK3 indicating that loss of STK3in PC does not act through the canonical
oncogenic YAP signaling pathway.

After determining the connection between STK3 and ferroptosis resistance
markers, we tested whether STK3 has a functional role in regulating ferroptosis
resistance. We saw that lossof STK3 sensitized cells to ferroptosis cell death from a
variety of chemical ferroptosis inducers as well as ferroptosis inducer via iron overload
and increased ROS levels. This was demonstrated in proliferative assays as well as
colony formation assays which are indicators of cancer cell stemness. In cells that

overexpressed STK3 and had increased STK3 activity, we saw increased resistance to
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ferroptosis cell death from ferroptosis inducers across a range of PC cell lines. We
showed that this resistancewas dependent upon STK3 kinase activity by creating a
kinase dead mutant STK3 which re-sensitized overexpression cells to ferroptosis cell
death from chemical ferroptosis inducers as well as increased ROS levels in cellsThese
results demonstrated that STK3 kinase activity has a functional role that is key for
ferroptosis resistance in PCcells.

From our data, it is clear that STK3 in the context of PC regulates ferroptosis
resistance by controlling the Xc- antiporter expression allowing PC cells to survive ROS
conditions. There is increased evidence that high levels of ROS can facilitate, initiate and
progress PC development by increasing DNA damage and oxidative damage to
proteins. However, it is also a balance wherePC cells also upregulate antioxidant
pathway to regulate the increased ROS leveld124]. STK3 as a member of the Hippo
Pathway is a stress response protein that is known to be activated oxidative stress so it is
makes sense that PC cells may have turnedn STK3 expression and activity with
increased ROS. In this context, STK3 is hijacked to regulate downstream genes for
ferroptosis to further balance the effects of oxidative stresswhich causes its activation.
lllumination of this this context specific r ole for STK3 not only reveals further intricacies
of PC cell signaling but points to potential therapeutic avenues.

Targeting of STK3 may not only slow PC growth on its own but could sensitize

PC to ferroptosis cell death which may be occurring via other stimuli. For example,

111



some traditional chemotherapies such as cisplatin have been shown to induce levels of
ferroptosis as well as apoptosis. These studies show a synergistic effect between
ferroptosis inducers, RSL3 and Erastin, and cisplatin due to the low levels of ferroptosis
induced by the chemotherapeutic [125-127]. In a similar manner, targeting of STK3, by
decreasing Xc¢ system ferroptosis resistance may increase efficacy of chemotherapies
because they will cause increased ferroptosis cell death. Resistance to chemotherapy and
dose-related toxicity are a significant problem for chemotherapy patients and being able
to resensitize cancer to these treatments and/or give lower doses could have significant
impacts on quality of life and overall survival [126].

Overall, the data from this chapter proves the non -canonical and pro-tumorgenic
role of STK3 in the context of PC reveals ferroptosis resistance as a prominent
mechanism for this role. We clearly show that STK3 expression and activity corresponds
with the gene expression and protein levels of SLC7A11 and SLC3A2, two key genes in
the GPX4 ferroptosis resistance pathway. We show thatSTKS3 status can also directly
affect PC cell sensitivity to ferroptosis induced through multiple chemical inducers that
target a range of the ferroptosis resistance pathways. Lastly, we proved that this was
dependent upon STK3 kinase activity which illustrates STK3 downstream phospho -

targets mediate the gene changes responsible for this phenotype.
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6. STK3 regulates the CDK9/BRD4/RNA Pol Il
transcriptional axis to control ferroptosis resistance
genes

After determining that STK3 expression controlled the expression of
SLC7A11/SLC3A2 and that STK3 also had a functional role in regulating ferroptosis
resistance, we aimed to determine the mechanism(s) that connected STK3 to these gene
targets. We hypothesized that since STK3 a kinaseltat phosphorylates many targets, it
was most likely acting throu gh activation of a transcription factor that regulates the
ferroptosis resistance genes, SLC7A11 and SLC3A2. Following this line of reasoning we

set out to determine non-canonical downstream STK3 phospho-targets and pathways.

6.1 Introduction and rationale

To determine STK3 phospho-targets in an unbiased manner, we used phospho-
proteomics in cells with loss of STK3 and observed phosphorylation changes. This
yielded a large number of STK3 downstream phosphpo-targets that could connect to the
differentially expressed ferroptosis genes but no immediate connections were clear. We
next returned to our RNA -sequencing data and with the help of bioinformaticians,
ranked transcription factors that were linked to our differentially expres sed gene set
With the method used, transcription factors were ranked based chromatin binding peaks
that were present at genes that significantly changed in our RNA -sequencing. This
suggeststhat these transcription factors control a large number of the genes that

changed with the loss of STK3. We then combined these transcription factors with our
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phospho-proteomics hits in STRING analysis software to look for connections. This
allowed us to identify connections between STK3 phospho-targets and transcription

factors that control SLC7A11/SCL3A2.

6.2 Materials and Methods
6.1.1 Phospho-proteomics approach

To conduct our phospho-proteomics analysis of STK3 downstream targets, we
POUOTI EwbDPUT wOTT w# U0l zUw&I OOOPEWEOEWEOOXxUUEUDOO
Metabolomics Core. Specifically, we worked with Dr. Erik Soderblom for consultation
on experimental design, sample collection, processing and analysis.C4-2 shSTK3
inducible system cells were plated in at 40% confluence three 10 cm dishes per shRNA
cell line, shNT4, shSTK31, shSTK32. The cels were treated with 0.25 pug/mL of
doxycycline to induce shRNA knockdown for 48 hours. Previous experiments showed
that 24 hours post doxycycline there was a 50% knockdown of STK3 and at 48 hours
there was near total knockdown (Appendix A, Figure 65). Plates were rinsed twice with
ice cold PBS to remove the FBS from cell media. After the washes, cells were scrapped
and collected in a vial in 200 pL of PBS then spun down at max speed in a centrifuge for
1 minute. After spinning, PBS was pulled off the top an d cell pellets were snap frozen
with liquid nitrogen and then stored at -80 C. Collection of cell from removal of

incubator to snap freeze was < 5 minutes per sample to ensure high quality samples.
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Samples were passed to Proteomics Core on dry ice and blided to the core
scientists to decrease noise and biasLysates were subjected to TiO2 phosphoepeptide
enrichment, label-free quantitative phospho -proteomics workflow followed by
nanoscale capillary chromatography and high resolution by LC -MS/MS. [128, 129]This
method of enrichment is good for Ser/T her kinases and unknown overall enrichment.
Overall workflow is demonstrated in Figure 35 which was pulled from the Duke

Proteomics Core website. Detailed procedures below.
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Figure 52 Analytical workflows for quantitative profiling of post -
translationally modified proteomes using phosphorylation as an exemplar . From
Duke Proteomics Core Website

6.1.1.1 Sample Preparation

The Duke Proteomics and Metabolomics Shared Resource(DPMSR) received

9samples (EM2%102 C421...EM21-102 C429) which were kept at -80C until processing.
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concentrations were determined via BCA and ranged from 6.96¢ 11.18mg/mL. Samples

Pl Ul wOOUOEOPAEATl EwUOWKYYwsT wUOUPOT wWw, wUOUT EwWEOE wU
a total of either 5 or 10pmol as an internal quality control standard. Next, they were

reduced with 10 mM dithiolthreitol for 45 min a t 32C and alkylated with 20 mM

DOEOEEI UEODPEIT wi OUwWKk wOPOWEUwWUOOOwWUI Ox1 UEUUUI 6 w
sequencing grade trypsin (Promega) overnight at 37C. Samples were then acidified with

TFA and subjected to C18 cleanup (Sep-Pak, 50 mg bed).Samples were lyophilized to

dryness and subjected to complex TiOx enrichment including glycolic acid (GL

Bioscience) and C18 stage tip cleanupAll samples were again frozen and lyophilized to

dryness.2 EOx Ol Uwpk1l Ul wUI UUUx1 OEI E wb @lawith 125+ wOl wht w3 %
i 000y4 +wdOi wal EU0w #' WEOEwhYO, wEPUUPEWEEDPESd W wU
combining equal volumes of each sample.

6.1.1.2 LGMS/MS Analysis
OUEOUDPUEUDYI w+" ¥, 2y, 2wbEUwx1 Ui OUOT EwOOwt 5 +u

nanoAcquity UPLC system (Waters Corp) coupled to a Thermo Orbitrap Fusion Lumos

high resolution accurate masstandem mass spectrometer(Thermo) equipped with a

FAIMSPro device via a nanoelectrospray ionization source. Briefly, the sample was first

trapped on a Symmetry C18 200 O w A w hu Wiappirtg @elumn (kK ws O v GO inevU w

water/acetonitrile ), after which the analytical U1 x EUEUDOOwWPEUwx1 Ul OUOT EwU
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gradient of 5 to 30% acetonitrile with 0.1% formic acid at a flow rate of 400
nanoliters/minute (nL/min) with a column temperature of 55C. Data collection on the
Fusion Lumosmass spectrometer was performed for three difference compensation
voltages (-40v, -60v, -80v). Within each CV, a datadependent acquisition (DDA) mode
of acquisition with a r=120,000 (@ m/z 200) full MS scan from m/z 37%1500 with a target
AGC value of 4e5ionswas performed. MS/MS scans were acquired in the linear ion trap
DPOwW?PUExDE? wOOET whbbUT wE wnaxtill imdJali50@s: ThytBt@®d U1 woi whil K
cycle time for each CV was 0.66s, with total cycle times of 2sec between like full MS
scans. A 20s dynamic exclusion was employed to increase depth of coverage. The total

analysis cycle time for each sample injection was gproximately 2 hours.

6.1.1.3 Quantitative Data Analysis

Followi ng 12total UPLC-MS/MS analyses data were imported into Proteome
Discoverer 2.5(Thermo Scientific Inc.) and individual LCMS data files were aligned
based on the accurate mass andetention tim e of detectedx Ul EQUUOU WD OO U wp?i 1 E
using Minora Feature Detector algorithm in Proteome Discoverer. Relative peptide
abundance was measured based on peak intensities of selected ion chromatograms of
the aligned features across all runs. The MS/MS daa was searched against the H.
sapiensdatabase, a common contaminant/spiked protein database (bovine albumin,

bovine casein,yeastADH, etc), and an equal number of reversed-sequence? E 1 E Goa U 2
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false discovery rate determination. Sequestwas utilized to produce fragment ion spectra
and to perform the database searchesDatabasesearch parameters included fixed
modification on Cys (carbamidomethyl) and variable modification on Met (oxidation),
and Thr/Ser/Tyr (phosphorylation). Search tolerances were2ppm precursor and 0.8Da
product ion with full trypsin enzyme rules. Peptide Validator and Protein FDR Validator
nodes in Proteome Discoverer were used to annotate the data at amaximum 1% protein
false discovery rate based on gvalue calculations. Note that peptide homology was
addressed using razor rules in which a peptide matched to multiple different proteins
was exclusively assigned to the protein has more identified peptides. Protein homology
was addressed by grouping proteins that had the same set of peptides to account for
their identification. A master protein within a group was assigned based on % coverage..
Prior to missing data imputation, a filter was applied to remove any peptide that was

not measured in at least 50% of at least 1 unique group. Thento account for any missing
data (from a misalignment, low quality peak, low signal to noise, etc.) missing values
were imputed by using either 1) the average value of the other signals in that group if it
was identified in at least 2 of the 3 replicates within that group or 2) a randomized
intensity within the bottom 2% of the detectable signals if it was detected in fewer than 2
of the 3 replicates. The data was then 1) filtered for only phosphorylated peptides and
then 2) intensity normalized using a tri m-mean normalization in which the highest and

lowest 10% of the signals from each sample was excluded and then the remaining
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average intensities of the all phosphopeptides was made equal across all of thesamples.
To account for phosphopeptide modification localization (the % probability that the
modification was on the exactresidue indicated); an PhosRSlocalization algorithm was
applied and indicated in U1 1T w? OOEDPI PEEUDPOOU? WEOOUOOWE UwOI RUOuwW
modified residue .i.e.? € 2 hupNnilicae#tigabtha first serine in that sequencewas
phosphorylated with a 97.9% probability that it was that exact serine as opposed to
another S/T/Y in the sequence. If there is not gprobability listed, then it meansthe
algorithm was not able to localize the modification to an exact residue within the
sequence.l OWEEEDUDOOOwWUT T w?/ #¢ ET1 Ul EUI E¥r xI xUDPEI U? wE«
peptide was detected. This allows for an easy visualization of how many peptide
intensities were from imputed values (see below).
Example 1; indicates a single peptide was detected by PD across all samples and
no imputation was required.1.1.1.1.1.1.1.1.1.1
Example | G @® O E bdayEsample (sample order increasing from left to right)
that did not have a peptide detected in the sample and the value reported was imputed
from the rules described above. In this case, 4of the samples had had a detectable

peptide whereas most of the samples had imputed values.-.-.-.1-.-.1.1.1-.

6.1.2 Transcription Factor Binding Site (TFBS) and protein interaction
analysis

TFBS enrichment analysis was performed using ReMap 2020, a curated database

of 1135 transcription factors from 5798 ChIP-Seq experiments[130]. To date this is the
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largest catalogue of experimentally derived regulatory regions by integrating all

available DNA -binding assays generating 165M binding regions across the human
genome. Genomic positions of the STK3 linked genes peaks were crossed against the
entire catalog of in vitro TF binding peaks. The collective chromosomal positions for
FTSEC and HGSOC histone marksRNAseq peaks were compared to the ReMAP catalog
of TF binding peaks to calculate statistical enrichment for TFs. In this analysis a TF peak
was considered for enrichment when the TF ChlP-Seq peak in the catalogue had 100%
overlap within the 1kb STK3 genequery peak. The default setting for overlap is 10% but
we selected 100% as the most stringentifter. For each queried peak,six genomic
regions were shuffled to create a theoretical distribution u tilizing the Benjamini-

Yekutieli method.

6.1.3 Phos-tag SDS PAGE gel

For phos-tag gels, ®lls were collected in radioimmunoprecipitation assay buffer
(RIPA) lysis buffer with  EDTA protease cocktail inhibitor 1 and phosphatase cocktail
inhibitor 1,2 and 3 (ApexBio Cat No. K1008, K1015, K1014 and H012. Protein was
guantified using DC Bio -Rad protein assay (Bio-Rad, Hercules, CA., USA). 30-60ug of
protein was added to each well. For the resolving gel, phos-binding reagent (Phosbind)
acrylamide (APExBio, #F4002 Houston, TX., USA) was used to pour 6-8% acrylamide
concentration and 50 pM PB-A concentration gel in Mini -PROTEAN 12 well empty

cassettes (BieRad #4560005 ad 4560015).Gels were run at 0.03A for 2hrs with
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Prestained Protein Marker (Triple color, EDTA free, 10-250 kDa) (ApexBio Cat No.
F4005) Gels were agitated gently in transfer buffer containing 10mM EDTA for 10 min,
three times. The gel was then washed intransfer buffer alone for 10 minutes. The gel
was then transferred onto nitrocellulose membrane using semi-dry app aratus setup for 1
hour at 15V, then immunoblotted with total antibodies. Antibodies for the following

were used at 1:1000 dilution: CTR9 Cell Signaling Technology, Danvers, MA., USA,

CST#12619) and CDK?9 (Invitrogen, Waltham, MA., USA, #MA5-14912).

6.1.4 Densitometry calculations for western blots

Western blot films were scanned using a transparency scanner at 100%
proportions and changed to grayscale coloring. The images were downloaded as JPEG
and opened using ImageJ software for image analysis in Java (Public Domain, BSB2).
The mean gray value was set as the only measurement and regions of interest (ROIs)
were defined for each row of band of interest. Measurements were collected for band
and background for each and then data was transferred to an Excel file for calculations.
The inverted pixel density for all data was calculated by 255¢ X, where X is the value
recorded by ImageJ. The same vas done for background values as well and net value
was determined by subtracting the background from the protein. Then a ratio of the net
protein band over the net loading control band was created. Then data could be

normalized to control if needed and gr aphed.
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6.1.5 Chromatin Immunoprecipitation (ChIP)

For ChIP assays the kitSimpleChIP® Plus Sonication Chromatin IP Kit was used
(Cell Signaling Technology, Danvers, MA., USA, Cat #56383. For this kit, we used 16%
methanol free formaldehyde and PBS solution (Gibco, Thermo Scientific, Carlsbad,
California). Cells were grown in 15 cm dishes to ~80% confluence and then collected as
described in the protocol. Normal Rabbit IgG and H3 antibodies provided in the kit
were used as controls.Other antibodies were the same as used in western and phostag
gels. For CDK9, 5uL per pulldown sample, for BRD4, RNA Pol Il Ser2 and H3 10uL per
sample was used and for IgG 1uL per sample was used.After DNA product was
purified, we proceeded with gPCR as described above to quantify amount of DNA

bound by each antibody.

6.3 Results

6.3.1 Phospho-proteomics identified potential STK3 phospho-targets
to regulate of transcription factor hits

In order to connect potential transcription factor targets to STK3, we performed
phospho-proteomic analysis in C4-2 cells with STK3 knockdown comparing shNon -
targeting to shSTK3-1 and shSTK32 to mimic the conditions of our RNA -seq. The
overall dataset had 13,933phosphopeptide identifications following peptide sequencing
by database searching(seeabove Methods) and peptide scoring using Proteome
Discoverer validation with a 1% peptide false discovery rate. We achieved good

analytical reproducibility and the depth of coverage as indicated by >13,000 phosphe
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peptides. In total we identified 298 phospho-peptides that were significantly
downregulated in STK3 depleted cells (-1.5fold and -O O1 w-valud) (Figure 53A). GO
enrichment pathway analysis of downregulated phospho -peptides included
transcriptional regulator and RNA polymeras e binding as prominent pathways (Figure
53B). However, we still had many individual phospho -target hits that were
downregulated with loss of STK3 so we needed to further analyze our data to determine

the STK3 pathway in PC.

A. shSTK3-2 B. Negatively Enriched
chromatin binding
transcription coregulator activity
histone binding
cell adhesion molecule binding
4= transcription factor binding

3 DNA-binding transcription factor binding
g ATP activity
ﬁ. protein C-terminus binding
=) RNA polymerase II-specific DNA-binding transcription factor binding
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nucleosome binding
protein methyltransferase aclivity
DNA helicase activity
MRNA binding
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Figure 53 Summary of phospho -proteomics re sults with loss of STK3 A)
Representative volcano plot for shSTK3 -2 showing total changed phospho -peptides
in black and 298 significant ones in gray (-1.5fold and -O O1 wdvaud) B)Negatively
enriched pathways from GO analysis highlighting chromatin binding and
transcription factor activity pathways down with loss of STK3.

6.3.1 Transcription factor analysis from RNA seq highlights BRD4

To mechanistically connect our differentially expressed genes (DEGS) from the
transcriptomic data to STK3, we hypothesized that there was a transcription factor(s)
that was modified by STK3 that regulated the genes altered with the loss of STK3.To

identify transcription factors, we conducted an analysis to identify transcription factor
123



regulators by looking at chromatin immunoprecipitation (ChIP) sequencing

transcription factor binding peaks at the promoters of our STK3 -DEGs. We then sorted
these transcription factors by number of peaks that were present in our DEGs data, the
Q value of signific ance and the mapped peaks ratia The mapped peaks ratio gives the
number of binding peaks sites from our STK3-DEGs data compared to the total number
of binding peaks for that transc ription factor. That sorting generated a list of the top
twenty transcription factor candidates (Figure 54). There were many interesting hits
however, Bromodomain -containing protein 4 (BRD4), which is a known important
transcription factor in the developme nt of PC, was ranked as our number two hit (Figure
54). BRD4 is an established key contributing transcription factor in a number of cancers,
including mCRPC where it is shown to drive the epithelial to mesenchymal transition
[131]. It had the greatest number of total overlaps and a high Q-significance. However,
interestingly, a relatively low mapped peaks ratio suggesting that only a portion of

BRD4 total genes were altered with the loss of STK3. BRD4 controlsaround 13,000 genes
in PC cells including oncogenes, AR target genes and DNA repair genes[132]. Total
BRD4 inhibition and decreased expression of its target genes leads to a dramatic cell
death phenotype which is not consistent with what we see with inhibition of STK3
alone[132]. Thus, it makes sensethat loss of STK3 may only attenuate BRD4
transcriptional ability to a portion of its gene targets. However, it is important to note

that BRD4 has been shown to regulate bothSLC3A2 and SLC7A11 as wellasanother
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STK3-DEG we have identified, GDF15133, 134] This data from the literature along with
our TFBSanalysis led us to identify BRD4 as a main candidate for the transcription

factor connecting STK3 to its target genes.
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Figure 54: Transcription Factor Binding Site (TFBS) and protein interaction
analysis based on STK3-DEGs. Q value of significance is denoted by color changing.
The mapped peaks ratio on the x-axis gives the number of binding peaks sites from
our STK3-DEGs data compared to the total number of binding peaks for that
transcription factor. Number of overlaps denoted by dot size is humber of genes
overlapping between our transcr iptomics and TF promoters from the public dataset.
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6.3.3 Integrated omics approach determines PC specific STK3
targets/pathways

In order to determine the phospho -specific targets that connect to our
transcription factor candidates from Figure 52, we used an integrated omics approach to
combine our transcriptomic data and phospho -proteomic data. To do this we worked
with bio -informaticians who combined the transcription factors that were identified
through the transcriptomic data and combined them with top significant down
regulated phospho-targets in STRING analysis software. STRING is a database of
known and predicted protein -protein interactions , including direct (physical) and
indirect (functional) associations. The interactions come from five main sources, genomic
context predication, high throughput lab experiments, conserved co -expression,
automated text mining and previous knowledge in databases [135]. Using this analysis,
we were able to integrate the two omics and identify a connection network between
STK3 phospho-target Cyclin -Dependent Kinase 9 (CDK9) and the TFBStranscription

factor BRD4 (Figure 55A-B).
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Figure 53: Integrated omics approach identified STK3 linked interaction
between CDK9/BRD4. A) Graphical representation of integrated omics approach.
Created with BioRender.com . B) STRING analysis network showing STK3 phospho -
targets and transcription factor candidates highlighting CDK9 -BRD4 connection.

After identifying the CDK9 -BRD4 connection, we returned to our phospho-
xUOUI OOPEWEEUEWEOEwWI OUOEWUT EOwPOWEOUT wUT 23*+ zU
significantly decreased with the loss of STK3 (-33.03fold change, p = 0.0112 and-37.49
fold change, p = 0.003). Additionally, inbothsh2 3 * + z UOQwUT I wxT OUxT OUaOEUD
same, Ser347When we searched, we found ample evidence in the literature to support
the connection between CDK9 and BRD4.CDK®9 is a cell cycle progressionkinase which
associates with Cyclin T1 to form the Positive Transcription Elongation Factor b (p -
TEFb) complex that regulates transcription elongation and mRNA maturation. BRD4
binds with RNA Pol Il at transcriptional start sites and recruits the P-TEFbcomplex so
that transcription can continue by phosphorylation of RNA Pol Il through p-3 $ %E z U

catalytic subunit, the CDK9 [136].
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Another important player in this RNA Pol Il transcriptional complexis RNA
polymerase-associated protein CTR9 homolog (CTR9), a member of polymerase-
associated factor (PAF) complex, mediates CDK9 activation of the RNA Pol Il complex
and has been shown to regulate CDK9 in numerous studies[137-140]. Interestingly,
CTR9 was also a STK3 phosplb-target from our pr oteomics with significantly decreased
phosphorylation with loss of STK3 (-159.313fold change, p = 0.0009 and-59.085%fold
change, p = 0.0178)Both CDK9 and CTR9 are connected to the BRD4/RNA Pol Il
transcriptional complex and function as important regul ators of transcriptional
elongation. This integrated omics approach highlighted the connection between STK3
activity and STK3-DEGs through CDK9/BRD4 that may regulate ferroptosis resistance

through regulation of SLC7A11/SLC3A2 genes.

6.3.4 STK3 regulates phospho-targets that modulate transcriptional
elongation.

In order to determine whether the CDK9/BRD4 complex as highlighted in our
integrated omics is atarget of STK3and whether loss of STK3 decreases transcriptional
activity , we needed tofirst validat e that CDK9 is a phospho-target of STK3. We started
by using our STKS3 inhibitor, Compound Al which is highly specific for STK3, in C4 -2
cells to test whether inhibition of STK3 activity would decrease the phosphorylation of
CDK9. We used 10 uM of Compound Al in a time course to observe changes in kinase
activity over time. We also used 50 nM of BAY 1251152 which is a first in class potent

CDKO9/p-TEFb inhibitor as a technical control for inhibition of CDK9 which should alter
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phosphorylation [141, 142] There is no good antibody available for the CDK9Ser347 site
which was identified in our phospho -proteomics so we used phos-tag SDS gel method
to look whether any speciesof CDK9 phosphorylation changed. Treatment with
Compound Al decreased the phosphorylation of CDK9 the 1 hour timepoint as
demonstrated by the decrease in intensity of the fourth and second phospho-species
bands as well as an increase in the bottom band representig unphosphorylated CDK9
with dose of Compound Al (Figure 56).

The BAY 1251152 treatment caused appeamnce of a lower phospho-species, an
increase in the bottom, unphosphorylated band and decrease in highest phosphospecies
at all timepoints with treatment . This shows that inhibition of CDK9 with the
commercial inhibitor also decreased the phosphorylation, serving as a control for the
assay(Figure 56). The pattern observed for the BAY 1251152 treatment was different
than the Compound Al decrease which is not unexpected becausethe BAY 1251152
inhi bitor targets the ATP pocket and catalytic activity of CDK9/p -TEFb whereas
inhibition of STK3 should decrease phosphorylation of the Ser347 site of CDK9. This
Ser347 site is an autephosphorylatio n site for CDK9. When p-Ser347 is activated
through phosphor ylation it increases the catalytic activity but when it is mutated or
excised, the catalytic activity is attenuated but not fully ablated [143, 144] This explains
the moderate shifts in the phos-tag gel seen Further, the potent CDK9 inhibitor does not

totally ablate CDK9 phosphorylation either suggesting CDKO is highly phosphorylated
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endogenously in cancer cells.Overall, we were able to see that as suggested by our
phospho-proteomics, inhibition of STK3 activity d ecreases phosphorylation of CDK9.

Compound A1 BAY 1251125
Hrs post treatment: 0 05 1 2 0 05 1 2

CDK9 -y - T
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Figure 54: Inhibition of STK3 decreases phosphorylation of CDK9 at 1 hour
post treatment. Compound Al dosed at 10 uM and BAY1251125, a potent CDK9/p -
TEFb inhibitor dosed at 50nM. <p indicates phospho -species. The higher the band,

the more phosphorylation.

We next tested whether overexpression of STK3 and increased STK3 kinase
activity would increase the phosphorylation of CDK9 using the phos-tag SDS gel
method. We found that the overexpression and increased STK3 activity, as measured by
p-MOBL1 levels, did increase the phosphorylation of CDK9 as shown by the increase in
phospho-species on the gel(Figure 57A). We also used the STK3KD overexpression
construct to test whether this increase in CDK9 phosphorylation was due to STK3 kinase

activity. We saw that the CDK9 phosphorylation was not increased with the STK3 -KD
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overexpression construct and mimicked the control construct compared to the STK3
overexpression (Figure 57B). This demonstrates that increased CDK9 phosphorylation is

specifically due to STK3 kinase activity.
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Figure 55: Overexpression of STK3 and increased activity increases CDK9
phosphorylation A) Phos-tag gel for CDK9 comparing PLx vs hSTK3 cells B) Phos -tag
gel for CDK9 comparing PLx vs hSTK3 vs hSTK3_KD cells

To further validate the phospho -proteomic data as well as strengthen the
connection between STK3 phosphatargets and RNA Pol Il regulation, we looked at
CTR9 phosphorylation with the loss of STKS. Little is known about the site identified
from our omics, CTR9 Ser932besides that it clusters with other phosphorylation sites at
the terminal end of the protein and there is no antibody available so we used the phos-
tag method again. We saw that loss of STK3 did not alter the total CTR9 in the cells but

did cause a down shift in the phosphorylation bands indicating decreased
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phosphorylati on with loss of STK3 (Appendix B, Figure 77). This data further validates
our phospho-proteomics data and the connection between STK3 and regulators of RNA

transcription , CTR9 and CDKQ.

6.3.5 Loss of STK3 alters CDK9 compartmentalization and CDK9
inhibitory complex expression

From above data, we confirmed our phospho -proteomic data showing STK3
kinase activity regulates CDK9 phosphorylation but we had not identified how this
occurred or how this might impact RNA transcription. STK3 occurs almost entirely in
the cytoplasm of cells sowe hypothesized that if there was direct interaction it would
most likely happen in the cyt oplasm. We knew that CDK9 mainly localized in the
nucleus where it interacts with cyclin with Cyclin T1 to form the p-TEFb complex and
regulates mRNA transcription, but there are also multiple instances in the literature that
show that CDK9 can cycle between the nucleus and cytoplasm, interacting with a range
of proteins[145, 146] Depending on the cellular location of CDK9 , is can also have
different functions and potentially impact the transcriptional complex in un ique ways.
We wanted to see if loss of STK3 would impact the nuclear/cytoplasmic localization of
CDK9 indicating that STK3 played a role in its molecular compartmentalizing and
function. We performed a cellular fractionation assay to look E U w" # * N zrdus®NTEE UD O
cells compared to shSTK3 cells. Interestingly, we saw that with loss of STK3, there was

increased CDK9 enrichment in the nuclear compartment compared to the cytoplasmic,

though whole cell lysate CDK9 levels did not change (Figure 58).
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Figure 56: Loss of STK3 increases CDK9 enrichment in the nuclear
compartment compared to the cytoplasmic . GAPDH used a cytoplasmic marker and
H3 as a nuclear marker. CDK9 shown at short and longer exposure.

This was not what we would ex pect if CDK9 was blocked from coming into the
nuclear compartment by the change in CDK9 phosphorylation at Ser347. Rather there
was an accumulation of CDK9 in the nucleus, indicating that the change in
phosphorylation was preventing CDK9 from leaving the n ucleus or degrading. We
looked in the literature and found that more than half of p -TEFb complexin the nucleus,
which includes CDK9, can be bound by association with the small 7SK nuclear RNA
(snRNA), an abundant and evolutionarily conserved RNA , and hexamethylene
bisacetamide (HMBA) -induced protein (HEXIM1). This association reduces the pTEFb
activity and HMBA is a potent suppressor of cell proliferation. However, under normal
conditions BRD4 is able to interact with p -TEFb through its C-terminal domain which
prevents p-TEFb sequestration and inactivation by binding to the inhibitory 7SK/HEXIM

complex[132, 143] To explore this mechanism for CDK9 sequestration in the nucleusin
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our model, we looked at HEXIML1 protei n levels in cells with loss of STK3 and sawa
slight increase in HEXIML1 protein in shSTK3cells (Figure 59). This correlation between
loss of STK3 and increase in HEXIM1 may suggesthat there is increased HEXMI to bind
CDKO in these cells but does not allbw us to draw conclusions about causation or order

of operations without further experiments.
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Figure 57: Loss of STK3 correlates with a slight increase in HEXIM1 protein
level. A) Western blot analysis of HEXIM1 level with lo  ss of STK3 in C4-2 cells B)
Densitometry values from ImageJ quantification normalized HEXIM1 to GAPDH
ratio

We hypothesized that the decreased phosphorylation of CDK9 at Ser347by
STK3 was impacting the ability for BRD4 to recruit CDK9 and/or the ability for CDK9 to
release from the 7SK/HEXIM complex sequestration. This would cause CDK9 to
accumulate in the nucleus in the bound inactive form rather than cycling into the
cytoplasm and prevent nuclear association with the BRD4 transcriptional complex
leading to decreased gene expression. Further experiments would be necessary to fully
validate this mechanism but overall it is clear that loss of STK3 alters the

compartmentalization of CDK9 and causes changes inCDK9 inhibitor protein , HEXIM1.
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6.3.6 BRD4 and CDK9 exert transcriptional control over STK3 linked
genes, SLC7A11 and SLC3A2

After linking STK3 phosphorylation activity to the phosphorylation of CDK9 and
CTRO to a lesser extent, we wanted to investigate how these regulators of transcriptional
elongation control STK3 linked genes as identified from our RNA sequencing data. We
also wanted to investigate the connection between CDK9 and BRD4 which was
highlighted by our integrated omics and is well documented in the literature. To do this
we used chemical inhibitor tools, chromatin binding assays and publicly available data
to illuminate the connections between CDK9/BRD4 and STK3 linked genes

SLC3A2/SLC7A11.

6.3.61 Inhibition of BRD4 and CDK9 decreases the expression of STK3 -DEGS,
SLC3A2 and SLC7A11

We had found in the literature that BRD4 regulated SLC3A2 and SLC7A11 but
we wanted to validate this in our model to help test our hypothesis that CDK9/BRD4
transcriptional complexes were altering the STK3-DEGs responsible for ferroptosis
resistance. We startedby using commercially available BRD4 and CDK9 degraders and
inhibitor in C4 -2 cells and evaluating whether expression of SLC3A2 and SLC7A11 were
altered. For CDK9, we used BAY 1251152gain, a first in class potent CDK9/p-TEFb
inhibitor , and THAL -SNS032which is a potent and selective CDK9 degrader using the
PROTAC® system comprising of the kinase inhibitor conjugated to an E3 ligase

ligand[141, 147] For BRD4, we used PH1, a highly selective BET inhibitor, and ARV-
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825 a BRD4PROTAC® systemdegrader[148, 149] We found that when cells were
treated with CDK9 modulators, THAL -SNS032 and BAY 1251152, there was significant
decrease in expressionof SLC3A2 and but not SLC7A11 Figure 60A). Cells treated with
BRD4 inhibitor, PFI-1, had decreased expression of SLC3A2 and SLC7A11 buBRD4
degradation via ARV-825 only decreased expression of SLC3A2 (lgure 60B). This data
shows that BRD4/CDK®9 activity can regulate the STK3 linked genes strengthening our

hypothesis that STK3impacts BRD4/CDK9 complex altering transcriptional activity to

modulate SLC7A11 and SLC3A2.
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Figure 58: Inhibition of CDK9 decreases expression of SLC3A2 and inhibition
of BRD4 decreasesexpression of SLC7A11 and SLC3A2 A) Gene expression levels for
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SLC7A11 and SLC3A2 in C4-2 cells treated with CDK9 inhibitor and degrader and B)
BRD4 inhibitor and degrader *p<0.1**p<0.01, ***p<0.001

When we look at the CDK9 inhibitor data in Figure 57, we see CDK9 inhibition
only decreases SLC3A2 not SLC7A11 despite both being decreased with loss of STK3.
We hypothesize that this is because loss of STK3 does not inhibit CDK9 activity in the
same was as a degrader or inhibitor. Loss of STK3 decreases thphosphorylation of the
Ser347 site of CDK9 which has been found to be an autophosphorylation site among a
cluster of sites that has mainly been studied in HIV1 replication. Mutation of this site
attenuates the phosphorylation of the C-terminal domain of CD K9 responsible for the
catalytic activity of p -TEFb which acts on RNA Pol Il in transcription [143, 144, 15Q]
Studies of this site areminimal in systems outside of HIV1 but it has been suggested to
have a crucial role in the full function of CDK9 transcriptional activity. Thus loss of
STK3 which effects the phosphorylation of this specific CDK9 site may attenuate the
function of CDKJ in its transcriptional activity in a different manner than total inhibition
or degradation does.

We also looked at some other STK3inked DEGs to see whether their expression
changed with BRD4/CDK@9 inhibition. We saw that GDF15, ASNS and GPX8 all
decreasedwith BRD4 inhibition (Appendix B, Figure 78 ). These genes are all
downregulated w ith loss of STK3 as well which strengthens the hypothesis that loss of
STKS3 alters the transcriptional activity of BRD4 since BRD4 has been shown to regulate

these STKS target genes.
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6.3.62 CDK9 and/or BRD4 binds at transcriptional start sites of SLC3A2, SLC7All
and ASNS

After using the inhibitors to determine that inhibiting the BRD4 and CDK9
proteins could alter our ferroptosis resistance genes as well as other STK3 linked genes,
we investigated whether this was through chromatin binding at transcripti onal start
sites. We first looked at a publically available ChlIP sequencing database usingCistrome
Project Data Browser. With this we found a ChIP sequencing dataset that probed BRD4
in C4-2 cells and when we looked at the control sample we found BRD4 binding peaks at
the start sites of three STK3 regulated genes, SLC7A11, SLC3A2 and ASN&igure 61A-
C). We then looked at datasets that probed CDK9 to look for binding at these genes and
the best candidate was T47D breast cancer (BCa) cells. Our group and dters in the
literature have found that BCa has similar non -canonical STK3 activity so we checked
this dataset{43, 82] We found that CDK9 has smaller than BRD4 but notable peaks at
SLC3A2 and ASNS gene starts (Figue 61A and C). We did not see a peak at SLC7A11
(Figure 61B) suggesting CDK9 may not directly regulate this gene siteby binding
directly which agrees with our inhibitor data where we did not see a decrease of
SLC7A11 with CDK9 degradation or inhibition (Fi gure 60A). We hypothesize that CDK9
is not associated with the DNA at the gene site of SLC7A11 but that loss of auto
phosphorylation at CDK9_Ser347 could still impact the BRD4 transcriptional complex at
this site leading to the decrease in expression we se with loss of STK3. We also looked

at HIF1A and MYC which are known target gene of BRD4 and CDK9 and also saw a
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peak for both proteins which served as positive controls for our STK3 linked genes [141,

149, 151{App endix B, Figure 79).
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Figure 59: Cistrome binding peaks for BRD4 and CDK9 at SLC7A11, SLC3A2
and ASNS gene promoters. A) BRD4 ChIP sequencing in C4 -2 cells and CDK9 ChIP
sequencing in T47D at SLC3A2 gene, 4.0 max scale, B) SLC7AL1 gene, 1.25 max scale,

and C) ASNS gene, 2.75 max scale
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The Cistrome data and literature suggest that BRD4 and CDK9 binds DNA to
transcribe STK3 linked genes, but we wanted to validate this in our models so we
created primers for the peaks from the Cistrome data and performed ChIP PCRon
parental C4-2 cells to see whether BRD4 and/or CDK9 was bound at these promoter
sites. We found that BRD4 bound at ASNS, SLC7A11 and SLC3A2 as well at MYC and
HIF1A which served as positive controls (Figure 62A). CDK9 bound at ASNS and
SLC3A2 as well as both controls but not SLC7Al11lwhich again agrees with other data
showing CDK9 may not directly regulate SLC7A11 but BRD4 does (Figure 62B). BRD4
presents a more significant binding peak and amplification band for all genes ¢ ompared

to CDK9 which again agrees with the Cistrome mined data.

A. BRD4 Promoter Peak Primers B.
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Figure 60: BRD4 and CDK9 binding to STK3 linked genes in parental C4 -2
cells. A) ChIP pulldowns with BRD4 and B) CDK9 in parental C4 -2 compared to IgG
binding and input controls. P rimers designed for STK3 linked genes ASNS, SLC7A11
and SLC3A2. MYC and HIFIA are positive controls for CDK9/BRD4 binding. RPL30 is

assay positive control primers.

From these combined experiments, we determined that inhibition of BRD4 an d
CDKO can decrease the expression of STK3 linked genes and these transcriptional

proteins bind at the promoter start sites for the STK3 linked genes.
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6.3.7 Loss of STK3 inhibits the BRD4/RNA-Pol Il transcriptional
complex

CDK9 and BRDA4 together play impo rtant roles in the RNA -Pol Il transcriptional
activity and we have shown that STK3 loss alters CDK9 activity and that BRD4 can
control the STK3 linked genes. Thus we hypothesized that loss of STK3would also alter
RNA Pol Il activity explain ing the transcriptional gene changes as well as the decreased
pathway enrichment of transcriptional activity from our RNA sequencing. RNA -Pol I
requires the kinase activation of CKD9 to overcome a pausing and continue with
elongation. BRD4 recruits CDK9 to the paused RNA-Pol Il gene site where it
phosphorylates pausing factors like negative elongation factor complex (NELF) to
displace them as well as phosphorylating the carboxy-terminal domain (CTD) of RNA -
Pol Il at Ser2 CDK9 phosphorylation of RNA Pol Il at the Ser2 site releasespromoter -
proximally paused RNA Pol Il allowing for synthesis of MRNAs[152, 153] Since STK3
activity regulates CDK9 phosphorylation and activity we hypothesized that loss of STK3
would decrease CDK9 activity and phosphorylation of RNA Pol Il Ser2. We probed in
C4-2 cells and saw that in cells with aloss of STK3 we saw adecreased levels of RNA-
Pol Il p-Ser2(Figure 63A). We did not see athat trend when we looked at t he total RNA
Pol Il protein in cells and when we compared the p-Ser2 to total by densitometry, we
saw overall decrease of RNA Polll p-Ser2 with both shSTK3s(Figure 63B). This
decrease in the RNA Pol Il p-Ser2 suggest that CDK9 is not phosphorylating at this site

due to effects from loss of STK3.
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Figure 61: Loss of STK3 decreases the levels of p-Ser2 site of RNA Pol Il and
phosphorylation of NELF -E subunit. A) Western blot of p-Ser2 and total RNA Pol Il
protein expression in C4 -2 cells with inducible shSTK3 syste m B) Densitometry
measurements for p -Ser2 over total RNA Pol Il from western normalized to shNT  C)
Phos-tag of NELF-E and total NELF-E levels for inducible shSTKS3 cells

We also looked at the phosphorylation levels for the NELF-E subunit of NELF
which is phosphorylated by CDK9 to initiate its release and the unpausing of the RNA
Pol 11[152]. We saw that with the loss of STK3 there was a decrease irthe higher bands
of NELFE in a phos-tag gel while total NELFE levels remained constant indicating that
there was less overall phosphorylation but not degradation of NELFE (Figure 63C). This
suggests that NELFE remains bound to the RNA Pol Il protein which prevent the
elongation of MRNA and is not phosphorylated by CDK9 in a similar manner to the
decrease in phosphorylation of RNA Pol Il p-Ser2.

The last component of this mechanism was assessing how loss of STK3 altered
BRD4 and how that connected to the larger function of the CDK9/BRD4/RNA Pol Il

transcriptional axis. We knew that BRD4 has a binding peak at the transcriptional start
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site of SLC3A2, SLC7A11 and other STK3 linked genes and BRD4 activity cairectly
regulate these genes. We probed cells usig ChIP qPCR to determine whether loss of
STK3 alters the enrichment of BRD4 at the transcriptional start sites of SLC7A11 and
SLC3A2. We found that with loss of STK3 there was an increase in BRD4 enrichment at
the site of both genes (Figure64A). We also saw that this was unique to STK3 linked
genes because enrichment at MYCwhich is a BRD4 target gene and has a significant
BRD4 binding peak in C4-2s (Figure 60, 61) but is not a STK3 linked gene as identified
from our transcriptomic data, did not have sign ificant increased enrichment (Figure
64A). This aligns with our current hypothesis becauseaccumulation of BRD4 on
transcription start sites serves as a docking site for p TEFb which facilitates the
phosphorylation and activation of RNA -Pol Il releasing it for elongation. With loss of
STK3the complex is pausedbecause of disruption of the CDK9 needed for the release of

the complex causing this enriched accumulation of BRD4 at affected genes
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Figure 62 Loss of STK3 increases BRD4 and decreases RNA Pol Il Ser2
enrichment at SLC7A11 and SLC3A2 gene transcriptional start sites. A) ChIP gPCR
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performed in C4 -2 cells with BRD4 pulldown B) ChIP gPCR performed in C4 -2 cells
with RNA Pol Il Ser2 pulldown.

We also looked at the enrichment of RNA Pol Il phosphorylated at the Ser2 site
K9 with the loss of STK3. ChIP pPCR revealed a decreased enrichment at bihh SLC7A11
and SLC3A2 (Figure 6B). HIFLA promoter peak was also probed as control for a
BRD4/CDKO9 target gene but not a STK3 linked gene and there was no significant change
in enrichment. This validates that there is less phosphorylation of this site in the cells
overall with loss of STK3 and more specifically at STK3 linked gene start sites. This
aligns with our model that hypothesized that loss of STK3 alters CDK9 activity causing

decreased phosphorylation of the RNA Pol Il complex and activation.

6.4 Discussion

Our data presented in this chapter addresses the mechanism ofaction(s) for
STK3 regulation of DEGs, specifically SLC7A11 ard SLC3A2, which regulate ferroptosis
resistance. We first used our transcriptomic data to perform Transcription Factor
Binding Site (TFBS) and protein interaction analysis which identified transcription factor
candidates that could regulate the STK3-DEGs. We then performed and analyzed
phospho-proteomic analysis to determine STK3 downstream phospho-targets that might
act on our transcription factor candidates. Using an integrated omics approach, we
illuminated a connection between transcription factor BRD4 and phospho-targets CDK9
and CTR9 which could regulate STK3 linked genes through transcriptional regulation.

We then validated that inhibition of STK3 decreased the phosphorylation of CTR9 and
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CDK9. We also saw that overexpression of STK3 significantly increased the
phosphorylation of CDK9 and that loss of STK3 also altered the compartmentalization
and potentially sequestration of CDK9 further validating the integrated omics pathway
candidate. We then determine that CDK9 and/or BRD4 could regulate the STK3linked
genes SLC7A11 and SLC3A2 and had transcriptional binding sites at their promoters.
Finally, we showed that loss of STK3 led to decreased release of RNA Pol
transcriptional complex from its proximal pausing which is reliant upon STK3 phospho -
target CDK9 activity. The conclusions from this chapter led us to propose a model for
completed the story of how STK3 loss alters the transcriptional activity in PC cell s to

change STK3 linked genes leading to the ferroptosis resistance phenotype changes.
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Figure 63 Model for STK3 regulation of transcriptional activity in PC cells
through CDK9/BRD4/RNA Poal Il axis.
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7.1 Conclusions

As the secand most common type of cancer among men, PC is a significant
disease burden. Despite the development of therapies in the past decade that target AR
and extend patient life, there is a need to identify new molecular targets and continue to
elucidate the molecular mechanisms of PC development and progression. For patients
with advanced disease, AR therapies and conventional chemotherapeutic treatments can
extend life but all patients will develop resistance to such therapies leading to metastasis
and death. Our work identifies an understudied kinase, STK3, which was thought to act
as a tumor suppressor but has a norrcanonical pro-tumorigenic role in the development
and progression of PC through regulation of ferroptosis resistance. The ferroptosis cell
death pathway has recently gained attention as a new pathway for targeting in PC and a
way to overcome therapy resistance in PC. Not only does inhibition of STK3 slow PC
growth, inva sion and colony formation, it also sensitizes cells to the induction of
ferroptosis cell death. The converse, overexpression of STK3, causes resistance to
ferroptosis inducers. Increased expression of STK3 in PC and specifically in advanced
PC may indicate that this is a mechanism to prevent cancer cell death with increased
oxidative stress. Therefore, understanding the role of STK3 and tamgeting it could
overcome resistance and sensitize cancer cells to other therapies.
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resistance that acts throughthe novel signaling axis of CDK9/BRD4/RNA Pol 1l for
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productive mRNA elongation. The connection between CDK9, BRD4 and RNA Pol I
has been described in other work but not in the context of PC and the fact that STK3 is
regulating this axis has not been described. It gpens up new potential targets for
modulation of STK3 linked gene which are pro -tumorigenic and associated with
MCRPC disease. Overall, the finding presented in this dissertation make a significant
contribution to the field of PC molecular mechanisms and id entified novel targetable
avenues for therapy.

Below we present areas for future experiments and exploration to expand upon

the conclusions drawn from this body of work.

7.1.1 STK3/4 in Neuroendocrine Prostate Cancer

The STK3 amplification and increased expression we found in patient datasets is
mostly confined to primary and mCRPC cases. As mentioned in the introduction , there
is a subset of PC that is called NEPC which has a highly aggressive phenotype and few
therapies. This disease represents a sigricant area of unmet need so we queried STK3/4
in NEPC to identify whether they might have targetable roles in this type of PC. Unlike
the adenocarcinoma and metastatic datasets, which had amplification and upregulation
of STK3, in the NEPC dataset no #eration of STK3 or STK4were found (Multi -Institute,
Nat Med 2016) (n=114) The same phenomenon was noted in a 2021 review of the Hippo

Pathway in PC[154]. This does not rule out increased protein levels or activity of STK3 in
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NEPC but contrasts the AR dependent data showing amplification and subsequent pro-
tumorigenic role of STK3.

Neither STK3or STK4 havebeen studied in NEPC in the literature but there are
papers about the role and expression of other components of the Hippo Pathway. The
terminal downstream target of STK3, transcriptio n co-factor YAP, which is commonly
considered an oncogene is increased in high grade PC adenocarcinoma but is reduced
in NEPC. YAP expression decreases in cell lines as well as in human and mouse NEPC
tumor samples. The reduction of YAP was shown to provi de a mechanism to activate
6 O U-=tapenin, an important signaling pathway in the induction of NEPC. [155, 156]
Another recent paper characterized binary roles of YAP in solid cancers characterizing
YAP off and YAP on solid tumors. Non -adherent small cell or neuroendocrine tumors
enriched for Rb-, including NEPC, were characterized as having YAP silencing.
Induction of YAP would lead to transcription of integrin and ECM genes that could
suppress growth in these YAP off tumors. The transition from YAP on to YAP off is
driven by development of therapy resistance [157]. Together these papers suggesthat
the canonical Hippo signaling of STK3 and other upstream proteins may not hav e the
same role in NEPC aswe have found for STK3 in CRPC. However, TAZ expression, the
cofactor of YAP, did not decrease in NEPC and remained consistent across PC grade.
This suggests that YAP and TAZ, though normal considered redundant may have

unique roles in PC, specfically the development of NEPC [156].
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Despite not being studied specifically in the literature or examined robustly in
my work, STK3 could potentially be a target in NEPC through its role in suppre ssion of
YAP activity. As the above literature suggests, YAP silencing is an important part of
NEPC development. If the canonical Hippo Pathway was conserved in NEPC, STK3
inhibition would release YAP from silencing phosphorylation and allow it to transcri  be
tumor suppressive genes. However, further experiments would be essential before
continuing this theory including assessing STK3 and STK4 protein levels in NEPC cell
lines. It would also be necessary to determine if STK3/4 act through the canonical Hippo
Pathway phosphorylating MOB1 and LATS1/2 in order to effect YAP/TAZ activity. It
would also be crucial to evaluate whether the inhibition of this pathway could restore
YAP expression and activity or whether there were other repressive mechanisms at play.
Overall, though we have not identified STK3 as a potential target in NEPC there is room

for continued research on this topic.

7.1.2 Future directions for testing the role of STK3 in ferroptosis
resistance

From our data presented in Chapter 5, we have clearly established that STK3
expression dictates ferroptosis resistance in PC cellsn vitro. Loss of STK3 caused large
transcriptomic changes which implicated the ferroptosis pathway and notably, two of
the top highly down regulated genes were ferroptosis r esistance markers, SLC7A11 and
SLC3A2. We showed that STK3 regulated the protein and gene expression of these

resistance markers and that this functionally regulated PC resistance to ferroptosis cell
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death. The future direction for this portion of our work would be to evaluate this
connection in more complex and translatable models.

The first proposed study would be to determine whether the loss of STK3 can
slow in vivo metastatic PC growth and increase mouse survival. We would further test if
loss of STK3sensitizes PC cells to ferroptosisin vivo to further slow PC metastatic spread
and further increase mouse survival. Our preliminary in vitro data shows that loss of
STK3 decreases colony growth and slows spheroid invasion. Loss of STK3 in C42 PC
cells also sensitizes them to ferroptosis cell death from ferroptosis inducers, increased
iron in media and increased reactive oxygen species. To test whether this is truein vivo,
we would use the sgSTK3C4-2 cells in a metastatic xenograft model with engineered
firefly luciferase expression through lentiviral transduction. The luciferase will allow us
to visualize metastasis development and quantify growth and progression. W e
determined that an intracardiac injection model of metastasis will be best to test our
hypothesis. For C4-2, literature data shows that intracardiac injection cause either lymph
node, bone, live and lung metastasis in 7690% of NSG or SCID beige mic§l58-160]. To
test the effects of STK3 loss and ferrptosis inducers we determine used of JKE-1674,an
orally active glutathione peroxidase 4 (GPX4) inhibitor . Ferroptosis inducers are still
relatively new in the in vivo setting, however in PC there have been recent studies using

GPX4 inhibitor, RLS3 to reduce the growth of C4-2 xenograft by ~25% overall[51].
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Additionally, th e Chen Lab here at Duke in the Pathology Department hasreported
significant success wing JKE-1674 with oral dosing and decreased toxicity.

Thisintracardiac model most accurately depicts a PC patient metastasiswith
multiple metastatic sites including the bone which is the most lethal of sites. In PC
patients, those that develop general metastasis have ~60% fiveyear survival rate but in
those that develop bone metastasis this drops to 394161, 162] We are hopeful that loss
of STK3 will be effective at reducing metastasis to bone because loss of STK3 decreases
growth differentiation factor -15 (GDF15) whichhas been shown to promote prostate
cancer bone metastasis and colonizatiorf163]. Overall, we hypothesize that the loss of
STK3 alone will decrease metastasis and increase survival and show that this is further
increased with treatment of ferroptosis inducers as suggested by our data

The other future direction for investigating STK3 and ferroptosis would be to use
a patient tissue model such as patient derived organoids (PDOs) or patient derived
explant (PDESs) to look at whether inhibition or loss of STK3 sensitized cells to death via
ferroptosis cell death. PDOs can be difficult to establish for PC and for both PDOs and
PDEs, the tissue is most often taken from radical prostatectomies which are primary PC
case$164]. STK3 expression is not as often elevated in primary tumors compared to
metastatic and our data presented in this body of work suggest that STK3 may play a
larger role in the progression of advanced disease(Figure 4,5,§. However, it would still

provide valuable insights to probe whether STK3i or shSTK3 would affect the
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downstream target genes SLC7A11/SLC3A2 or affect phenotypic responses to
ferroptosis inducers. In PDE models, staining of Ki67 proliferation, c-PARP cell death
and ferroptsis marker 4-HNE could be evaluated asoutcome measures via IHC [165-
167]. For both PDE and PDO models,RNA extraction for RT -gPCR quantification and
protein extraction for western blotting could be performed to look at ferroptosis
markers, as well as markers of cell death and/or proliferation.

Overall, these experiments and future directions would build on the data
presented in this dissertation characterizing the link between STK3 and ferr optosis
markers of resistance and strengthen these finding by using further translational

models.

7.1.3 Future directions for validating the STK3 mechanism of
transcriptional regulation in PC

Our data in Chapter 6 established our current model for how STK 3 regulates the
transcriptional activity of RNA Pol Il in PC cells leading to control of STK3 linked genes
(Figure 65). However, there are more experiments that could be performed in the future
to further validate and evaluate the relationships between STK 3, CDK9, BRD4 and RNA
Pol Il

One of the largest gaps in our current research conclusions is exactlynow STK3
kinase activity acts on CDK9 at the Ser347 siteWe have not been able to identify
whether there is direct interaction between STK3 and CDK9 or whether there are

middlemen phospho -target of STK3 that acts directly on CDK9. We have clearly shown
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that increased STK3 kinase activity increases phosphorylation of CDK9 and STK3
inhibition decreases its phosphorylation after inhibition. We have performed co-
immunoprecipitation (co -IP) experiments looking for binding of CDK9 and STK3 but
were not able to see binding. This does not mean that they do not interact in a more
transient manner that is not detected by the co-IP method. In order to determine the
STK3 direct interacting proteins and test whether CDK9 is one of them, we could
generate a STK3 biotin ligase eterminal fusion protein using the second -generation
ligase BiolD2 using MCS-BiolD2-HA (Addgene Plasmid #74224) [168]. A c-terminal
fusion will be generated since the STK3kinase domain is adjacent the n-terminus and
BiolD2 vector alone would serve as a control. BiolD2 overexpressing C42 cells could be
validated to interact with known targets such as p-MOB1 and LATS1/2. Lysates from
each stably expressing cell line will be extracted and incubated with streptavidin -coated
beads and processed for mass spectrometry analysis of biotinylated proteins as
previously described in the literature [169]. A fold enrichment STK3-BIOID2 vs BiolD2
alone will be considered enriched and indicate a STK3 interactor. We would be able to
see if CDK9 was in this dataset and if not use STRING analysis to determine if any of
these targets are krown to interact with CDK9. This wo uld be an unbiased way to
determine the STK3 interactors and trace them to our CDK9/BRD4/RNA Pol Il complex.
Another area of future research is into fully characterizing the effects of

phosphorylation of CDK9 at the Ser34 site on transcriptional regulation PC growth .
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This is the site illuminated from our phospho -proteomic data that was decreasedin
phosphorylation with the loss of STK3. Little is known about this site from the literature
and most studies look at it in HI V replication. It is known to be an auto -phosphorylation
site and its loss attenuates the total catalytic activity of CDK9[150]. In our model, STK3
causes phosphorylation at this site to increase CDK9 activation, recruitment by BRD4 to
gene transcription start site and phosphorylation of the RNA Pol 1l Ser2 site triggering
productive elongation of genes. Some future experiments would be to look at whether
mutation of the Ser347 site so that STK3 could not phosphorylae it would mimic the
effects of STK3 loss, further validating this connection. In a CDK9Ser347 mutantthere
should have decreased enrichment of RNA Pol Il p-Ser2 if phosphorylation, similar to
shSTKS cells, if this site is crucial for full CDK9 release the transcriptional complex.

In our model we also showed that loss of STK3 increases nuclear accumulation of
CDK9 and slightly increased levels of HEXIM1, a protein that binds CDK9 for nuclear
sequestration. On possibility is that decreased phosphorylation of CDK9 Ser347 is
inhibiting CDK?9 from releasing from the HEXIM1 complex which increases in
expression, binding more CDK9. There are also studies that implicate the Ser347 site in
CDK9 shuttling and cellular location [143]. Using a CDK9Ser347 nutant, we would
expect to see mimicking of increased HEXIM1 levels and accumulation of CDK9 in the
nucleus. It would also be important to test whether there was increased binding of

CDK9 and HEXIM1 with the loss of STK3 or the mutation at CDK9Ser347. Thereis data
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in the literature to suggest that the C terminal domain phosphorylation sites of CDK9,
which includes the Ser347 site, are not as important inCKD9 kinase activity but regulate
binding to regulator molecules such as HEXIM1. Additionally, the bindi ng of CKD9 to
TAR RNA in the context of HIV is reduced by phosphorylation of CDK9Ser347[143].
Thus it is crucial to study CDK9 binding to HEXIM1 as well as to RNA and DNA in PC
and observe whether this changes with expression of STK3.

Lastly, it would be important to further investigate the role of CTR9 in the RNA
Pol Il mechanism for STK3 regulation of target genes since it was a validated phospho-
target of STK3. CTR9 is the key scaffold unit of the hPAFc subunit which controls RNA
Pol Il elongation[139, 170] This complex could be playing a cooperative or
compensatory role along with CDK9/p -TEFb for RNA Pol Il activity in PC and both may
be affected by loss of STK3. More sophisticated experiments suchas the use of
elongation-factor-specific MNET capture (ELCAP) could be designed to study the
specific points of RNA Pol Il pausing and elongation in varying expressions of STK3 to
further interrogate this mechanism [171]. These future directions and experiments would
expand upon the conclusions presented in this work, Figure 65, and continue to

illuminate novel signaling in PC and new mechanisms for cancer cell gene regulation.
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Appendix A

Since there has been published work showing that loss of STK3 may be linked to
cell cycle aberrations, we wanted to test whether loss of STK3 in our system altered cell
cycle progression. FACS based cell cycle analysis on C4£ cells 96hrs post shRNA
induction, showed shSTK3 cells had altered cell cycle marker progression profiles
relative to shNT cells (Figure 66). Interestingly, the two shSTK3 induced accumulation in

two distinct phases, shSTK31 in G1 and shSTK32 in G2/M phase.

A. B.
ShNT & 100+ | G1
s e | S EPSENR %; @ S phase
& 754 m G2/M
£
o
shSTK3-1 é 50
L
£
"""" £ 25
[
(G]
‘\
hSTK3-2 ) \ \ 0
S| - f F\ \ 3 N £V
' &0
@ @) @)
= PN

Figure 64: Propidium iodide based cell cycle histograms for C4 -2 cell
expressing indicated shRNAs. Doxycycline was used to induce shRNAs for 96hrs
prior to FACS analysis. N=3 per shRNA .

Statistical analysis shows significant difference between all three groups in G1

and G2/M (p<0.0001), but no significant differences in Sphase (Table 1).
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Table 1: Summary of statistical analysis2 -6 Eaw - . 5
comparisons test.

Tukev's nultipke comparizons test \I eanDiffes 00% CT of diff[Summary] Adpsted F Value
1
s T, shETE -1 1908 | -2302 t0-15.11 | wewes =1 0001
i T, shBTE 3-2 1427 110210 18.92 s <0001
shSTES-1 v, shETES-2 3405 S00Bt37.00 Faes =001
1AL
s T, shETE -1 1832 1436102227 s =1 0001
s T, shSTE 3-2 -16.12 | -2008 10-12.17 | e <0001
shSTES-1 v, shETES-2 -34.44 | -3E30 10-30.40 | wees =001
5 phasze
s T, shSTE -1 22235 | -0.2608 o G048 = 0.232
s T, shSTE 3-2 .04 -3814 o3 08 = . 2000
shSTES-1 v, shETES-2 -2.855 | -6.508 1o 1001 1= 02455

Biochemical analysis of C4-2 protein lysates 2496 post shRNA induction with

doxycycline shows altered expression of cell cycle markers in shSTK3 cells relativeto

ShNT cell lysates (Figure 67). Consistent with FACS analysis, shSTK31 shows

accumulation of cyclin E, which is induced in G1 phase, while shSTK3-2 shows

sustained p-CDK1 Y15 and reduction of p-H3 S10 mitotic marker signifying G2/M arrest.
Together these data suggest STK3 may act at mulple points of the cell cycle. This data
from STK3 depleted PC cells in vitro and HMVP2 tumors suggest a cell cycle arrest
phenotype as shown by altered expression patterns of cell cycle progression markers

and loss of p-CDK1/accumulation of cyclin B1 in HMVP2 tumors. This is consistent with

STK3 dependent leukemias that suggest STK3 regulates CDK1 to promote cell
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proliferation and the data in gastric cancer indicating STK3 promotes tumorigenesis

through cell cycle activation [41, 42]

shNT shSTK3-1 shSTK3-2
+Dox (hrs) 24 48 72 96 24 48 72 96 24 48 72 96
STK3 ' wuy v

CycE o —— S - — - G1
TKT o v Sl o o o= g . S

CYC BT o v wom s s v o g @ % s w0 )\ 1
P-CDK1Y'S sy s il o - St = G2IM
pHITO N o M

GAPDH wun s e an s G5 G GO G &0 e e

Figure 65: Western blot time course for cell625
cycle markers in shNT or shSTK3 C4 -2 cell lysates post doxycycline treatment
at denoted times.
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Appendix B

Supplemental Materials and Methods:
Synthetic Routes and Compound Characterization

General chemistry information: All reagents and solvents, unless specifically
stated, were used as obtained from their commercial sources without further
purification. Solvents were degassed with nitrogen for cross -coupling reactions. Air and
moisture sensitive reactions were performed under an inert atmosphere using nitrogen
in a previously oven -dried or flame -dried reaction flask, and addition of reagents were
done using a syringe. All microwave (UW) reactions were carried out in a Biotage
Initiator EXP US 400W microwave synthesizer. Thin layer chromatography (TLC)
EOEOa Ul Uwbl Ul wx1 Ul O téated sorbterh fihdraadent YLO pl&es and |
spots were visualized using UV light. High resolution mass spectrometry samples were
analyzed with a ThermoFisher Q Exactive HF-X (ThermoFisher, Bremen, Germany)
mass spectrometer coupled with a Waters Acquity H -class liquid chromatograph
system. All HRMS were obtained via electrospray ionization (ESI). Column
chromatography was undertaken with a Biotage Isolera One or Pri me instrument.
Nuclear magnetic resonance (NMR) spectrometry was run on a varian Inova 400 MHz
or Bruker Avance Il 700 MHz spectrometer equipped with a TCIH -C/N-D 5 mm
cryoprobe and data was processed using the MestReNova processor. Chemical shifts are

reported in ppm with residual solvent peaks referenced as internal standard.

161



A-series: amido-pyrrolopyrazines

The compounds in the pyrrolopyrazine series (A -series) were synthesized as
described in 3-Amido Pyrrolopyrazine JAK Kinase Inhibitors: Development of a JAK3
vs. JAK1 Selective Inhibitor and Evaluation in Cellularand In -5 DY Ow, OET OU?2 w) w, | E

Chem (2013) 56, p.345. PMID: 232149T84].
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Figure 66: General Scheme of A-series chemistry

Reagents and conditions : a) NaH, dimethylformamide, 0 -25°C, 1.5 h; b) R
[Cyclopropylboronic acid or phenylboronic acid], K sPQO., Pd(OAC):, P(Cy)s,
Toluene/water, 100°C, 18 h; c) KHPO., NaClOz, HiNSO., 1,4dioxane/water, 2 h; d) i. Rz-
NH ., HATU, DIPEA, acetonitrile, 16 h, ii. TFA, dichloromethane, 2 h., iii. Sodium
acetate, ethanol, 20 h.

2-bromo -5-((2-(trimethylsilyl) ethoxy )methyl) -5H-pyrrolo[2,3 -b]pyrazine -7-
carbaldehyde (BE4-008). To a solution of 2-bromo-5H-pyrrolo[2,3 -b] pyrazine -7-
carbaldehyde (4.7g, 21 mmol)in DMF (50 mL) at 0-C was added 60% sodium hydride

(1.5 g, 62 mmol) in mineral oil. The reaction mixture was stirred at 25 °C for 30 min and
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then cooled to 0°C. The mixture was then treated with (2-
(chloromethoxy)ethyltrimethylsilane ( 4.4 mL, 25 mmol). The reaction was allowed to
warm to 25 °C, stirred for 1 h, and then quenched with water and extracted three (3)
times with ethyl acetate. The combined organics were sequentially washed with three
portions of water, and a saturated sodium chloride solution and then dried over sodium
sulfate, filtered and concentrated. The residue was purified by silica gel chromatography
(20-30% ethyl acetate/hexanes) tafford 2-bromo-5-((2-(trimethylsilyl) ethoxy )methyl) -
5H-pyrrolo[2,3 -blpyrazine -7-carbaldehyde (6.3 g, 18 mmol, 85 %Hpas a yellow solid. This
material was used in the next step without further characterization. LCMS [M+H] + m/z
355.2/357.2

2-cyclopropyl -5-((2-(trimethylsilyl)ethoxy)methyl)  -5H-pyrrolo[2,3 -b]pyrazine -
7-carbaldehyde (BE4-011). A mixture of 2-bromo-5-((2-(trimethylsilyl)ethoxy)methyl) -
5H-pyrrolo[2,3 -b]pyrazine -7-carbaldehyde (1.2 g, 3.4 mmol), cyclopropylboronic acid
(0.43 g, 5.1 mmol), tricyclohe xylphosphine (94 mg, 0.34 mmol), palladium(ll) acetate
(38 mg, 0.17 mmol), potassium phosphate (2.3 g, 11 mmol), toluene (16 mL), Water
(2.0 mL)was flushed with nitrogen for 5 mins. The reaction mixture was stirred at 100 °C
for 18 h and then allowed to cool and filtered through a pad of Celite 545, rinsing with
ethyl acetate. The filtrate was concentrated under reduced pressure, and the residue was
purified by silica gel chromatography (10% ethyl acetate/hexane) to afford 2-

cyclopropyl -5-((2-(tri methylsilyl)ethoxy)methyl) -5H-pyrrolo[2,3 -b]pyrazine -7-
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carbaldehyde (0.95 g, 89%hps a yellow powder. *H NMR (400 MHz, DMSO-Et+ A wy whuyY 6 Y A w
(s, 1H), 8.78 (s, 1H), 8.43 (s, 1H), 5.68 (s, 2H), 3.68.53 (m, 2H), 2.34 (ddd, J = 7.9, 4.9, 2.8
Hz, 1H), 1.05 (tt, J = 7.7, 2.6 Hz, 4H), 0.860.80 (m, 2H),-0.10 (s, 8H). LCMS [M+H}: m/z
317.5

2-phenyl -5-((2-(trimethylsilyl) ethoxy )methyl) -5H-pyrrolo[2,3 -b]pyrazine -7-
carbaldehyde (BE4-011-PHENYL). Using conditions similar to the one outlined above,
2-phenyl -5-((2-(trimethylsilyl) ethoxy )methyl) -5H-pyrrolo[2,3 -b]pyrazine -7-
carbaldehyde was obtained as a pale solid; 92%. LCMS [M+H}. m/z 353.5.

2-cyclopropyl -5-((2-(trimethylsilyl) ethoxy )methyl) -5H-pyrrolo[2,3 -b]pyrazine -
7-carboxylic acid (BE4-012). To a mixture of 2-cyclopropyl -5-((2-(trimethylsilyl)
ethoxy)methyl) -5H-pyrrolo[2,3 -b]pyrazine -7-carbaldehyde (800 mg, 2.52 mmol) in 1,4
Dioxane (25 mL) and Water (5.0 mL) at 0-C was added sulfamic acid (1.47 g, 15.1 mmol)
and then dropwise a solution of 80% sodium chlorite (251 mg, 2.77 mmol) and
potassium dihydrogen phosphate (4.12 g, 30.2 mmol) in 18 mL of water. The reaction
was allowed to warm to rt and stirred for 2 h and partitioned between water and ethyl
acetate. The organic phase was washed with a saturated aqueous sodium chloride, dried
over sodium sulfate, filtered, and concentrated under re duced pressure. The residue was
triturated with hexanes to obtain 2 -cyclopropyl -5-((2-(trimethylsilyl) ethoxy )methyl) -5H-
pyrrolo[2,3 -b]pyrazine -7-carboxylic acid (0.70 g, 83 %) as a light yellow powder.LCMS

[M+H] = m/z 333.5
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Table 2: A-Series Chemical Compound Structure

Compound R, R,
Al UNC-BE4- /A
017 % Y‘Q‘
§—NH
A2 UNC-BE4-
oo | | Ko
4 —NH
A3 UNC-BE4-
0351
kY 3—NH
A4 UNC-BE4-
036-1 /@ \f"éC'H
k' %—NH
A5 UNC-BE4- /@ @
040
% —MNH 0—
A6 UNC-BE4- /A /
032 ”x 0
‘z{d-r-.lrl
A9 UNC-BE4- 0
o
o O
A1l UNC-BE4- o HN—
033 K/A 0
3—NH
A13 UNC-BE4- I
036 K/A 3N \,JG

1H NMR Characterization data of key A -series compounds:
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Al (UNC -BE4-017).
(S)2-cyclopropyl -N-(3,3-dimethylbutan -2-yl)-5H-pyrrolo[2,3 -b]pyrazine -7-
carboxamide (34 mg, 78 %):H NMR (400 MHz, DMSO-E+ A wy whl 8 Kk KwgpUOwh' AOw
8.25 (s, 1H), 8.14 (d, J = 9.4 Hz, 1H), 3.92 (dq, J = 9.4, 6.7 Hz, 1H), 2.34 (tt, J = 8.1, 4.8 Hz,
1H), 1.11 (d, J = 6.8 Hz, 4H), 1.09 0.91 (m, 12H).
A2 (UNC -BE4-018).
1H NMR (400 MHz, DMSO -E t AL@140ys, 1H), 8.39 (d, J = 11.0 Hz, 2H), 8.23 (s,
1H), 4.58 (s, 1H), 3.92 (dg, J = 8.8, 6.6 Hz, 1H), 2.31 (tt, J = 7.9, 5.1 Hz, 1H), £.2A.2 (m,
9H), 1.11¢ 1.00 (m, 4H).
A3 (UNC -BE4-0351).
1H NMR (400 MHz, DMSO -de& W whul 6 A Ww U O udbu(d,A=CB8u0 B, RHY, wgpU O why'
8.17¢ 8.10 (m, 2H), 7.60 7.52 (m, 2H), 7.52 7.44 (m, 1H), 3.98 (dgJ= 9.2, 6.7 Hz, 1H),
1.16 (d,J= 6.8 Hz, 3H), 1.00 (s, 9H).
A4 (UNC -BE4-036-1).
1H NMR (400 MHz, DMSO -de& wy whul 6 A + wepU Owh' A=CBUINZD M), wepU Owhy'
8.38 (s, 1H), 8.31 8.27 (m, 2H), 7.5% 7.44 (m, 3H), 4.73 (s, 1H), 4.04 3.94 (m, 1H), 1.27%
1.14 (m, 9H).
A5 (UNC -BE4-040).
'H NMR (400 MHz, DMSO -ds& wy whul 8 A NweU Owh' A=On6M3, YH),wgpU O why'

8.43 (s, 1H), 8.13 8.08 (m, 2H), 7.57¢ 7.42 (m, 3H), 7.32 (tJ= 7.9 Hz, 1H), 7.1%4 7.04 (m,
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2H), 6.89 (ddd, J= 8.2, 2.6, 0.9 Hz, 1H), 5.18 (8= 7.0 Hz, 1H), 3.73 (s, 3H), 1.58 (dl= 6.8
Hz, 3H).
A6 (UNC -BE4-032).
1H NMR (400 MHz, DMSO -de& W whul 6 k K wagU O whys, &), B.065(HJA wopU O why'
5.7 Hz, 1H), 3.44 (qJ= 6.2 Hz, 4H), 3.27 (s, 3H), 2.33 (tt]= 8.0, 4.8 Hz, 1H), 1.78 ()= 6.5
Hz, 2H), 1.11¢ 1.00 (m, 4H).
A9 (UNC -BE4-031).
1H NMR (400 MHz, DMSO -de& w whul 6 k vwgpU Owh' AOwWsd % wepU Oowh!
5.5 Hz, 4H), 3.23 (tJ= 5.1 Hz, 4H), 2.92 (s, 3H), 2.30 (tt]= 8.0, 4.9 Hz, 1H), 1.03 0.97 (m,
4H).
A1l (UNC-BE4-033).
1H NMR (400 MHz, DMSO -de& Wiy whul 6 k A w opld Q5uBzZ, ZH),18.285(3, A wpE O w
1H), 7.07 (q,J= 4.9 Hz, 1H), 3.76 (qJ= 6.2Hz, 2H), 3.28 (t,J= 6.3 Hz, 2H), 2.61 (dJ= 4.9
Hz, 3H), 2.30 (it,J= 8.2, 4.8 Hz, 1H), 1.18 1.13 (m, 2H), 1.03 (dtJ= 8.3,3.1 Hz, 2H).
A13 (UNC-BE4-036).
iH NMR (400 MHz, DMSO -ds& w % w2 344l dH), 8.31 (s, 1H), 8.13 (s, 1H),
3.67 (t,J=5.5, 3.8 Hz, 4H), 3.57 (tJ= 4.7 Hz, 4H), 2.29 (ttJ= 8.1, 4.8 Hz, 1H), 1.06 0.92
(m, 4H).

B-series: pyrrolopyrimidines
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The compounds in the pyrrolopyrimidine series (B -series) were synthesized as
EIl UEUDEI EwbOw? #PDUE QY Inyct &[E-@Erpheliv 4gOMODEEOwx UOI PO
pyrrolo[2,3 -d]pyrimidin -5-yl]benzonitrile (PF -06447475), a highly potent, selective, brain
x1 Ol UOUEOQUOWEOQEwWPOWYDYOWEEUDYI w+11*1 wOBOEUI wbOl

PMID: 2535365083].
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Figure 67: General Scheme of B-series chemistry

1H NMR Characterization data of key B -series compounds:

B1 (UNC-SOB-5-16)
Y w-, TweKYYw, ' Aa0w, | . # A wr WiHe) 1H)uWo@9 @756 O wA 8 WK |
1.53, 1H) 7.65 (dt,J= 7.74, 1.44 Hz, 1H), 7.59 (1] =7.63, H), 7.37 (s, 1H), 2.82 (s, 6H)

B2 (UNC-SOB-5-19)
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iH NMR (400 MHz, DMSO -dt A wy whul 6+ k wepUOwh' AwWd KFEwpU Owh'
7.9 Hz, 1H), 7.76 (d,J= 7.8 Hz, 1H), 7.70 (s, 1H), 7.67 (& 78 Hz, 1H), 3.47 (t,J= 4.51,
4H), 3.14 (t,J= 4.56, 4H).
B3 (UNC-SOB-5-17)
iH NMR (400 MHz, CDCIl & wy w WB=113.4up ELi) 17 .54 (dJ= 1.6 Hz, 1H), 7.44
(d, J= 3.3 Hz, 1H), 7.08 (dJ= 10.0 Hz, 1H), 3.97 (app dJ= 2.4 Hz, 3H), 2.99 (s, 3H)2.92
(s, 3H)
B4 (UNC-SOB-5-32)
1H NMR (700 MHz, DMSO -dt A wy whul 8 A wepUOwh' AOwWd t WwepUOwh
1H), 7.80 (d,J= 7.5 Hz, 1H), 7.69 (dJ= 7.4 Hz, 1H), 7.57 (s, 1H), 7.52 (1= 7.4 Hz, 1H),
7.37 (s, 1H), 3.42 (s, 4H), 3.14 (s, 4H)
B5 (UNC -SOB-5-33)
1H NMR (400 MHz, DMSO -dt A wy whuhud NNwopUOwh' AOWNBIBY wopU O wh
(m, 2H), 3.4% 3.42 (m, 4H), 3.2¢3.14 (m, 4H)
B6 (UNC-SOB-5-47)
Y w-, TweAYYw, ' Aa0w, | . # A28 (Ues), 6198 (P18 HZ, AOQwA S 1 A

1H), 6.93 (s, H), 6.76 (d,J= 7.9 Hz, 1H), 3.54 (s, 4H), 3.29 (s, 4H)
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FACS cell cycle analysis methods

Doxycycline was added to plates to induce shRNAs at final concentration of

0.25ug/mL for 96 hours, trypsinized and fixed with 70% ethanol. Cells were

resuspended in 800 uL of PBSBSA solution and 10 pL of 10 mg/mL RNase A

P31 1 UOO%PUI I Uw"E0ws w$- Ykt WAWPEUWEEEI EWEOEwWDOEU

incubation, propidium iodide (P1) (ThermoFisher Cat # P3566) was added to each tube

for a final concentration of 250 ug/mL. Cell solutions were transferred to 5 mL round

bottom polystyrene tubes and sorted based on Pl intensity using BD FACSCanto Flow

Cytometry System and BD FACSDiva software (BD Biosciences, Franklin Lakes, NJ.,

USA). FCSalyzer 0.9.22alpha free software (SourceForge, San Diego, CA., USA) was

then used for analysis of FACS data.

Primers
Table 3: Primers for sequencing and site directed mutagenesis

Name Sequence Description

sgSTK3seqF1 GCAATACACAAGGAATCC sequencing

sgSTK3seqR1 GCATGTCCTTCTGTATTGAGG primers for

sgSTK3seqF2 GGAATCCGGTCAAGTTGTCG ksr?fCE;St

sgSTK3seqR2 CCAGCCACTCCAAAATCTGC

FprimerK56R_STK3 | gaatccggtcaagttgtcgcaattagacaagtacctgt primers for

RprimerK56R_STK3 | cttaggccagttcaacagcgttaatctgttcatggaca mutéa_tri&r;s in

FprimerT180A_STK3 | cagatacaatggcaaaacgcaatgctgtaataggaactccat

RprimerT180A_STKS3 | atggagttcctattacagcattgcgttttgccattgtatctg

STK3_T180A segFl | GAAGACAGTTTGACTAAGCA sequencing

STK3_T180A seqRl | TGCTTAGTCAAACTGTCTTC Sgr}i(rgffl‘;O(;A
mutation
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Supplemental Results:

Figure 68 STK3/4 protein expression in LNCaP derived cell lines

Figure 69: Loss of STK4 in C4-2 spheroid model did not significantly slow
growth in any inducible shSTK4 cell line
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