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Abstract
Drug resistance has remained the Achilles' heel in cancer chemotherapy which serves as the
principal limiting factor in achieving favorable treatment outcomes in cancer patients. Drug
resistance thaxists even before drug exposure (intrinsic resistance) or resistance that develops
with the course of treatment (acquirésiiesponsible for therapy failure and clinical progression
(relapse or recurrence) in 90% of the cab#sapatient and intepaient tumoral heterogeneity
alsoplaya significant role intierapyresistance and failuges theygovern thereatmentesponse
Recent evidence indicates thia¢ underlying sulezellular molecular characteristics of the tumor
govern the heterogeneity imut) responseThe treatmentrefractory subpopulations of tumor
cells or cancer stetlike cells (CSCsharebelieved to drive drug resistance and disease relapse
in various cancersDue to theirquiescent naturenvhich allows them to escape conventional
thermpeutics, standard agefdd to improve longterm clinical outcomesignificantly. Thus,the
development of drug resistance and disease relapse in danmémarily attributed to the
treatmentrefractory subpopulations of tumor cells or cancer dikencells (CSCs) with
potential seHirenewal and differentiation capacitiddoreover, ssignificantlimitation of cancer
drug discovery is the low predictive value of fhre-clinical studies as they mostly ignore the
cellular heterogeneity and complexityhich resultedn extensive intefindividual variation in
responsedrug resistance, and delmiting toxicities. So, deciphering key features within
patient® underlyng tumor heterogeneity and personalized sensitivity to chemotherapy is
essential to predict the efficacy of anéincer drugs angreventdelaysin selectingmore

effective alternative strategies
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CHAPTER 1

Review ofLiterature: Drug Resistance in Cancer
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1.1 Cancer

Cancer is a group of diseases characterized by the uncontrolled proliferagiomoomalcells
in the body that arises due to the malignant transformation of normal cells and may remain
localized in a particular tissue or organ or can spread tuthiee part of the body (metastasig)

1.1.1Statistics

Cancer is the second leading cause of deathadS after cardiac diseaseith estimated
1,918,030 new cancer cased39 people per 100,000 peo@ed 609,360 deaths (46 people
per 100000 people)reported in 2023'°

Figure 1A: Estimated new cancer cases in the US, in 2022

New Cancer Cases in US, 2022

u Breast: 290,560

¥ Prostate: 268,490

“ Lung and bronchus: 236,740

Colon and rectum: 151,030

® Other: 971,210

Figure 1B: Estimated cancerrelated deaths incidence in the US, in 2022

Cancer Deaths in US, 2022

B Breast: 43,780
= Pancreas: 49,830
¥ Lung and bronchus: 130,180

Colon and rectum: 52,580

u Other: 332,990
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Globally, cancer is the second most common cause of deatltaftkovascular diseaseith

an estimated reportei®.3 million new caseand10 million cancer deathia 202058

Figure 2A: Estimated new cancer caseglobally in 2020

New Cancer Cases globally, 2020

i Breast: 22,61,419
Lung: 22,06,771
# Colon and rectum: 19,31,590
H Prostate: 14,14,259
® Stomach: 10,89,103
® Liver: 9,05,677
# Cervix uteri: 6,04,127

Other: 88,79,843

Figure 2B: Estimated cancerrelated deaths incidencelobally in 2020

Cancer Deaths globally, 2020

u Breast: 6,84,996
Lung: 17,96,144
® Colon and rectum: 9,35,173
B Oesophagus: 5,44,076
B Stomach: 7,68,793
H Liver: 8,30,180
= Pancreas: 4,66,003
Other: 39,32,768
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1.1.2 Molecular Mechanism of Cancer Development

Sustaining Proliferative Signaling: Cellsrequire growth factor signals through the surface
receptor(e.g., Epidermal growth factor (EGF)/ Epidermal growth factor receptor (EGFR)
they expresswhich then activate the intracellular signaling cascades and promote cell growth
and divisiont*°In normal cells, this process happens in a coordinated endhrougha
feedback mechanisfi.But cancer cells acquire the ability to grow and divide avithout
external growth signal&adingto the uncontrolled proliferation of the cells ahdformation

of mass or tumot? 12 It happens due to the mutat in the receptor genes that leads to the
constitutive activation of the signaling pathways that promote cell proliferatich as Akt,
MAPK/ERK, and mTOR®1314

I. Evading Growth Suppressors The cellcycle that leads the cell divisiomatightly regulated

event controlled through several signaling pathways and checkff@mbh{greventhe division

of cells with damaged DNA and indusenescence or apoptasis®®Cyclin andCyclin-
dependenkinases (CDKSs) are the regulatory proteins that control the checkpoint for the next
phase of the cell cycle. Angirowth factors such as TP53osphatase and tensin homolog
(PTEN), andRetinoblastomarotein (Rb) are the proteins that inhibit cell growtthensure

cel | di vi si on doe$"®doweverpin tancerucells, this celgutatory e d
mechanism gets disrupted as the expressions of thesgranth factors get suppressed due

to lossof-function mutation or deletion of the geraad cancer dks stop responding to the

growth-inhibitory signals from the growth suppressbf$2?

Activating Invasion and Metastasis:Cancer cells spread to the tissues and organs beyond
their site of origin and form new tumors (secondary and tersiéeg). This proces&known

as metastasisnvolvesinvasion, intravasation, and extravasafiéfi?* Invasion is where the

cancer cells detach from the original site, extend to the adjacent tissues, and penetrate that

space by breaching the extraceadiumatrix (ECM)¥ 2° In this stepthetumor cell undergoes
epithelial to mesenchymal transition (EMT) by devegulatingepithelial proteins such as E
cadherinan upregulation of mesenchymal proteins such-aadtherin and vimentjrwhich
causes los®f polarity and enable them to migrate fre&y*2%27 This is followed by
intravasationwhere the cancer cells migrate through the blood vessels to the newhsite.
cancer cells integrate with the new site's tissues in the metastasis’p#ases step involves
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Vi.

the Mesenchymal to Epithelial transition (MEWhere the cells revert to epithelial cells and

form tumors?°-3°

.Enabling replicative mortality: Normal cells have limited replicative potentiavhich

means they can grow and divide onljimaited number of timesafter which they undergo
programmed cell death or apoptosts.On the other hand, cancer cells acquire genetic
mutations that enable them to replicatednmdefinite number of times arelade apoptotic
signalst*? The probable mechanism involves mainitagrthe telomere's length by increasing
the telomerase's expression throughregulation of oncoproteinsd de-differentiated to the
stemlike phenotype in response to the signalraghway such as Hippo aiWdn t -Catenin

which are found to be frequently ovexpressed in canceells!31:333%

. Inducing angiogenesisAngiogenesis refers to the formation of new blood vedsmis pre

existing blood vessef$® Hypoxic core othe tumor mass leads to the stabilized expression
of hypoxiainducible factorl (HIF-1), which is a transcription factor and induces the
expression ofytokines such agascular endothelial growth factor (VEGHiproblast growth
factor (bFGF), or platetederived growth factor (PDGMhich are found to be ovaxpressed

in cancer cell$”* They stimulate endothelial cells to promote angiogenesis which plays an
essentiatole in tumor growth? In normal cells, angiogenesis is a tightly regulatedgss'®

On the other hand, tumor cells remain dorm@artbengni f t hey daoadéquater ecei v
supply of blood and nutrientéctivation of the angiogenic switch which is the imbalance
betweenstimulatory and inhibitory factorspromotesnew blood and lymphatic vessel
formation This vascular networ&llowstheadequate qply of nutrients and oxygersawell
astheremoval ofmetabolic wastgvhichleads to the sustained growth of the tumor ¢éfts.

Resisting cell death:Normal cells have limited replicative potentiafter which they
undergo programmed celleath known as apoptosmhich causes nuclear condensation,
cellular shrinkaggand ultimatelytheformation of apoptotic bodi€s*? Apoptosis is mediated

by two factors: regulators present on the cell surface and receive death stimuli ( intbase of
extrinsic pathwayof apoptosis)and effectors such &3aspase3, caspas®, and caspaseé

that execute the action of apoptd®ié® In the intrinsic pathway of apoptosishe balance
between preapoptotic (Bax, Bad, Bik, Bim, Bjetc.) and antapoptotic (Bcl2, BckxL, Mcl-

DBck2 family of proteins i s*%Innormalaels,follawing det er n
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cytotoxic or genotoxic stresguch as DNA damage), the apoptotic pathway gets actjvated

which leads to cell deatff. But in cancer cells, the hypoxic stress, genomic instabditg,

oncogenic stress fail to trigger the apoptotic pathway due to defects DNthAedamage

sensing mechanism or alteration in the proteins involved in apoptd&isancer cells are

characterized by overxpression of the artipoptotic proteins and dowmegulation of po-

apoptotic proteirs that prevent the induction of apoptogwents’*4°4° Apart from that,

reduced expression of p53 due to to$dunction mutation and deletion, which functions as

an apoptosis gatekeepday regulating the cellular response to DNA damage and other

genomic aberrationslso leads to the inhiiion of apoptosis®>?

1.1.3Treatment>%>4

1.
2.

Surgery
Radiation therapy

Chemotherapy: Alkylating agents, Antimetabolites, Amntimor antibiotics,
Topoisomerase inhibitors, Mitotic inhibitors, Plant alkaloids, Corticosteroids

Immunotherapy: CAR-T therapy, monoclonal antibodié®Abs), immune checkpoint

inhibitors immunomodulatory drugs

Hormone therapy. Aromatase inhibitorsandrogen deprivation therapyndrogen

blockers, antiestrogens, LHRH agonists
Targeted drug therapy: Proteasome inhibitors, Bruton Tyrosine Kinase Inhibitors

Bone marrow transplant
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1.2 Drug Resistance in Cancer

1.2.1 Drug resistance incancer is responsiblgor recurrence or relapse

Despite significant advancements and clinical success achieved by the classical
chemotherapeutic drugs and novel targeted drugs, resistance against them remains the major
impediment in cancer therapi®®®’ Drug resistance in cancer patients poses a significant
clinical challenge to the clinical success of the treatment regimkeere it accounts for almost

90% of the cases of morbidities due to treatment failure and clinical progre$sion.

Table 1 RecurrenceStatisticsof Different Cancers

Cancer Type Recurrence Rate
Bladdef® 50% after cystectomy
30% overall
Breasf®¢! _ _ _
5% to 9% with letrozole or placebo duriagnedianof 10.6 years
Colorectaf? 17% after curative surgical resection with microscopically clear margir]
Glioblastom&® Nearly 100%

After intensified, splitcourse hypekrfractionatedmultiagent
chemoradiotherapy:

Head and neck, stage %/ _

17%, locoregional

22% distant

Hodakin | homs. 10% to 13% after primary treatment
odgkin lymphomer: _
20% to 50% after secorihe treatment

Lymphoma, DLBCI®” 30% to 40%
Lymphoma, PTCE® 75%
15% to 41%, depending dhe stage
Melanom&® .
87%, metastatic disease
26% after curative surgery
NSCLCo™ ) .
27% after chemoradiotherapy for locally advanced disease
11%12% local recurrence
Osteosarconfa

5%-45% metastasis

Ovariar® 85%

36% within 1 year after curative surgery

Pancreas:™® 38% local recurrence after adjuvant chemotherapy

46% distant metastasis after adjuvant chemotherapy

Prostaté® After prostatectomy at 10 years:
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24% lowrisk disease
40% intermediateisk disease
48% of high-risk disease

] 50% after adjuvant chemotherapy
Soft tissue sarcoma

Nearly 100%of advanced disease

Cancer drug resistance is a miittceted phenomenon that renders the cancer cells insensitive
to pharmaceutical perturbations that ultimately cause therapy faildoancer relaps&.Cancer

cells can evade the cytotoxic effects of the drug bpttgisic and/or acquired ability and regrow

the tumor which is referred to aa relapse’® The significantdrivers behind this phenomenon

are alteration of the drug target and the downstream signaling pathway (for e.g., point mutation,
chromosomal trasiocation),the enhanced expression level of drug efflux molecules such as
transmembrane transporters (ABC transporter superfgnmggludion in intracellular drug
accumulation, oveactivation of the DNA damage repair pathway, inhibition of the apoptotic
pathway, Intraumoral heterogeneity such as genetic, temporal, metabolic and spatial
(distribution of cancer cells, stromal celend immune cells)the chemoprotective effect of

tumor microenvironmer:>6:79

1.2.2 Types of cancer drugresistance
There are two different mechanisms cancer cells become resistant to chemotherapy: Innate

resistance and Emerging/ acquired resistahée.

i. Innate resistance Innate resistance is the resistatiw@tis already present in the patient even
before the first exposure to the drug and reduces its clinical effilatyhis type of resistance
may develop due to the presenceagdmall subpopulation of cells that are insensitive to the

standarebf-care teatment due to the presencefagenetic mutatiori®8?

il. Acquired resistance:Acquired or Emerging resistanisethe type of resistance that develops
after the initial exposure to the drug or over the course of the treatmcih gradually reduces
its clinical efficacy’®8%82Activation of alternative pathways suchtas genetic mutation that
alters the drug target or its activation level, activation of the secondary@rotgenes, driver
mutation expression, interaction with the tumor mick@mment such as bomearrow stromal
cells, immune cells (NK cells, macrophagélsgdominance of resistant suthonesis the major

reasons behind the emergence of this type of resistait¥.
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1.2.3 Driving factors behind drug resistance in cancer

a.ntra -tumoral heterogeneity. Intratumoral heterogeneity refers to the presence of distinct
subpopulatiosof cancer cells with different molecular and histopathological profiles within a
single tumor speciméeit:®®This plays a significant role in thgrautic resistance and treatment
failure, leadingto relapse and disease progression with poor progregs®rand overall
survival®®®’ The mosaic nature contributes to the spatial variation in drug sensitivity due to
the different expression lesedf target molecules through clonal evoluti@md intratumor
heterogeneity due to the presence of treatmefnactory subpopulations or cancer stige
cells leads towards drug resistance and disease réfafissinglecell RNA sequencing is an

effedive approach to capting this cellular landscap®.

b. Tumor microenvironment (TME): The umor microenvironment is the complex and
dynamic ecosystem that is present around the tumor cells within thép8dly.addition to
the tumor cells, the compent of TME includes extraellular matrix/ ECM (collagen,
fibronectin, hyaluronan, laminjnstromal cellgfibroblasts, endothelial cells), immune cells
(microglia, macrophages, dendritic cells, NK cells, lymphocyfe¥)Crosstalk between
TME and tle malignant cells promotes tumor growth, invasion, and metastasis with poor
clinical outcomes$®?> TME interacts with the tumor cells through a complex network that
includes i) ECMmediated celtell interactionii) interaction through soluble mediators such
as cytokines, chemokines, growth factongtrix modulating enzymesi) interactions through
vesicles such asirculating tumor cells (CTCs), exosomes, fate DNA (cfDNA),%%:9496
Together all thesefactors create a safe environment for the malignant cells to evade the
therapyinduced apoptosis and provide further oncogenic cues that ultimatelyoléael de

novo drug resistance development

c.Cancer stem cellsCancerstem cellsare a smalsubpopuléion of sel-renewing cancetells
that function as tumeinitiating cellsand drive chemaesistancetherapy failureand dsease
progressiori®9”:%They have high tumorigenic potentials and are characterized by the over
expression oATP-binding casette (ABC) transporters family of membrane proteins that

serve as the drugfflux pump to nullify the effect of the drugé>®
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d. Multidrug resistance (MDR): Activation of efflux drug transporters such@sssical MDR
(P-glycoprotein) anchonPgp MDR (MRP) which prevents the accumulation of the drug
inside the cells by pumping it o(#.

1.3 Types of cancer
Cancers are of two types:

I.  Solid tumor or organ tumor

li.  Liquid tumor or blood cancer, or hematological malignancies

1.3.1Hematological Malignancies

Hematological malignancy is the neoplastic disease of hematopoietic, tsssae asbone
marrowand lymphoid tissue dslood-forming cells(T cells, B cells, and natural killer celf$°

It accounts for almost 10% of all new cancer cases in the USearty 6% globally in 2021

with a total estimated case of >1.2 million and death cases of >700,000 (7% of all cancer

deaths).0%:192

There arefour main types of hematological malignancies: Leukemia, Lymphoma, Multiple
myeloma, and others that include Myelodysplastic syndrdfie¥.

30|Page



Figure 3. Classification of Hematological Malignancie¥®

‘ Hematological Malignancies ‘

Multiple Myeloma

Origin: Plasma cells

Lymphoma

Origin: Lymph-node

Acute Leukemia

. Acute Lymphoblastic

Leukemi: 2. Lymph -rich Hodgkin’
sukemia Lymphg;);lc L e = Essential Primary -
. Acute Myelogenous — yop Thrombocythemia
Leukemia 3. Mixed Cellularity Hodgkin’s = Myelofibrosis
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. 3. Systemic Mastocytosis
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Chronic Leukemia 5. Nodular sclerosing lymphoma

. Chronic Lymphocytic
Leukemia

. Chronic Myelogenous

Hodgkin’s Lymphoma
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Lymphoma
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2. Myeloproliferative neoplasia

= Polycythemia Vera

—

Non-Hodgkin’s Lymphoma

. B-cell Lymphoma

Leukemia =Diffuse large B-cell Lymphoma
=Burkitt’s Lymphoma
=Follicular Lymphoma

Other —

. Hairy Cell Leukemia

. Chronic Myelomonocytic
Leukemia

. Juvenile Myelomonocytic
leukemia

2.
3.

=Mantle Cell Lymphoma

=Primary mediastinal B-cell Lymphoma

=Walden macroglobulinemia
T-cell Lymphoma
Small Lymphocytic Lymphoma
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1.3.1.1Hematopoiesis

Hematopoiesis is the process of the formation of a wide variety of blood cells. Hematopoiesis
during the early stages of embryogenesis occurs in the yolk sac and subsequently in'flie liver.
During the & to 7" month of gestation, it primarily occuits the spleen angust before birth

shifts to the marrow cavit}’"1%In adults, hematopoiesis occurs in the borarow, which is

the soft, spongy, gelatinous tissue found in the hollow spaces in the medullary cavities (centers)

of the bong 2108

This process begins with the pluripotent hematopoietic stem cells (HSCs) in the specialized bone
marrow regions called niches. As they divide, they give rise to multipotent HSCs that can become
any type of blood cell as regulated by grovidltors and other mediatoi¥:1%¢1°HSCs are
capable of selfenewal through asymmetric cell divisiowhere some of the daughter cells
remain as HSCs to maintain the poahd the other daughters become progenitor t€lls.
Progenitor cells are ¢hmultipotent cells that follow either Lymphoid or Myeloid lineage
commitmentand differentiate into more specialized or matwm®od cellsi*®1° Common
lymphoid progenitor cells give rise to lymphocytes (T cell, B cell, NK cellai common
myeloid ells generate monocytes, macrophages, neutrophils, basophils, eosinophils,

erythrocytes, and megakaryocytes to plateféts.
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Figure 4. Hematopoiesis
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1.3.1.2 B-cell malignancies

B-cell malignancies are a group of cancers tedifth most common cancerghich include

B-cell lymphoma, Bcell leukemia, and plasma cell dyscrasias (Multiple MyelothaJhey

arise from different stages of&Il development and differentiatiofiheyare characterized by
intracand interpatientheterogeneity that dictates the clinical progression of the disease and the
treatment outcom&! Despite the high number of approved therapies, primary and acquired
therapeutic resistance poses significant challengemanagingB-cell malignancies!? 13
Especially when they progress to the resistant or refractory disease state, theydesthadi

clinical prognosis and poor survival ratgith limited or no therapeutic optiof$-112

Thus, it demanda continuous expansion of thieerapeutic arsenal for the clinical management

of B-cell malignancies.

1.3.1.3 B-cell development and differentiation

The B-cell development and maturation process mainly ingtlie generation of the-Bell
receptor (BCR) with a diverse repertoire to figgammst a wide array of antigens which is the
cornerstone of adaptive immunity# 116 This is achieved through V(D)J recombination eyent
which gives rise to a fully functional antibody that contains two light chains and two heavy
chains throughthe randbm assembly. Each light chain contains variable (V), joiningafd
constant NAIVE gene segmentd each heavy chain consists of variable (V), diversity (D),
joining (J) and constant NAIVE gene segmehts!!’It starts in multipotent progenitor ks

which migrate to the bonmarrow and receive the signals (CXCL12) from the bovagrow
stromal cells (BMSC) that binds to the chemokine receptor 4 (CXCR4) expressed on its
surfacet!® MPP then transformed into (lymphocyte primed multilineage progenitors (LMPP) by
expressing=LT-3, which interacts with thé&LT-3 ligand present on the BMSC that turn,
induces the synthesis of 4L receptor (I7R)!® LMPP then become Common lympHoi
progenitor cells (CLP) committed to the development of cells-célBlineage by receiving the
signals such as Cytokines i) that leads to the owexpression of McllL and eMyc.'® In
CD34" CLP, this cytokine signaling induces the terminal deoxleutidyl transferase (TdT) and
recombinase activating genes 1 and 2 (RA& RAG-2) to join the immunoglobulin heavy
chain (IgH) to the BJ gene segment (DH) and becomes RRro B-cells They express CD45
which is a Bcell lineagespecificmarker!+18119 This receptor complex also contains the signal
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transduction component of BCR-l4 ( CD 7 9 ab) (athDian@thgpreBCR mediated
signaling cascade &ssentiafor the development of the-8ell.12° Upon antigen engagement, Ig
U1l g b tseeowdstream signal through the phosphorylation of the Immunoreceptor
Tyrosine Activation Motifs (ITAMs) that reduce the expression of RKKGand form large pre

B cells that are rapidly proliferating in naturé. In non-dividing small PreB cells, light chain

(1 gal | ga) r ear r alwihelLnoleam)toscur fojlowingnr@xpression bf thy
RAG 1/ 2, which is also accompanied by the expression of p cH&ii® Following this, the

light chain and heavy chain combine to express compigdte BCR on immature Bcell
membrans!**When these immature naivedglls leavehebonemarrow, they start expressing
IgD on their surfacewhich helps them to avoid binding with the salfitigen They are now
called mature naive-Bells,capable of evoking immunogenic response against exposure to the
foreign pathogef!4122

This thesis will discuss two types ofd&ll malignancies:
1) Multiple Myeloma: Malignancy of the posgerminal center RBells or plasma celf$?

2) Mantle Cell Lymphoma: Malignancy of the PrgerminalB cells 124
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1.4 Multiple Myeloma

1.4.1 What is Multiple Myeloma?

Multiple Myeloma (MM) is an incurablegagedependent, posierminal centederived B cells

or plasma cells neoplasm characterized by abnormal monoclonal proliferation and accumulation
of malignantcloneswithin the bonemarrow crowdng out the normalhealthy plasma cells.
125,126

The termirally differentiated clonal plasma cells or B cells usually protect our body against
foreign pathogens by producing antibodies. But, when they become malignant, the clonally
expanded plasma cells secrateexcess amount of a specific isotype of monoclpnatein (M

protein or pargrotein or Mspike) such as heavy chain (IgG/IgA/IgD) or light chain
(kappa/lambda) immunoglobulin whicghnonfunctional and may result in poor immunity, renal
failure, hypercalcemia, owhickening of the blood, bone lesiornhirombocytopenia, and

anemiat?’

1.4.2Statistics

This is the second most prevalent hematological malignancy (1#)34,470 estimated new
cases (1.8% of all new cases) & 12 ¥d&timates deaths (2.1% of all cancer deathf)etdSA

in 2022. The typical survival without treatmenses/enmonths while with current herapis, it

is 45 yearswith a 5year survival rate of 57.9%. The lifetime risk of getting myeloma is 1 in
132 (0.76%)128:129

1.4.3 Symptoms and Diagnosis
Common symptoms of Multiple myeloma are tern@®&AB, which stands for C = Calcium
(elevated) hypercalcemia, R = Renal failure, A = AnemaadB = Bone lesions$?’

1.4.4 Diagnostic tests for Multiple Myéoma

a) Complete blood count test

b) Blood chemistry tests: Creatinine, Albumin, Calcium levels, lactic dehydrogenase (LDH),

immunoglobulins level (IgA, IgD, IgE, IgG, and IgM)
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c) Electrophoresis to detect abnormal monoclonal antibodysple/ paraprotein and light

chain of antibody/ Bence Jones protein in serum and,ugspectively.

d) Bone marrow biopsy: Immunohistochemistry, Flow cytometry, Cytogenetics, Fluorescent in
situ hybridization (FISH)

1.4.5 Current Treatment Strategies
a. Radiation Therapy: Targeting cancer cells with higgnergy Xrays or proton beam is a

treatment option for the localized disease state.

b. Immunotherapy: Immunotherapy stimulatdkeb o dy 6 s own system to rec
the malignant cellswhich otherwise evad the immune attack by producing certain
proteins!*® Example of sucha drug is Teclistamab (Tecvayli) which is a Bispecific T cell
engager (BiTE)one part of thigs attachedo the T-cells whereas the other part binds the
BCMA protein on myeloma cells which then stimutatke T-cells to attack the myeloma

cells13!

Monoclonal antibodies (mAbs) such as Daratumumab (Darzalex) are another type of
immunotherapy where they bind with the CD38 transmembrane glycoprotein highly
expressed in myeloma celland induce apoptosis via antibedgpendent cellular

cytotoxicity (ADCC), complementiependent cytotoxicity (CDC§?

Elotuzumab (Empliciti) is another mAb that attachesSignaling lymphocytic activation

molecule F7 (SLAMF7), a cell surface glycoprotein expressed in myeloma cells and activates

NK cell s medi at ed myel oma <cel |l killing and
(ADCC).1%

c. Chemotherapy: Cyclophosphamide (Ggxan), Etoposide (VR6), Doxorubicin

(Adriamycin), Liposomal doxorubicin (Doxil), Melphalan, Bendamustine (Treanda).

d. Steroids: Corticosteroids, such as dexamethasone and prednigoiuee inflammation by
inhibiting proinflammatory cytokines (It6) andnuclear factor kappa B (N& B. Yhey also

modulate the immune cells to fight against cancer cells.
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1.4.6 Relapsed Refractory MM (RRMM)

According to the International Myeloma Working Group (IMWG) guidelines, Relapsed and
Refractory MultipleMyeloma is defined as the disease state that shows clinical signs (increase
in M-protein level, one or more CRAB symptoms) of recurrence after initial response and
becomes unresponsive or shows clinical progression while on treatment or within 60 days of

most recent treatment where patient showed at least minimal respbhise.

1.4.7 Mutational landscape of RRMM

MM is a highly heterogesous disease at the cytogenetic and moleculardeVhkere is mult

step genetic (somatic mutationguantitative and qualitative chromosomal aberrations),
epigenetic and micrenvironmental transformation involved behind the development and
progression from normal plasma cells to monoclonal gammopathy of undetermined significance
(MGUS), Smoldering MM, ymptomatic MM and aggressive exirgedullary disease including
plasma cell leukemi&®®’ There are at least 12 different molecular -gyies of multiple
myeloma with unique clinical and pathological features and varying degrees of response toward
thetreatment®139ack of identifiable universal driver mutation, infpatient & interpatient
heterogeneity at the clonal and stibnal level associated with disease progression increase its
complexity. Due to the heterogaus nature of this diseasstandard therapeutic strategy yields
variable response and treatment outcome that is observed across patient populations. Rather than
usi ng a 0 odGuagproach, pharmdcogensmigaided precision medicine holds great
potential to increase thegoeutic efficacy and reduce side effects by pairing the right patients with
the right mediatiors based on their genetic architecture. Somatic mutatidmsh affect the
cellular function of many genes involved in many critical molecular pathways, hameshewn

to be a driving factor behind the development of Multiple myeloma and significantly influence
the treatment outcome and survival of the pati&it¥Molecular profiling of the individual

MM patients by the high throughput omics technolo@g lnext generation sequenciagable

the clinicians to identify somatic mutations associated with clinical and prognostic features like
drug response, drug resistance, drug toxicity, overall sunaval progressicifree survival.

This is particularly udel in identifying the actionable mutations in individual patients and
desigrnng the treatment strategy accordingly to correct the abnormal gene functions to improve

the therapeutic efficacgndquality of life.
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1.4.8 Mutation profile of RRMM

Various studies have reported that mutational profile has a strong influence on the treatment

outcome of multiple myeloma @ble 3.142

The frequency of mutation in genes involvedhia RAS/RAF pathways very high especially
in newly diagnosed MM. &ients harboring RAS mutations have high2rmicro-globulin
levels andarecharacterized by enhanced activatioth&MAPK pathway, shorter survivaand
aggressive phenotypascompared to the wild type of RAS patients but phase 1ll Myeloma XI

trialdi d n 6t frielation batween RAS mutation aadvers outcomel43144

Mutation in codons 12, 1and 61 of KRAS and NRAS has been reporfdte low abundance
of RAS mutation in MGUS as compared to MM indicates that RAS mutation éssential
factor behindhetransformation from MGUS to MM#3

N-RAS is highly mutated in RRMM. In singl@gent Brtezomibtreated patients but not in high
dose dexamethasofieated patients, {RAS mutation is associated with reduced drug
sensitivity, shorter TTP, higher chances of relapse, lower responsearateprogressicfree
survival. KRAS mutated patients have shown poor survival. KRA@nutation is associated
with ERK activation 43145

MEK inhibitor Trametinib has shown moderate resgoogerall with few cases of remissions)
and has shown to be effective in overcoming paradoxical activatitve BITAPK pathway. The
Arkansas group, in a retrospective study, demonstratethat in patients harboring both RAS
and RAF mutation, combinatigdherapy of BRAF inhibitor and MEK inhibitor could enhance
the partial response ratt.

BRAFV8°°Emuytation constitutively activatése MEK-ERK pathway. Studies have reported that
BRAF mutation in MM is characterized by aggressiveness, extrameddikegse shorter
Progressioffree survival (PFS)and Overall survival (OSY® Dabrafenib and Vemurafenib
have shown antiumor activity in BRAF mutated cells where they block the kinase activity of
BRAF. Inactivating BRAF mutatissuch as BRAP®**Nmay activate MEKERK signaling by
heterodimerization with RAF. In mutated BRAFEE cells, NRAS mutations (NRAS?A)
have been shown to confer resistattoeemurafenibwhich is a major concern for usingm®AF

inhibitors as monotherapy since MM patientay harbor suglonal RAS mutation in BRAF
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mutated tumot*3144146A recent case study has depicted this scenario whe@reteasome
inhibitor was used to overcome Vemurafenib resistaficEhus, combination therapy is ideal

for patientswith mutatonal heterogeneity at the sglonal level.

Del(17p) mutated cells have shown enhanced sensitivity towards Panobinostat and BCL2/ BCL
xL inhibitor Navitoclax but BCL2 inhibitor Venetoclax hatewer effects on them? This
observation is useful in determininige treatment regimen for the relapsed del(17p) patients
Venetoclax has shown to be effective in combination with bortezomib and dexamethasone
where it achieved significantly improvedoverall response rate inl ayroups. Venetoclax
treatment increasgwxogressiorree survival and overall response rate in patients with high
BCL2 expression in t (11;14) mutated patserifombination therapy with Venetoclax and

dexamethasone has yielded positive results in t 4} Bad del17g#>149

Although FGFR3 and MMSET owvaxpression is observed in t (4;14) mutated cells, the cells
di dndt show significant $%4isstead,Historte demetiylasa r d s
inhibitor GSK-4j showed potential therapriefficacy by inhibiting the demethylation on lysine
27 trimethylation on histone H3 (H3K27me3) by JMJD3/ KDM6Bt (4;14) cells also
showed sensitivity towards Pomalidomide, Linsitinib, dual PIBROR inhibitors but not
towards Navitoclax®! An activating p.Arg248Cys mutation and an activating +#sdugh stop

lost mutation *809Cys46 lva been identified in MM patients. K650E, G384indY377C are

the activating mutations in FGFR3 that confers resistance againgtGRR3 antibody PRO
011 n MM cell lines A recent study hashown that dexamethasone could sensitize NRAS
mutant cell lines to FGFR3 inhibition by FGFR3 inhibitor, BIBF 18%>?FGFRspecific
tyrosine kinase inhibitor SU5402 hdemonstratedensitivity in FGFR3 activatingutation
carrying cells and resistance in cells with no FGFR3 expressfon.

Mutations in Epigenetic modifier Do not affecPFS but significantly reduce G%&:14°

p. Argl32His is an activating mutation found in 1 MM patssantd providesa druggable site
which isvital in MM therapy. AG120 and AG221 are the drugs under clinical trial for treating
patients with IDH1 and IDH2 activating mutations#®

TP53 gene is recurrently mutated in MM asdignificantly associated witshorter relapséee
survival and higkrisk patient cohort. A patient harboring 7181C>T (S2394L) ATM mutation
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has shown poor response toward melphalan and died sikenonths of diagnosis. IM&G/CG

mutation is a splice site mutation associated withr peatment outconse'#2:145153

CCND1 is significantly mutated ithet (11;14) subgroupwhere it is associated with lowered
OS and poor prognostic value. ggulated expression of CCND1 due to juxtaposition with
IGH enhancer can be inhibited by CDK4/6 inhibitor Palbociclib is an attractive therapeutic

approach in MM5:154

Mutation in GRBN is linked with Immunomodulatory Drug (IMiD) resistance like p.Asn316Lys
carrying patierg are unresponsive to IMiD therapg@UL4B mutation is also associated with
IMID resistance. DDB1 mutatio(Ala971Asp affects its binding with CUL4A, thus impéaig

its function which leads to IMiD and steroid resistant®.

Mutation in PTPN11/SHR at Gly503Arg, a gene associated with drug resistance in ¢ancer
leads to the activation dhe MAPK pathway. A potent and selective inhibitor @93 is ina

preclinical trial1>2

A tumor suppressor gene SP140 has been found to be frequently mutated in Multiple myeloma
which hasasignificant effect on the MM prognosis. Inactivating mutations (2 frameshiie
nonsensegne splice site and one missense) in this top driver geneeli@een reported to be
associated witlan increasd risk of relapse. The role of two truncating mutasionArg576*

and p.Glu75*and one missense mutatjgnGlu856Ly are yet to be known. PRDML1 is another
highly mutated gene found in myeloma patients. Mutation in this gene has been associated with
favorable outconge!40:145154

1.4.9 Multiple Myeloma Mutation Panel (M3P) panel

Targeted sequencing of untreated and nurltig refractory patients (treated WwitMiD,
Proteasome Inhibitors) using M3Rhich consists of genes known to be frequently mutated in
MM, genes which are associated with therapy and its outcomes revealed thaERAEK
pathway, NFKB pathway and Cyclin D pathway are the most frequently rredgpathway in
MM. Mutations in genes involved in CCND1 and DNA repair patrsilikg TP53, ATM, ATR,

and ZNFHX4 have negative impact on survivdiut IRF4 and EGR1 mutations favor &31°¢

The top 10 recurrently detected rgynonymous mutations weelkKRASQ61H, NRASQ61R,
NRASQ61K, BRAFV600E, KRASG12D/G12V, NRASG13D, NRASG13R/Q61H and
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KRASG12A. In addition, the study has found a total of 10 patients carrying eight individual
types of BRAFnorV600E mutations within the kinase domain (CR3), includingvipresly

reported inactivating mutations G466V (n=1), G469E (1), D594A (1), D594G (2) and D594N
(2), as well as activating mutations G469R (1), K601E (1); and one mutation with unknown

function N581 155156

Table 2 Clinically relevant mutations observed in RRMM patients>¥ 157

Gene Mutation Clinical Significance
K-RAS KRASQ61H KRASG12A high-risk MM, including del17phas less frequency and relatively more
KRASG12D/G12V relapsed MM.
N-RAS NRASQ61RNRASQ61K high-risk MM, including dell17phas less frequency and relatively more in
NRASG13D, NRASG13R/Q61H relapsed MM
B-RAF V600E Activating mutation, druggable site
Gly466Val Paradoxically activate MAPK pathway viafRAF
P53 Lys132Asn Associated with impaired evefree survival & overall survival (OS) in negtel
Met237Ile cohorts
DIS3 Arg418Gly Exclusively presentin t (4;14) & t (11;14) patients
Arg780Thr Causes significant aberration in exoribonucleolytic activity
FAM46C 1e276Thr
Lys89Asn Len refractory
IRF4 Lys123Arg Responsive tthedoseadapted treatment of Len & Dexamethasone
Gly43Ser Affecting the CRBN pathway; Associated with IMiD resistance
Asn316Lys Len refractory
CRBN lle393Metfs*10 ImpairedCRBN-IMiD binding
Asn316Lys IMID resistance
IKZF3 Gly191Arg Len resistant
XBP1 Glu99Lys Bz refractory
NR3C1 Lys772Asn Steroid Drug resistance
cuL4B Asp426Gly Affecting the CRBN pathway; Associated with IMiD resistance
DDB1 Ala971Asp Affecting the CRBNpathway; Associated with IMiD resistance
FGFR3 Arg248Cys Activating mutation
*809Cys Activating readthrough stoplost mutation
IDH1 Arg132His Activating mutation; druggable target
RASA2 Activates MAPK pathway
PTPN11 Gly503Arg Acquiredresistance to targeted therapy
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1.4.10 RRMM treatment
FDA-approved therapy for RRMM includes proteasome inhibitors (Pl) such as Velcade
(Bortezomib), Kyprolis Carfilzomib), and Ninlarolkazomib) Immunomodulatory drugs such

asthalidomide, lenalidomide, and pomalidomid&

1.4.11 Proteasome Inhibitor (PI)

Proteasome inhibitors are the class of drug that inhibits the activity of the enzyme complexes
called proteasomethereby preventing ubiquitiproteasome pathwayediated degradation of

the proteint®1%° The proteasomal system, present in both normal and cancer cells, is a
proteolytic pathway for intracellular protein degradation to control cellular protein
turnover®1:162|t plays a pivotal role in maintaining cellular homeostasis by breaking down
damaged and unwanted proteins as well as undamaged proteins marked withilgEquitiyn

chain to small peptidgeswhich is critical for proper cellular functionin§®? Aberrant
proteasomealependent proteolysis essentiapro-apoptotic and celtycle regulatory proteins

such as p53, p2hnd p27 as well as activation of the oncogenic signaling pathway nuclear
factor kappaB (NF-a B) by p-mediatedadegy in@t i on of | tasbeann hi bi t
observed in many cancef8-1%?Proteasome inhibitor induces unfolded protein response (UPR)
by blocking the degradation of the misfolded proteins and activating the ER 8tré8s.

ProlongedER stressleadst pr ogr ammed cel |l death by activat.i

| RE1U s,ang naapadse pathway.

1.4.11.1FDA-Approved Proteasome Inhibitor (PI) for RRMM management

Bortezomib: Bortezomib/ Velcade is a firgh-class proteasome inhibitor. It is a dipeptide
boronic acid derivative approved initially for the treatment of multiple myeloma. It has been
approved by the FDA for the treatment of R/R MCL based on the data obtained fromakesults
the landmark PINNACLErial where single agent Bortezomib treatment provialedxtended

period of durable and complete drug response as measurethégian duration of response
(DOR), Median time to progression (TTP) and Median time to next therapy (TTNT) which were
9.2 months12.4 months, 14.3 months respectively in responding patients. It was also associated
with remarlable survival in patients with relapsed or refractory MCL as measured by overall
survival (OS)which was 35.4 month'§3
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Mechanism of Action of Bortezomib

Bortezomib specifically inhibits the ATFRdependent chymotryptic activity of the 26S
proteasome through r-subunit(BSMB%) ef thb ROS dnultatglytict o t h e
protease cor®® Bortezomib has thus been shown to interfere with tumotastesis and
angiogenesis by accelerating unfolded protein response {UPRjuitin-dependent proteolysis

of critical regulatory proteins involved in key physiological and pathophysiological cellular
processes in cancer celfd That leads to the disption of cellular homeostasishich ultimately

activates the apoptosis pathwdyBortezomib also inhibits proteasomeediated degradation

of key preapoptotic proteinswhich eventudly leads to the cell cycle arrest during the NG

phase and interfes with the NFo Benabled regulation of cell adhesiorediated drug

resistance by prevent i ngninhibibroohNFe BTed degr ada

Molecular mechanism of resistance towards Proteasome Inhibitor (PI)

a.PSMBS5 point mutation: Amino acid substitution in the S1 binding pocket that recognizes the
peptide bond of -subunitenaodng geneaRSKIB5ihas bdem feequéniy
observed in the Bortezomiesistant cell lines. Substitution of Ala49 with Thr or Val, A50V,
C52F M45V, M45Il, C63F, and T21A that are in or near the S1 binding pocket affect
Bortezomib binding by constricting the S1 pocket or reducing favorable hydrophobic

interactions-%4

b. Over-expression of PSMB5:PSMB5 expression level found to lgregulated in many
Bortezomibresistant cancer cell lingshich is an adaptive compensatory mechanism to retain
sufficient chymotrypsidike proteasomal activity in PSMB5 mutant cells to maintain cellular

homeost asi s-regulatihn restor@sstigatitezentib sensitivity®®

1.4.12Immunomodulatory Drugs (IMiD)

Immunomodulators are the class of drugs that modify the activity of the immune system in a
favorable manner (by increasing immusgmulators such as lymphocytes, macrophages,
neutrophils natural killer/ NK cells, and cytotoxic T lymphocytes/ CTL. and decreasing immune
suppress@ to intensify the immune response to threats such as malignant cells and

infections®
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1.4.12.1FDA-Approved Immunomodulatory Drugs (IMiD) for RRMM management
Lenalidomide: Lenalidomide/ Revlimid is an orally bioavailable immunomodulatory drug
which has been approved liye FDA in 2006 for the treatment of multiple myelotbhased
clinical trials where it showed significant clinical benefits in terfngrolonging median time to

progressionlt is a thalidomide derivative withpotent immunomodulatory effett’

Mechanism of Action ofLenalidomide

Lenalidomide primarily actey modulating the substrate specificity @RL4AREN E3 ubiquitin
ligase,composed of damaged DN#inding protein 1 (DDB1), cullin 4a (CUL4A), and regulator
of cullins 1 (ROC1)*8 Lenalidomide binds to CRBN, the substrate adaptor ofdhiig-ring
ligase complex and induces the recruitment of the substrafe$owed by subsequent
ubiquitinationmediated degradatidfi®1® In multiple myeloma (MM), CRBN induces the
proteasomal degradation of two essential transcription factors {foell Bdifferentiation,
IKAROS Family Zinc Finger & 3 (IKZF1 & IKZF3).1%91n MM cells, IKZF1 transcriptionally
regulatesnterferon regulatory factor 4 (IRF4yhich plays an important role in MY-@ediated
oncogenic prograsl A proteomic study showed degradation of IKZF1 leadsh® down
regulation of IRF4.1%° On the other hand, IKZF3 transcriptionally represses the expression of
proinflammatory cytokindnterleukin2 (IL-2).18179Degradation of IKZF3 transcriptionally
up-regulate the expression of H2 as well adFN-o that in turn stimulate the proliferation of
natural killer (NK)cells and CD3 T celinediated activation c€D4" T cells (Th1 subset)-*° All
these events lead to enhanced-b8{ mediated cellular cytotoxicitgnd atibody-dependent
cellularcytotoxicity (ADCC), which kill the MM cells68169

Molecular mechanism of resistance towards Immunomodulatory Drugs

a.Down-regulation of target protein Cereblon (CRBN} CRBN is the direct target of the IMiD
drugs. CRBN serves as the swhstadapter for the CRLA®N E3 ubiquitin ligase complex
that consist®f damaged DNAbinding protein 1 (DDB1), cullin 4a (CUL4A), and regulator
of cullins 1 (ROC1); IMID drug interacts with the CRBN and induces the proteasomal
degradation of 2 zinc finger macription factors lkaros (IKZF1) and Aiolos (IKZF3). Studies
have shown significant dowregulation in the expression of CRBN both at the mRNA and
protein level transcriptional, pes@nscriptional factors such miRNA, pdsanslational

modifications sule as proteasomal degradation by SCF ubiquitin ligase due to down
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regulation of CSN9 signalosome complex, can be observed in acquired IMID resistant MM
cells and patientsd poexpessionileogshowgdarespaset s wi t F
to IMiD therapy with poor survival benefits!-172

b. Mutation in the genes involved in CRBNIKZF1 i IRF4 axis: Mutationr-mediated alteration
in the activities or the functional inactivation of the member of the CRRBEF1i IRF4 axis
genes such as IKZF1, IRF4, arbserved in both innate and acquired IMi&sistant MM
patients. A152T mutation in IKZF1 alters the Lenalidomide sensitiVitycontrast,the
treatmentinduced mutation in CRBN (truncating mutation such as plle393Metfs*10, p.
Pro241Argfs*10, p. GIn327* [#1], and splicing acceptor ¢.520>C; a mutation that alters
the IMID binding domain such as F381C, P411iHe mutation in CUL4B, are observed in
acquired IMID resistant MM patients. IRF4 harbors a truncating mutation that renders it

resistant towards lralidomidemediated downregulatiol 1”3

c.Mutation in other important genes. Targeted sequencing on the IMIiD refractory MM
patients revealed activating mutations in the genes involved in RAS oncogenic [shelay
as KRAS, NRASandBRAF. Deletion mutation (del17P) ithe TP53 gene and RASA2 and
PTPN11l gengare alsoobserved. Mutations in the latter two genes activate the MAPK

pathway that induces IMiD resistancé!’

d. Increase in cell adhesionLenalidomide induces the activation off¥ -¢afenin signaling
which promotes t he -catenmthat eausedtransanigionaregalationon of D
of its target gene, CD44. CD44 enhances the interaction between MM cells and the stromal
cells that confers celidhesiormediated restance!’
e.Up-regulation of IL -6/ STAT3 pathway. Transcriptome study of the Lenalidomide resistant
MM cells showed upegulation of Il-:6 and STAT3 expression as compared to Lenalidomide
sensitive MM cells. Lenalidomidimduced enhanced autocrine signalnirIL-6 leads to the
constitutive expression the STAT3 genewhich initiates a cascade of oncogenic events such
as dysregulation of IKZF1l/ IKZF3, IRF4, which inhibits their IMID mediated down
regulation; upregulation of MYC, activation of MAPK and PI3pathway!*
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1.5 Mantle Cell Lymphoma

1.5.1 What is Mantle Cell Lymphoma?
Mantle cell lymphoma is typically an aggressive, rare form-aeB norHodgkin lymphoma
(NHL) that arises due to the malignant transformation of a B lymphocyte outbe edge of a

lymph node follicle (the mantle zon¥}f.
Mantle cell | ymphoma ( MC-H)dgkmtymphamas(SHL¥'or & 7 %

Age is a risk factor for Mantle Cell Lymphoma as it is more frequent in older pedghethe
median age atiagnosideing>60.

1.5.2 Signs & Symptom¥®
I.Loss of appetite and weight
ii. Fever
iii. Night sweats and unexplained itching
iv.Nausea and/or vomiting
v.Swollen lymph nodes itheneck, armpits, or groin
vi.Heartburn, abdominal pain/ abdominal swell{dgtension), or bloating
vii. A sense of fullness or discomfort from enlarged tonsils, liver (hepatomegaly), or spleen
(splenomegaly)
viii. Pressure or pain in the lower back, often going down one or both legs
ix.Fatigue related to anemia (low red blood cell countlt#eats to low Oxygen transport)
x.Malignant lymphocytes crowd out the bomarrow leadng to a) Anemia or abnormally low
levels of the oxygetiransporting red blood cells that leads to fatidn)@ hrombocytopeniaor
low count of platelets that plays an @ssal role in blood clotting (coagulation) and c)
Neutropenia or low neutrophil couni a type of white blood cell helps the body to fight

infection.

1.5.3 Cellular Origin of Mantle Cell Lymphoma
Lymph nodes, a part of the lymphatic system,samall, bearshaped structuresnd acritical
component of the adaptive immune system. Lymph nodes are the secondary lymphoid organ of

the human body located in the neck, armpit, chest, abdomen (belly), and’§tbifihey serve
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as the primary reservoir for the B & T lymphocyteich exposestiem to the antigens filtered
from the interstitial fluid. The lymph node consists of three cellular compartments: the cortex
where mostly B cells reside; the paracostekich mainly contains T cells; Medullawhich
houses plasma cells. Dendritic celisdamacrophages predominantl§.1& In the cortex of
unstimulated lymph node, naivedglls andheloose meshwork of dendritic cells form primary
follicles. Antigen exposure makesdglls activategwhich leads taheir rapid proliferation and
forms a germinal center along with the tightly packed network of dendritic cells and
macrophages. There is another outside layer or ring of restioglld8 with dendritic cells
forming the mantle zone around the germinal center. The germinal ¢ceotgther withthe
mantle zoneformsthe secondary folliclevhich serves as the site for antigggpendent Rell

maturation and moves to the medulla to proliferate as antibecheting plasma ceft$817°

Mantle cell lymphoma (MCL) arises from the malignant transformation of a subset of naive pre
germinal ceter B cells localized in the mantle zone of the lymph node follTé?°

1.5.4Diagnosig 6181182

.Bonemarrow and lymph node biopsy Sample tissues are collected from lymph node(s) and/

or bonemarrow to check the reason behind sillenness and to check the possible spread or
metastasis of the lymphoma cells to the bone mamespectively. The samples are observed

under a microscope to detect the presence of abnormal or cancerous cells and to detect specific

types/ subtypes of NL.

ii. Cytogenetic analysis Cytogenetic analysis by Fluorescence in situ hybridization (FISH) is an

indispensable tool in the diagnosis and risk stratification of MCL. This method helps to detect
the gene fusions involving the IGH gene at 14932 and CCNOL@t3with the help ofa
fluorescently labeled probe that finds and then binds to its matching sequence within the set of

chromosomes.

Immunophenotyping: Flow cytometric analysis is another important tool for precise disease
diagnosis, classification &taging, risk stratification and oncogenic progression. These
phenotypic markers distinguish the cell lineages and the differentiation wtapk arecrucial

for the identification of separate disease entities. For e.g., MCh tlagracteristic expression

of CD5 but lack CD23 expressiarwhich contrastswith B-CLL 181182
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Table 3. List of immunophenotypic markers used to identify atessify MCL82183

Marker

Expression Pattern

CD19

+

CD20

CD22

CD23

CD25

FMC7

CD79%b

CD5

slg

CD10

CDh11C

CD103

CD43

CD30

CD45

CD138

Bcl-1

Bcl-2

Bcl-6

Heavy chain (1gG, IgA, IgM)

+

Light chain Ig (kappa or lambda)

+ (moderate expression)

iv.Blood Test:

a. Comprehensive blood count (CBC)

b. Differential blood count

c. Lactate Dehydrogenase (LDH) Test:High LDH activity indicates upregulated

glycolytic stress due to hypoxia, higher tumorigenic actpatyd corelated with poor

prognosis and unfavorable outcome.

d. Uric acid level test

e. Comprehensive metabolic panel (CMP

f. b2 Mi cr o gHisaslsacdetedrby-Bells in the bloodand its high level indicates

oncogenesis.

v.Positron emission tomography (PET) scanThis is an imaging test where a special dye

containing radioactive tracer is administered through vein/ oral ingestiuoh creates the

image of the tissue/ organ of interest. This helps the physicians to check for the disease
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vi.Computed tomography (CT) scan This is another imagingased test where a series ofa/s
is takenand then comgter technology process them to build the 3D images of the soft tissues

and bones.
vii. Colonoscopy
1.5.5Molecular pathways involved in the pathogenesis of MCL

a.Mutation : Reciprocal chromosomal translocatiorfl1;14) (q13; q32) is the mosbserved
genetic event in the pathogenesis of M@k it is found in ~90% of all cases. This is the
primary/ initial oncogenic process that happens in the bone marrow in an early B cell at the
preB stage of differentiation during the V(D)J recombinatiosagess by the recombination
activating gene (RAG) enzymes. It is considered to be the hallmark of MCL pathogenesis
which involvesthe juxtaposition of the protoncogene Cyclin D1 (CCND1) locus to the
immunoglobulin heavy chain (IGH) regulatory locus. Tgenetic lesion causes constitutive
expression of Cyclin DAlwhich is not observed in normal B lymphocytes. Cyclin D1 is a
positive regulator othe cell cycle and belongs to a family of proteins that f@gyvotal role
in regulating cell cycle progressi@and cell proliferation. Its overxpression causes malignant
transformation of the naive pgeerminal center Bymphocytes by dysregulating the cell cycle
atthe G1/S phase through binding and activating the G1 Cyaipendent kinases, CDK4 &
CDK6. Cycin D1, upon translocation to the nucledsrms a holoenzyme complex with
CDK4/6 and activates the E2F transcription factor by releasing it through the phosphorylation
mediated inactivation of the Retinoblastoma (Rb) protein. Overexpression of Cyclisd1 al
leads to the ubiquitinatiemediated degradation of the p27 by ubiquitin ligad®k protein
Skp2 and promotes Cyclin E/CDK2 mediated entrihtS-phase of the cell cycfg®184185

In some cases {#0% of all MCL cases), genetic changes othanth(11;14) are responsible

for the overexpression of Cyclin D1 that includes secondary chromosomal rearrangements at

the 3N untrsd3dNjuUadatRed rreggiomn of the Cyclin D1la
transcripts. Cyclin D1 hdsse exons and giverise to two different isoforsy Cyclin D1a and
CyclinDlbby alternative splicing. Genomic deletic
at the 36 UTR of t leceto tieyegpression obttuacatdd rCgchinsDd r i p t
transcripts. These shorteanscripts lack thefll e ngt h f uncti onal 36 UTR

the mRNA destabilizing Atfich elementswhich extend its halfife, unlike the fulllength
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Cyclin Dl1a that has full engt h 36 UTR. It al so tranddatok s t he
inhibitory microRNAs like miR15/16. Together, these additional genetic events result in higher

and prolonged Cyclin D1 protein expression that increases its tumorigenic pptenici

resulted in poor survival outcomfar the patient$841®

Whole genome profiling of the MCL samples also showed amplificatidhe translocated

(11;14) allele right also contribute to the ovexpression of Cyclin D18

b. Cyclin D1" MCL : Some rare subet of MCL patients (<5% of all MCL cases) do notibith
the overexpression of Cyclin D1 or the t (11;14) translocat@though they hava similar
phenotype, gene expression profile, secondary genetic events, and clinical outcome. FISH and
NGS analysis of this Cyclin DMCL showoverexpression of Cyclin D2 & Cyclin D3 driven
by the chromosomal rearrangements (2;12) (p12; p13) translocatighat causes fusion
between o light 1 g chain gen®®8PEocus and the

c.Deletions of INK4AA/ARF (CDKN2A) Locus and TP53 mutation: Another common genetic
alteration observed in ~20% of MCL cases is the homozygous deletion of the CDKN2A locus
(9p21) that encodes two tumor suppressor gen&ftténd p14RF. These tumor suppressor
genes act as negative regulatorshef cell cycle and inhibit the uncontrolled proliferation of
the cells; its deletion leads to poor treatment outsoamel shorter overall survival in the
patients. p18X* inhibits the cell cycle stimulatory effect of both CDK4yéhich otherwise
form a complex with the member dhe Cyclin family of proteins (Cyclin D1/D2/D3) to
inactivate Retinoblastoma (Rb) protein by phosphorylation to release E2F, a transcriptional
activator and promote G1 to S phase cell cycle progressiofiffag4an E3 ubiquitidigase
that stabilizes p53ne of the most important tumor suppressors that inhibits tumor formation
and promotes apoptosis by preventing its MDiM@diated degradation. ¥ does so by
interacting withthe C-terminal domain of the protoncogene NDM2 through its Nterminal

domain which in turn promotes the degradation odiR.*86-187

In some cases, it has been reported that despite hthengild type of CDKN2A, the
amplification and the ovesxpression of BMI 1 by amplification d10p11.23, a polycomb
transcriptional repressor inhibits its normal function. Other secondary genetic events such as
RB1 deletion and amplification of the CDK4 also lead to cell cycle dysregulation and

contribute to the oncogenic progresstént®’
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d. SOX11 expression Sexdetermining region Yoox 11 SOX11 a neuronal transcription
factor, has been reported to be owxpressed in the conventional MCL (cMCL) due to
hypomethylation of the distant enhancer region of SOX11 leads to the alteration of the 3
dimensional chromatin configuration that brings it near the promoter region of the gene. It is
an important prognostic factor in MCL pathogenesis as SOX11 expression is absent in Normal
B lymphocyte throughout its different differentiation phaseand the nonnodal MCL
(nnMCL), as well as other lymphoid neoplasiack the SOX11 expression. Studies suggested
that SOX11 blocks terminal -Bell differentiation lock it in a more primitiveform and
promotes MCL tumor growth and aggressiveness by directyutating the expression level of
its target gene PAXEa critical transcriptional factor that determines and regulates-ttedl B
development by activating the specific sets of geesponsible for Bell lineage identity and
inhibits the genes that dritke plasma cell differentiation. Moreover, SOX11 also blocks the
entry of MCL cells to the germinal center by inhibiting the expression of its other, Ajet
6, and promotes angiogenesis through Platdetved Growth Factor A (PDGFA). It is also
repated that SOX11 modulag¢he tumor microenvironmemindpromotes cell migrationand
adhesion to confer stromal ceflediated drug resistance in MCL cells by-regulating the
expression ofc-X-C chemokine receptor type(@XCR-4) and GX-C chemokine recepr
type 12 (CXCR12) which in turrinduces the FAK (Focal Adhesion Kinase) expressfns®

e.DNA damage response pathway alterationsThe celetion ofthe 11q2223 region in the
chromosome is one of the most frequent genetic alterations observed onA#RIla-
telangiectasia mutated (ATM) gene, located in this locus, encodes a serine/threonine kinase
which is a member dhe Phosphoinositide-Binase familyof proteins and plays a pivotal role
in the activation of p53 in response to DA damagee.g., DNA Double Stranded Break
(DSB). Naive B cells in the mantle zone of the lymphoid follicle express ATM, but the
immature Bcells in the bonemarrow and thedilicular germinal center cells lack ATM
expression as physiological DSB occurs in theBpell stage for the initial Immunoglobulin
gene rearrangements (VDJ recombination) or during thes&fkiatic hypermutations (SHM)
and immunoglobulin class switchitigat occurs in antigeactivated follicular germinal center
B cellsthat contributes to the generation higffinity antibody maturation. ATM cytogenetic

alterationsincluding truncating or missense mutation accompanied by the loss of the other
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allele are observed in almost 406% of all MCL cases and mainly affect the PI3K domain or
lead to the formation of unstable truncated ATM protein. Inactive ATM in the Naive B cells
of the mantle zone facilitad¢he onset of genomic instability and pronsiacogeesis. ATM
inactivation is believed to be an early event in the pathogenic progression gfvihizih

allows the accumulation of chromosomal aberrations due to compromised DNA damage
response pathway Serine/ Threonine Kinases Checkpoint Kinase 1 (CHEKadl
Checkpoint Kinase 2 (CHEK 2) are the two downstream targets that act $please
checkpoint to arrest cell cycle by integrating DNA damage response signal from ATM & ATR.
Germline mutation of CHEK 2 and dowagulation of CHEK 1 hae been reported isome

MCL cases with high chromosomal imbalance. Overall, the mutations in the DNA damage
response pathway and nasigndfitant cnpactioreticelpgthmgemesiss d o n ¢
of MCL, but they serve as the driving factor to give rise to the contptexploid karyotype

with ahigh genomic imbalance that promeMCL lymphomagenesis’®184187

Point mutation and 17p13 deletiomediated p53 inactivation are also observed in ~80%

MCL. These chromosomal aberrations in p53 deregulate @DHKitor p21, inhibit p53

mediate cell cycle arrest, DNA damage response induced apoptosis, senescence in both cMCL
and nnMCL and are reported to be associated with aggressive disease state and poor overall

survival 186

1.5.6 Current Treatment Strategiest’61%

a.Chemotherapy and immunotheraypy: Rituximab-based combination treatment regimen is the
first line ofthetreatment strategy. Rituximab is the monoclonal antibody that recegmde
targets CD20, which is a p2and mature Bymphocytespecific marker including malignant
B-cell in MCL and induces apoptosis by blocking the signaling pathways p38 mitogen
activated protein kinase (MAPK), Nuclear factor kappa B-@NB ) |, extracell ul a
regulated kinase 1/2 (ERK 1/2), AKT antiapoptoticvsval pathways, Complement dependent
cellular cytotoxicity (CDC) and Antibodgependent cellular cytotoxicity (ADCGJ* The
following combination treatment regime@are commonly used®R-CHOP (rituximab plus
cyclophosphamide, doxorubicin, vincristinegnd prednisone)BR (bendamustine and
rituximab), (R-BAC) rituximab, bendamustine and cytarahinB-DHAP (Rituximab
(Rituxan®), Dexamethasone (Decadron®)jgh-dose AraC (Cytarabine), CisPlatin)
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Hyper-CVAD (cyclophosphamide, vincristine sulfate, doxonoibi (Adriamycin),
dexamethasongYcR-CAP (bortezomib (Velcade), rituximab (Rituxan), cyclophosphamide,
doxorubicin (Adriamycin), prednisone)R-FCM ([Rituxan, fludarabine (Fludara®),
cyclophosphamide and mitoxantronBlCVP (Rituxan, cyclophosphamide,ngristine, and
prednisong)R-CBP [Rituxan, cyclophosphamide, bortezomib (Velcade®) and prednisone]

b. Steroids Prednisolone, Dexamethasorend Methylprednisolone are the most common
steroids that boost the efficiency of chemotherapy and help in reducing the side effects.

c.Radiotherapy: Radiotherapy is the treatment option for tifeahd 2¢ stage Mantle Cell

Lymphoma patients.

d. Stem cell transplant Allogenic stem cell transplantatios where patients receive healthy
blood-forming stem cells from a donor to replace their own bone magitirer crowded with
malignant cells or has been destroyed by chemotherapy in order to suppress Heeatisea
restore the immune system. This is the treatment option for the relapsed disease state to restore
the drug sensitivity or prolong the drug responseisiatso beneficial for some higisk fit-
chemasensitive patients who are aliteundergo interige chemetherapy treatment regimen
for e.g., BEAM(carmustine, etoposide, cytarahirsd melphalan) & LEAM (lomustine,
etoposide, cytarabinand melphalan). For older patients, allogenic transplantation is coupled
with reduceedntensity chemotherapy. Tmay help in sustained remission. Another treatment
option is autologous stem cell transplantaterh e r e p at i eaellsadinfusedto st em
attack the cancer cells to achieve enhanced response to induction therapy and prolong

remission.

1.5.7 Mantle Cell Lymphoma (R/R MCL)

However, despite these recent advancesieithe treatment landscape, MCL remains incurable
with limited therapeutic options owing to drug resistance, extensiveinsidual variation in

drug response, and toxicity profile that limits their efficacy in clinical settings with progression
free survival (PFS) of ~2 years and median overall survival (OS) of < 3 yeRasients who

show a high response rate to the initial treatment eventually become refractory or unresponsive
to the standard of care treatmeRelapsed Mantle Cell Lymphomais thedisease state where

it responded initially to the treatment but returned after a brief period of remig¥&dractory
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Mantle Cell Lymphoma is the disease state when it does not respond to the initial treatment or

responds only for a short period of tina@d the cancer cells continue to grog!

Currently avail able chemotherapeutic treat meni
Tyrosine Kinase Inhibitors (BTKi): Ibrutinib, Acalabrutinib, Zanubrutinib; Proteasome
Inhibitors: Bortezomib;hmunomodulatory drug: Lenalidomid#-194

Despite the recent advances in the treatment landscape, R/R MCL remains incurablaghith
recurrence rate and poor letgrm prognosislt has limited therapeutic options owing to drug
resistance, extensive interdividual variation in response, and toxicity profile that limits
efficacy in clinical settings with median progressfoge survival (PFS) of <15 months and
Overall Survival (OS) of 2 years92:1%

The available therapider the R/R MCL (e.g., Bruton Tyrosine Kinase inhibitor Ibrutinib) are

not curative and confer modest progresdiee survival (PFS) of 134.6 months as compared

to 49 months in noBTKi treated patients. Despite the impressive initial clinical achgat
Ibrutinib treatment is not durahland eventuallymost of the patients show sgof clinical
progression witim 18-24 months with poor prognosis and shorter permidremission. Once
patients develop resistance, the median overall survival iséehlymonths. Only onéhird of
patients respond to their next line of treatment; those who do respond experience only brief

remissions and have poor outcomes, irrespective of stem cell transplatffatiei’>1%

1.58Brutonds Tyrosi n@TKRi nase | nhibitors
1581Brut onds T y r: Bautom ®rosikei kinasse €BTK) gene encodes for a
cytoplasmic nofreceptor tyrosine kinasea member of Tec (Tyrosine kinase expressed in
hepatocellular carcinoma) family of neaceptor tyrosine kinases. BTK is an enzyme containing

659 amino acid residues, primarily expressed in both normal and malighdgmpBocytes,

myeloid cells and platelet, and has five structural domains: ijtBkrminalpleckstrin homology

domain (PH) that binds to the protein and recruit to the cell membrane; ii) pricin@ EC

homology domain (TH) containing zinc finger motifs regulating its activity and stabillty iii

iv) Src homology domains 2 (SH2) and 3 (SH3) that modulate the pyoiaiein interaction, v)

the catalytic kinase @rminal domain. Ifplays a central role in the-&ell receptor (BCR)

mediated cell signaling by catalyg the incorporation o& phosphate group (phosphorylation)
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from ATP to the tyrosine residues of other proteins, activating an array of signaling cascade
including phosphoinositide -Binase (PI3KJAKT pathway, PLC, PKC, and nuclear factorB

(NF-a B) . These -Bdélirteddowgiesaanlsignaling cascades that get triggered by
the antigen engagement to BA&lowed by its subsequent activation, pkagivotal role in the
maintenance and normal functioning otBlls. Aberrance in this signaling pathway, especially

in secondary lymipatic organsis reportedtl responsible for the development and progression of

B-cell malignancies:®4196

1582Br ut ono6s Ty rinoBscellmeseptirisignalingeBCR is a multimeric protein
structure consistg of surface transmembrane immunoglobulin (IgM) with a very short

cytoplasmic domain and coupled with the digld-linked transmembrane signal transduction

uni t: lgU (CD79A) and 1g-@/6b g(CODPBRB)CDRA@Db P r acdian

immunoreceptor tyrase-based activation motifs (ITAMSs) in their cytoplasmic tafs®’

BCR signaling is an antigetependent signaling pathway where antigen engagement of BCR
induces receptor aggregation followed by ITAM phosphorylation byfeé@nily protein tyrosine
kinases LYN, FYN, BLK, and LCK and creates docking sitea&pleen tyrome kinase (SYK).

SYK, upon binding with ITAM gets activatedvhich in turn activates the B cell linker scaffold
protein (BLNK). LYN and SYK also phosphorylate tyrosine residues in the cytoplasmic tail of
B-cell coreceptor CD19 and/or the adaptor proteinddl PI3K adaptor (BCAP), which promote

the recruitment andctivation of PI3K and guanine nucleotide exchange factor VAV. VAV,
through activation of Raela member othe Rho family of GTPases promotése enzymatic
activity of whiehid tkrn gh&sphdridaies PIP2 to PIRBcritical intracellular
secand messenger which activates the subsequent downstream signaling cascadey PIP3
interactingtransientlywith the PHdomain of BTK recruits it to the plasma membraméich

is otherwise essentially present in the cytosdhaunphosphorylated and chtacally inactive

state SYK or SRC family kinases phosphorylate BTK at Y551 upon its recruitment to the plasma
membranewhich promotes its catalytic activity and subsequent phosphorylation at Y223 of the
SH3 domain to become physiologically active atabke. Activated BTK can interact with
adapter protein BLNK/SLPG65 through its SH2 domaird the complex binds to the downstream
target phospholipase C 22 (PLCo22) foll owed
Y759, producing intracellular secondnessenger Inositol triphosphate (IP3) and DAG
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(Diacylglycerol) through hydrolysis. IP3 binds to its receptor in the endoplasmic reticulum (ER)

which causesherelease of Ca2+ from ER store and this sustained influx of Ca2+ actilvates

nuclear factor b activated TFcells (NFAT) by Calmodulin and Calcineurin through its
dephosphorylation mediated translocation to the nucleus. DAG, on the otherabawvates

AKT/ PKCb that I n-streaon rtranscrgptional actavatiensand dsmrwival

signanhg pat hway such asaB)ucs$ie@amalfiarcg agiatedBw a(yNF n
protein kinase pathways [ERK 1/ ERK 2, p38MAPK, JNK/SAPK pathway. Other important
downstream targets of BTK include transcription factors such as STATS3, forkhead transcriptio

factors (FOXOs), BARL35/TFIH, and ARID3A. Thus, BTK plays an essential role incBll

development, differentiatiognd proliferation through regulation and coordination among cell

cycle regulatorsindpro- and apoptotic protein§19°

1.5.8.3FDA Approved BTKi for R/R MCL management
i. Ibrutinib: Ibrutinib/ Imbruvica (previously PC32765) is a potent, irreversible, covalent oral
inhibitor of BTK that binds to Cyd81 near the AT®inding domain of the BTK molecule/
allosteric inhibitory segment of B (TK/SH1 domain) leading to irreversible inhibition of
enzymatic activityand BCime di at ed sur vival signals i n huma

activation by inhibiting its autophosphorylation at 32319

US Food and Drug Administration (FDAgpproved Ibrutinib in November 2013 for the
treatment of adult patients with Mantle cell lymphoma who have received at least one prior
therapy based on Phase Il PGYC04 singlearm clinical trial in 111 previously treated
patients with relapsed or refracy MCL that showed improved overall response rate (ORR)
and duration of response (DOR). The median age of the patients was 6&gda8s§% of

them hadanintermediate or high risk of MCL. Ibrutinib was able to achieve an ORR of 69%
(complete response rate = 21%; partial response rate = 48%)nagdian duration response

of 17.5 months witta median progressiefree survival (PFS) of 13.9 mont/H¥:2%°
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Mechanism of Action of Ibrutinib:

Ibrutinib exhibits its cytotoxic effect by disrupting key B-cell processes

a.

b.

Inhibits proliferation and survival : BTK signaling playsa pivotal role in MCL cell survival
and proliferation. Studies have shown BTitibition by Ibrutinib indees dose and time
dependent cytotoxicity in MCL and CLL cell lise vitro. Ibrutinib inhibits the expression of
theBcl-2 family of proteins such as B2l BckxL, andMcl-1 and induces the activationtbie

caspas&-dependenapoptotic pathwagP!202

Inhibits cellular adhesionand modulates chemotaxis and trafficking Interaction between
malignant B cells and the tumor microenvironment plays a major role in the pathogenesis and
the disease progression in MCL. Interplaysoag cytokines, chemokinesnd the adhesion
molecules drive the #8ell migration and homing to the tissue microenvironmehere they
adhere to the stromal cells. This interaction provides adhessatiated drug resistance and
confers survival benefitsotthe malignant Eells. Ibrutinib abrogates these growth and
survival advantages inhibiting chemokine receptarch as CXCL12andCXCL13 as well

as disrupting BCR signaling; integrmediated (VLA4 on B cells to VCAML on stromal

cells) homing and adk®n to the tissue microenvironment (lymph node and -bone

marrow)2199:202

I. Acalabrutinib: Acalabrutinib/ CALQUENCE is the secowggneration orally bioavailable

small molecule BTK inhibitor which was approved in 201 lyFDA for the treatment of
patients with relapsed/refractory (R/R) MCL based on the A¥EDO4 trial where single
agent Acalbrutinib treatment showed a high rate of durable responses and a favorable safety

profile 20920

Mechanism of action of Acalabrutinib: Both Acalabrutinib and its active metabolite, ACP
5862 bind covalently with the Cys481 residue in the BTK active site with higher specificity
than Ibrutinib,which inhibits its enzymatic activity and subsequent downstream signaling
proteins such as BCR activation markers CD86 and G698

Zanubrutinib: Zanubrutinib/ BRUKINSA is another secog@neration, orally bioavailable
small molecule BTK inhibitothatgot FDA approval forreatingR/R MCL in 2019 based on
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its efficacy inthe BGB-3111-206 clinical trial. Its mechanism of action is similar to

Acalabrutinib.2°6

1.5.8.4Molecular mechanism of resistance towards BTK inhibitors

a. Innate resistance (Refractory disease state)

Activation of PI3K-AKT pathway : Constitutive activation of the PISK/AKT pathway and
overexpression of thphosphorylated Akt (pS473) are observed in the primary resistance
against BTKi in MCL cells. Activated Akt phosphorylates tumor suppressor FOX@i8eh

leads to its cytoplasmic sequestration and subsequent degradation. As a result, FOXO3a
mediated transcriptional activation of the {ajooptotic genesPTEN and bim gets

inhibited2°7:208

Activation of alternative NF-k b p a t IbrtimibyresistanMCL cells show activation of

alternative NFk b p at h wa y-NRkB) Adc8nkpared to the classical-kFb pat hway
(BCRBTK-NF-k b) t hat i's observed in Ibrutinib ser
regulator of this pathwaguch as loss of functianutation in tumor necrosis factor receptor

associated factor 2 (TRAF2) and deletions in TRAH8 observed in BTHesistant patients.

This causes stabilization of MAP3K14 that causes constitutive activation of alternative NF

kb pathWhay.

Over-expression of Cyclin D1 Mutation in the CCNDL1 like E36K, Y44[r C47S causes
lessprotein degradatim This enhanced CCND1 protein level leads to cell cycle progression
by promoting the degradation of Rb and causes Ibrutinib resist®nce.

b. Acquired resistance (Relapsed disease state

Mutation : Mutation in the BTK inhibitor interacting residue of BTK (C481S) reduces the
binding affinity of BTKi for BTK and attenuates its covalent binding making the bond
reversible. Thus, BTKi becomes lesstgrd in inhibiting the mutant BTK and the
phosphorylatiormediated activation of downstream PLCG2, AKand ERK signaling
pathways, which results in diminished clinical activity. Other BTK mutations such as T474l,
T474S and T316A further abrogate the sieity and binding affinity to BTKi and inhibits

its interaction with other proteins that drive the resistaffcg?!
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Mutation in the PLCG2 genesuch as R665W, L845Rnd S707Y, is another common
phenomenon in the development of Ibrutinib resistance. These mutations lead to the
independent activation of BCR signaling by LYN and SYK kinase bypassing thev@iigh

causes enhanced €anflux that activates different oncogenic sading pathway$

Deletion ofthe short arm of chromosome 8 (8p) leads to haploinsufficiency of-fdkfed
apoptosisnducing ligand receptor (TRAHR), which causes downregulation of TRAR1
and TRAIL-R2 genes which inhibits their binding to TRAIbh& TRAIL-induced apoptosis.
This mutationalong with other driver mutations such as MLL2, SF3B1, RP&1% EP300
play apivotal role in conferring survival advantage in response to Bf8é{211

Another chromosomal aberration that playsessentialole in the development of acquired
resistance e against Ibrutiniktie gain oftheshort arm of chromosome 2 (2p+) which results
in overexpression of Exportih (XPO1). Exportin 1 exports severalliccycles regulatory
proteins such as p53, FOX@nd retinoblastoma (pRb) frothe nucleus to the cytoplasm
where they get degraded and thereby nullifying their tumor suppressor effects.

Also, constitutive activation of BCR signaling due to the mutation in BCR signaling pathway
molecules CARD11, CD79A/B, TNFAIP3, and MYD88 pronsiterutinib resistancé*?

ii. Aberrant signaling pathway: Interaction of mantle cell lymphoma cells with themor
microenvironment activates the PIBKktimT OR pat hway and I ntegrin
drives Ibrutinib resistance. Apart from that, overexpression oBek alsobeenrepated in

Ibrutinib-resistant cellg%7-211

1.5.9 Cancer Stem cells (CSCs) and their role in drug resistanceMCL

Cancer stem cells (CSCs) are the rare subpopulation of cancer cells present within tumors with
self-renewal differentiation capabilitiesand tumorigenic potential. CSCs are believed to be the
most crucial driving factor behind tumor initiation, disease progression, therapy resiatahce
posttherapy relapse. In MCL, these putative stédm cells include sid populations (SP),
CD45'CD19 cells or MClLinitiating cells (MCLICs), and relatively quiesceiltighly

clonogenic aldehyde dehydrogenassitive/ ALDH * cells 213215
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Side populations (SP) are the distinct subset of cancer stem cells that imasntsie capacity

of pumping out DNAbinding dye Hoechst 33342 due to their expression of adenosine
triphosphate (ATRpinding cassette (ABC) membrane transporter ABC&BXCB1, which are
absent in the neBP cells. These cells display higher seliewaland proliferation capacity

with reduced expression of differentiation markers and elevated tumorigenic potential as
compared to the ne8P cells2®All these are the hallmarks of tumimitiating cells that are
responsible for drug resistance and redapt is believed that this SP population contains a minor
subpopulation of cells that lacks CD19 expressiatiich is a 95KD transmembrane
glycoprotein belonging to the immunoglobulin (Ig) superfamily and a prototypic B cell surface
marker. These CD4&D19 MCL cells display very high tumorigenic activity and sedhewal
capacity as compared to the CDE@®19" MCL cells. This relatively quiescent, highly
heterogenous population spbpulation of cells is referred to as Man@ell Lymphoma
Initiating cels (MCL-ICs) and has significantly increased aldehyde dehydrogenase (AaiH1
ALDH2) enzymatic activity?>214216.21\1CL-ICs also exhibit elevated reactive oxygen species
scavenging capacity througie higher expression of antioxidant enzymes liketMlothionein

1B (MT1B) and Superoxide dismutase 2 (SOD&hich protects them from RO&ediated
apoptosis. They have higher expressiom afarker ofa chemaoresistance gene such as ATP
transporters ABCC3, ABCG@nd cell surface adhesion receptor CE¥4£*MCL-ICs are also
characterized by the ovexpression of the oncogenic signaling paths\ggnes such as Wit
catenin and enriched expression for stemness markers like Nanog, Oct4?'R#417219

Previous studies have shown tidta-tumoral heterogeneity due to the presence of treatment
refractory subpopulations or cancer stike cells (CSCs) drivedrug resistance and disease

relapse in various cancefs®

Most importantly, no study so faas attempted to develop drugsplicitly targeting these sub
clones. Standard of care drugs lbrutinib is ineffective in targeting-X86Cs2%8
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1.6 Prostate Cancer

1.6.1 What is Prostate Cancer?

The prostate is a small walrsthaped glandpund only in males, located below the bladder at
the base of the penis, in front of the rectuhat produceshe seminal fluid that helps in the
nourishment and transportation of sperm. Uncontrolled proliferation of the prostate gland cells

is termed Prostate cancéy.

Figure 5: Anatomy of Prostate

Prostate gland

Normal Prostate Cancerous Prostate

1.6.2 Statistics
Prostate cancer is th&92nost common cancer after skin cancer gnedsecond leading cause of

death after lung cancer in US nréh.

In the US theestimatechumber ofnew cases of prostate cancer in 2022 is 268,490 (14% of all
new cancer casesgndthe estimatechumber ofdeaths is 34,500 (5.7% of all cancer deaths).
Aboutoneman in 8is at risk of getting diagnosed with prostate cancer during his lifetime. It is
one of the most common cancers in American,math a 6% increase in occurrenae anca

7% increase in mortality rate in 2019 as compared to 2018. About 1 in 41 men will die of prostate

cancerand every 17 minuteanother man in the U.S. dies from the s&fie.
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Figure 6. Prostate Cancer incidence rate and mortality rate in theJ.S.
Source: SEER*Explorer
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1.6.3 Risk factorg?t223

Scientific studies suggested a few fact@sponsible for the development of prostate cancer.

AAge: Age is one of the mostritical risk factorsfor prostate cancer. The chances of getting

diagnosed with prostate cancer incresigaificartly after age 50960% of all cases) bwre
rare inthe case of men younger than 40.

Figure 7A: Prostate Cancer Risk from Birth Over Time; Source: SEER*Explorer
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Figure 7B. Age-wise prevalence of Prostate Cancer among the US males; Source:

SEER*Explorer
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Figure 7C. Age-adjusted incidence rates of Prostate Cancer among US men.

Source: SEER*Explorer
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ARace/ Ethnicity: African American men are at higher risk of developing and dying from
prostate cancehanwhite men and men of other races (1.7 times higher chances of getting
diagnosed and 2.1 times higher chances of death). Also, they are more prone to develop
aggressie or advanced disease stat®rostate cancer has less occurrence in Asian American
and Hispanic/Latino men than in néfispanic whites. Genetic predisposition, diet & obesity,
sociceconomic statysandaccess to health care may contribute to this wdiffeal racial
distribution.

Figure 7D. Age-adjusted incidence rates of Prostate Cancer among US males by Race/
Ethnicity. Source: SEER*Explorer
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AFamily history: Genetics and heredity agssentiatisks factor for the onset of prostate cancer
and familial prostate cancer makes*@®% of all cases. Having a firdegree relative (father
or brother) with prostate cancer increases the risk of prostate cancer bytalovadds than

the average riskThe higher the number of blood relatives affected by prostate cancer, the
higher the risk?3225

Inherited or germline mutations in the DNA repair gene of BRGABRCAZ2 genes, which

arecommonly associated with increased risk of breast and ovaiaercin women in some
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families, can also enhance the risk of prostate cancer in men (especially mutations
in BRCA2) 2%

AGenetic factors:i) Inherited mutation in BRCA1, BRCA2, CHEK2, ATM, PALB2, RAD51D,
DNA mismatch repair genes (MSH2, MSH6, MLH1, PMSRNASEL, HOXB13 genes ii)
acquired mutation in androgen (testosterone) producing gene which increasesigéitéeel

to thedevelopment of prostate canéét.

1.6.4 Types of Prostate Cancer

Prostate cancer has two types:

i.Adenocarcinoma of the prostateThis is the most common type of prostate cancer that arises
in the glandular epithelial cells that make the lining of the prostate gland and the associated
tUbeSZ.ZO’ZZG
There are two subypes of prostate adenocarcinoma

a.Acinar adenocarcinoma:This is the carcinoma of the acinar cells that make the lining of the
pr ost a tseciting glaha$i d

b. Ductal adenocarcinoma of the prostateThis is a rare and aggressive subtype of prostate

adenocarcinoma that developstlie tells lining the tubes (ducts) of the prostate gf&dhd.

ii. Other types of prostate cancer include Transitional cell carcinoma/ urothelial cancer,
Neuroendocrine prostate cancer that includes small cell prostate cancer, Squamous cell

carcinomaetc?2®

1.6.7 Symptom&*’

Trouble and frequent urination (especially at night).

Decreased force of the urine flow or the need to strain to empty the bladder.

Pain or burning during urinatipdiscomfortwhen sitting caused by an enlarged prostate.
Blood in the urine and in the semen

Sudden weight loss and bone pain

=A =4 =4 -4 -a =4

Erectile dysfunction
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1.6.8 Screening Test

i. Prostate-specific antigen (PSA) test:Prostatespecific antigen (PSA) is a protethat is

produced natrally by the cells in the prostate gland (both normal cells and cancer cells). PSA
generally presents in small amounts in the bloodstrbatblood PSA level increases (which is
measured in units called nanograms per milliliter (ng/mL) if there is angratality in the
prostate glandsuch as prostate cancérhigh PSA level (> 4 ng/ ml) enhances the chances of

prostate cancer®22°

Digital rectal exam (DRE): The dctor examines the prostate which is adjacent to the rectum
by inserting a gloved, lubricated finger into the rectum to check if there are any abnormalities in
the texture, shape, or size of the glaffd.

1.6.9 Diagnostic Test

i. Prostate Biopsy: A biopsy is a procedure where small samples of the prostate are removed

followed by examination undeéine microscope. Acore needle biopsg the main method used

to diagnose prostate cancer where a urologist insénia,ehollow needle is insertedtothe
prostate through eithea transrectabr transperineal route followed by removal of small
cylinders (core) of prostate tissue for further examination to identify the presence of abnormal/

cancerous cel[&0:228:230

ii. Transrectal ultrasound (TRUS): This procedure involves transrectal ultrasound by insertion

of a small probe into the rectymvhich isthe sizeand shape of a cigar that creates a picture of

the prostate gland*

Magnetic resonance imaging (MRI):Magnetic resonance imaging creates diedaimages of

soft tissues in the body using radio waves and strong magnets. MRI coupled with ultrasound
creates 3D images that help the doctor to locate and target areas of the prostate that are most
likely to be cancerous. This method is particularly fulsén biopsy procedures anph
determiningthe spread of cangére., metastasi€®
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1.6.10Prostate Cancer Grades

Based on the Prostagpecific antigen (PSA) test and the grade group, Prostate cancer is divided

into four stages

Table 4. Stages of prostate cancer and their characteristiég-23?

Gleason o
Stage | Substage PSA level Grade Group Localization
Score
Stage | <10 1 6 or less Found only inthe prostate
Confined only in prostate tissue, found in
Between 106 )
Stage Il 1A 20 1 6 or less more tharonéd half of one side obn both
sides of the prostate
1B <20 2 7 Found in one or both sides of the prostate
Ic <20 3or4 7o0r8 Found in one or both sides of the prostate
Stage ) ]
" 1A At least 20 123o0r4 <6to8 Found in one or both sides of the prostate
Has spread from the prostate to the semin
1B Any level 123o0r4 <6to8 vesicles or to nearby tissue or organs, such
the rectum, bladder, or pelvic wall
Found in one or both sides of the prostate ¢
may have spread to the seminal vesicles o
Hnc Any level 5 9or10 )
nearby tissue or organs, such as the rectu
bladder, or pelvic wall
Found in one or both sides thie prostate and
Stage may have spread to the seminal vesicles o
IVA Any level 1,2,3,40r5 <610 10 .
\Y nearby tissue or organs, such as the rectu
bladder, pelvic wall, nearby lymph nodes
has spread to other parts of the body, s
VB Any level 1,2,340r5 <6to 10 )
as the bones datistant lymph nodes.

1.6.11 Treatment options

Current treatment approaches include surgical removal, radiation therapy, hormone therapy,

cryosurgery chemotherapy, immunotherapy, CAR therapy, and monoclonal antibody.

Different treatmeninodalities are available based on the stage of ca#Hter.
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Table 5: Current treatment modalities for different stages of prostate cancef 2%

Stage Standard Treatment Options Under Clinical Trial

Radicalprostatectomy, Externdleam radiation therapy (EBRT) o )
) ) ) - High-intensity focused ultrasound therapy
Stage | with or without adjuvant hormonal therapy, Interstitial ]
] ) o Photodynamic therapy
implantation of radioisotopes.

) o Ultrasoundguided percutaneous cryosurge
Radical prostatectom¥gxternatbeam radiation therapy (EBRT o
Protorrbeam radiation therapy, Photodynan

Stage Il with or without adjuvant hormonal therapy, Interstitial )
) ) o therapy, neoadjuvant hormonal therapy
implantation of radioisotopes )
followed by radical prostatectomy

Externatbeam radiation therapy (EBRT) with or without adjuvg
Stage lll hormonal therapy, Hormonal manipulations (with or without
radiation therapy), Radical prostatectomy with or without EBR

Hormonal manipulatios with or without chemotherapy,
Bisphosphonates, ExterAa¢am radiation therappalliative
Stage IV radiation therapy (EBRT) with or without adjuvant hormonal
therapy, Palliative radiation therapy, Palliative surgery with

transurethral resection of the prostafi&/RP)

Different clases of drugs are approved for the treatment of different stages of prostate cancer

Table 6. FDA-approved drugs for different stages of prostate cancé#®26

Class Drugs Comments
Used totreat advanced prostate cancer that's no longer
Cancer vaccine SipuleucelT responding to hormone therapy but is causing few or ng
symptoms
Immune Checkpoint inhibitor PD-1 inhibitor
Docetaxel, ]

] ) Used when cancer spresalitside the prostate gland and
Chemotherapy Cabazitaxel Mitoxantrone . .
hormone therapy i sno

Estramustine

Hormone therapy: Treatment )
Removal of the testicles, where most of the androgens

Orchiectomy (surgical

to lower testicular androgen
(testosterone and DHT) are made

castration)
levels
LHRH agonists: )
. ) Lower the amount of testosterone made by the testicles
Leuprolide, Goserelin,
LHRH antagonists
] Used to treat advanced prostate cancer
Degarelix
) Blocks an enzyme (protein) called CYP17, which helps st
Hormone therapy: Abiraterone ] ] ]
these cells from making androgeitscan be used in men with
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Treatment to lower androgen

levels from the adrenal glandg

advanced prostate cancer that is either: High risk or Castra

resistant

Ketoconazole

Used to treat men just diagnosed vatlvanced prostate canc

Hormone Therapy: Drugs that

stop androgens from working

Anti-androgensFlutamide
Bicalutamide

Nilutamide

If orchiectomy or an LHRH agonist or antagonist is no longg

working by itself,

Hormone Therapy: Newer

antrandrogen

Enzalutamide
Darolutamide

Apalutamide

Men with cancer that has not spread but is no longer
responding to other forms of hormone therapy (known as n

metastatic castratesistant prostate cancer (CRPC)

Abiraterone acetate

It's approved for men with advanced prostate cancer who h

tried other hormone therapies.

1.6.12Molecular pathogenesis of Prostate Cancer anthe role of Androgen

Signaling Pathway in its development

The androgen signaling pathway is the key regulator in the pathogenesis of prostate cancer.

Androgen receptor (AR) is a type of nuclear receptor and a memlibe eferoid receptor

superfamily NR3C4 (nuclear receptor subfamily 3, group C, member 4). It issplpdprotein

that is composed of four functionally distinct domains: an artenminal domain (NTD), a

carboxyterminal ligandbinding domain (LBD), a DNAinding domain (DBD), and a flexible
hinge region that joins the LBD and the DBD. DBD contains a #imger motif that allows its

interaction with DNA 237238

Androgen (Testosterone and Dihydrotestosterone/DHT) is the steroid hormone that promotes the

growth of cancer cells. Within the prostate cancer cells, Testosterone gets converted into

Di hydrotestosterone

( eHUTASE* Y an enzyme

In theligand unoccupied state, AR remains localized in the cytoplasts inactiveform as a
complex with three heahock proteins (HSP90, HSP70, and HSP%@)ich prevents its

degralation. Upon phosphorylation, the ligand binding domain becomes available for ligand

(androgen hormone) binding. When DHT binds to the AR, it becomes activated by

phosphorylation and gets released from the comfdégwed by its nuclear translocation. ish

event also causes its conformational change and subsequent dimenzhtabnfacilitates its

c al

binding to the androgen response element (ARE) present in the promoter region of its target
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genes. AR then recruits transcriptionalaivators such as memts ofthep160 family (SRE

1/2, TRAM1), pCAFandCyclic adenosine monophosphate Response Element Binding Protein
(CREB-binding protein) to drive the transcription gjpecificgenes like PSA, FGF8, CDK1/2,
TMPRSS2 that promote cancer cell proliferatféf?4*

Figure 8. Molecular Mechanism of Prostate Cancer Development
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1.6.13Stages of Prostate Cancer Progression

i. Localized Prostate Cancerlt is the indolent disease state wheretumor remains localized
within the prostate gland-his is the early stage of prostate cancer (T1 orWBgre it shows
very slow growth or no growth at all with a very low risk of spreading. Active surveillance
I.e., regular tests to check on cancerwaatthful waiting are the two ways of monitoringhe
treatment options for localized prostate cancer include radical prostatectomy, external beam
radiotherapy, and high dosate brachytherapywhich are nearly curative with 5-year

survival rate of nearly 100%™ 243

Locally advanced prostate camds the disease state where the prostate cancer cells have
broken through the capsule or covering that surrounds the prostate and start to spread into
nearby tissue or organs such as bladdedseminal vesicles. According to the classification

of Malignant Tumors TNM/ tumor (T), nodes (N), and metastases (M) staging, this disease is
categorized either under T@here the prostate cancer cells have started or completed the
rupture of the capsules or T4 where the malignant cells already migrated toathg ne

organs?*?

I. Metastatic Hormone-Sensitive Prostate Cancer (mMHSPC)/ Metastatic Castration

sensitive prostate cancer (MCSPC)This disease state is defined clinically as where the
patients show radiographical evidence of cancer spreading tahtbeparts of the body, yet

the patients are still either hormone naive or responsive to the hormone ablation therapy. The
frontline therapy for mMHSPC is either surgical castration (bilateral orchidectomies) or medical
castration such as Androgen Deprittan Therapy using Luteinizing hormomeleasing
hormone (LHRH) agonists. In some cases, ADT is coupled with Androgen patinsaied
therapy Abiraterone acetateApalutamide, enzalutamide or Chemotherapy (Taxanes:

Docetaxel or Cabazitaxel) &adiotherapy:244

However, most of the patients with mHSPC experiertcansition into the metastatic castrate
resistant (NCRPC) state. In most cases, relapse occurs in response to the initial localized

treatment, but de novo metastatic conditioals® observed in small populatioffs?44

I. Castration-Resistant Prostate Cancer (CRPC)/ Androgetindependent (AIPC)/
Hormone-refractory prostate cancer (HRPC) Due totheinitial reliance of prostate cancer
cells on androgens for growth and evadingpapsis, the standard treatment option for early
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stage PCa is androgeleprivation therapy (ADT/medical castration) through surgical or
pharmacological approaches. Most of the eathge PCa patients who have been treated with
ADT show good initial respoes. Howeverthevast majority of these men eventually become
unresponsive towards hormone therapy withinfthe years of ADT with more >than80%

of cases shoing metastases and despite low levels of androgen, patients show signs of
progression of prexisting disease conditipme., sustained rise in prostate serum antigen
(PSA) level with/ without metastases even with castration or low testosterone levels (serum
testosterone < 50 ng/dL or 1.7 nmol/L). This aggressive form of prostate cancer is termed

Castratiorresistant prostate cancer (CRBEY45:246

CRPC state can be categorized as eithen-metastatic (hnmCRPC) or metastatic
(mCRPC).241’246

Figure 9. Dynamic transition model of prostate cancer clinical states

Clinical
v Metastasis:
Non-castrate
Clinically ..
. Rising
localized —— mCRPC
. PSA
disease
Non
* metastatic
CRPC
B Non-Castrate
|:| Castration-resistant

a.Non-Metastatic Castrate-Resistant Prostate Cancer (hnmCRPC)This is the type of CRPC
that is characterized by the absence of radiographic evidence of metastaseswithum
PSA | evel of O hcontiguous trend df @sing.es &t easshg/mL higher
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than the nadir PSA which indicates the lowest PSA level after ADT. Treatment options include
secondgeneration antandrogen like Enzalutamide, Apalutamide, and Darolutarftéé!’
Studies showed that, withfive years of diagnosis, >5088 the men with nmCRPC eventually

progress into metastatic disease state (MCRM@¢h isamore aggressive and lethal disease
state?

b. Metastatic Castrate Resistant Prostate Cancer (NnCRPC)mMCRPC is the advanced form
of prostate cancer whecancer becomes unresponsive to the hormone ablation thetaply
spreads to the other parts of the body such as bones, lymph nodes, bladder, rectum, liver, lungs
and brain. This is the lethal disease state with poor prograsisdian survival of < 3gars
anda5-year survival rate of <30 %. Most of the patients progress to mMCRPC withyears

from the initiation of ADT 248250

The earlier treatment options for mMCRPC were mitoxantrone and Estramudtiok have
failed to improve overall suival. Taxanebased chemotherapy (Docetaxel & Cabazitaxel) is
the current first line of treatment for the mCRPC. TAX327 & SWOG 9916 trial showed that
Docetaxel improves median OS by22 monthswhereas TROPIC trial data revealed that
Cabazitaxel is effente in improving OS and prolonging treatmédrege survival as a second

line to therapy after Docetax&f:25!

Apart from the Taxanes, immunotherapy (sipuledidelseconegeneration antandrogens/
ARSI (Enzalutamide, abirateron@ndRadium 223 dicloride are the other treatment options
for mMCRPC2%?

1.6.14Taxane for the treatment of mMCRPC

Taxane drugssuch as Docetaxel and Cabazitaxel, are f&pproved drugs for the treatment of
metastatic castratieresistant prostate cancer. Thasgerotubule targeting agents (MTAyhich
bind to the microtubules and disrupt their normal functi@re the frontline treatment for
mCRPC.

Taxane exerts its action by binding with the microtubule, a cellular orgaheli@lays an

essentiatole in cdl division (mitosis) as welastraffickingvitalpr ot ei ns . | t- i s con
a n dtubolin. 4 In prostate cancer, the important androgen receptor (AR) protein is trafficked

via microtubules from the cell surface into the nucleus, where it binds DNAeads to cancer
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cell growth.The bnding of Taxane with the tubulin leatb the prevention of the microtubule
assembly as well as microtubular polymerization and stabilization of these, tvatks
prevents the AR from moving into the nucleus. As @@stancer cells rapidly proliferathe
effect on microtubule causes celicle arrest in metaphase anttimately, apoptosig>32>4

1.6.14.1FDA-Approved Taxanes for mCRPC treatment

i. Docetaxel Docetaxel/ Taxotere is the intravenoualyministered taxoid antineoplastic drug

that got FDA approval in 2004 as the frontline chemotherapy for the treatment of mMCRPC based
on the TAX327 & SWOG 9916wnhich showed that Docetaxel is effective in improving the
median OS by 2.9 monthg>!

Howeer, Docetaxel has a very high adverse effect (AE) profile. The common side effects of

Docetaxel include neutropenia and anemia.

. Cabazitaxet Cabazitaxel/ Jevtana is the intravenously administered, semmetation taxane

that hasa similar mechanism oéctionto Docetaxel but has less affinity towards drug efflux
pump such as-Blycoprotein (Pgp), which maks it more effective in multdrug resistance

scenario and have better toxicity profile than Docet&xel

In 2014, FDA approved Cabazitaxel asegond lineof therapy after Docetaxel in the treatment
of MCRPC based on TROPIC trial data that revealed Cabazitaxel is effective in improving OS

and prolonging treatmeiiitee survivaf>>2°¢

1.6.14.2Mechanism of Action of Taxane Drugs

a.Inhibition of microtubular depolymerization: 1 t bi nds t o -tubduleatmeitty mer i z
within the lumen of the microtubule and promotes and stabilizes microtubule assembly in the
absence of GTP. This leads to the disruption of microtubule dynandcsudrsequent cell

cycle arrestfollowed by activation ofheapoptotic pathway within the cefg-2%’

b. Inhibition of AR nuclear translocation: Docetaxel can inhibit androgen receptor (AR)

transcriptional activity by constraining AR expression, blogkR nuclear translocation, and

facilitating FOXOZmediated repression of AR transcriptional actigity.

c. Attenuation of the effect of Bcl2 & Bcl-xL gene expression: Docetaxelmediated

microtubule stabilization induces B2lphosphorylationwhich leads to the loss of B2l
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antiapoptotic function by decreasing its binding to the proapoptotic Bax protein followed by

apoptosis. In P@ cell lines, it decreases mMRNA expression ofBcf>®

1.6.14.3Table 7 Molecular mechanismof resistance towards Taxane drug>%-2%°

Tubulin alterations Overexpression df |1 | Funitsottddulin which has less affinity
towards taxane binding

datubulin mutation T26A, A595G, and F270hutation intheM4 0 i sotyp
tubulin which impairs thetaxanemediated polymerization

Kinesin Involved in taxane resistanbg interacting with microtubule
filaments.

AR/AR-variants Androgen receptor variants AR & AR-v567 promote Taxane
resistance

TMPRSS2ERG ERG fusion protein leads tbeinduction of Taxaneesistance

rearrangement by altering microtubule dynamics

Cancerstem cells Enriched expression of CD133, CD44, NOTCH & Hedggeh

signalling promote Taxane resistance

Multi-drug resistance | Overexpression of drugfflux transporter MDRL
PISK/AKT signaling Dysregulation of PI3K/AKT pathway and #pgulation of
phosphorylated AKTue to inactivation of PTEN.

1.6.15Androgen Receptor Signaling Inhibitor (ARSI) for the treatment of mMCRPC
Drugs belmging to this class directly target the ARynaling axis by competitively inhilarig
the ligand binding to the receptor or by inhiflif the synthesis of androgen and bliagkthe

downstream activation and subsequent expression gbAfet gene&?:262

i. Enzalutamide: Enzalutamide/ Xtandi is the orally bioavailable secgederation ARSI that
got FDA approval as the treatmeoption from mCRPC patients previously treated with
Docetaxel based on the AFFIRM clinical trial where it improved median OS by afivest

months263.264

Enzalutamide acts as an antagonist of ageinosignalingwhere it competitively blocks the
binding of androgen to the androgen receptor in the cytosol and blocks its nuclear translocation
by preventing intramolecular ifNC interaction and subsequent transcription of the target
geness3
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1.6.16 AR™ mCRPC / AR-negative mCRPC and emergence of neufo

endocrine phenotype: NeureEndocrine Prostate Cancer (NEPC)

Taxanes (TX) and the Androgen Receptor Signaling inhibitor (ARSi) are the front line of therapy
to treat MCRPC. Despita good initial respnse, most patients eventually encounter drug
resistance. Under the treatment pressure of ARBmatdy, a subset of mMCRPC patients
progress int@ more advanced disease statraggressive variant of prostate cancer (AVPCa)
where the prostate canceells undergo ddlifferentiation that involves lineage plasticity,
extensive transcriptional reprogramming (SOX2, SOX11), loss of p53 & phosphatase and tensin
homolog (PTEN), chromatin structure rewiring and ultimately acquire androgen receptor (AR)
indepenient phenotype. This AR / AR°"/ AR-negative mMCRPC is a rapidly progressing,
hormone therapy unresponsive disease state tha pasr prognosis, mean survival of31
years,andhigher tumor burderShows signs of metastasis to the visceral organ asdiver,

lung, etc., lytic bone lesions in the backdrop of slowly rising A&l with limited or no

therapeutic optiong®26°

Figure 10. The course of clinical progression to AR mCRPC
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In normal prostate tissuthe neuroendocrine (NE) type of epithelial cells is present in very less
numbes (<1% of the total epithelial cells) as compared to the other two types of prostate
epithelial cells: basal cells and luminal celsit its number gets increased significgnth
prostate adenocarcinoma. Afgative mCRPC is characterized by the nemdocrine
differentiation of the CRPC adenocarcinoma ¢elsich are evolved either by divergent clonal
evolution or tranglifferentiation that leads to the loss of luminal aspithelial markers.
Neuronodulators such as bombesin, serotonin; cytokines-1(k, -6, |Il-8); gene
rearrangements of ETS transcription factor family member ETG and ARSI mediated AR
blockade induced downregulation of TMPRSERG protein expression; amppdiftion of
Aurora kinase A (AURKA) and Nnyc (MYCN); molecular signaling pathways for e.g., Vint
catenin, PIBKAkti mTOR pathway; aberrant expression of EZH2 and downregulation of REST
(regulator of neuronal gene expression) promote this NE differentf&fiéfi-2"*

Neuroendocrine differentiation is a phenotypic change that occurs in prostate cancer cells in
which they undergo trardifferentiation and acquire the structural and functional features of
cells of neuronal, endocrine origior a mixture d both. Treseneuroendocrine (NE) like cells

are postmitotic cells characterized by the absence of AR and R&¥;express markers like
prostatic acid phosphatase, synaptophysin (Sygpdberin(Ecad), K18 and K8 cytokeratins

(CK), CD56; secrete peptichormones such as newspecific enolase (NSE), chromogranin A
(CgA) and growth factors that facilitate the growth of the surrounding malignant cells in a
paracrine manner. De novo origin of Neuroendocrine Prostate Cancer (NEPC) is very rare and
found itin only <2% of the cases. This histological subtype of pure or mixed-spitikelial
glandular cells has aggressive clinical manifestatguch as disease progression, treatment
resistance, poooverall survival of <2 years due to its dormant phenotyged highlevel
expression of anpoptotic genes such as BxISurvivin etc. Poor therapeutic response due to
treatmertemergent NEPCNEPC) isprimarily observed in CRPC patients (>25% of the total
CRPC cases)wherethe emergence of Nfike cells s directly correlated with the treatment
resistance towards ADT, chemotherapy (Docetaxel, Cabazitaxel), radiotherapy. Previous studies
also showed that tumors of almost 40% of the patients that are resistant towards ARSI
(enzalutamide and abiraterone) digpthis NE phenotyp&3273
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Pathological classification based on spatial and morphological features classified

Neuroendocrine differentiation infive types?’+27°

Small cell carcinoma/ Pure NED:In this type of NEDthetumor is made up of entirely NE
cells. This is thainiversal NED which is extremely rare (occurrence rate of < 2%) with poor
clinical outcome (OS <1 year) and characterized by scedllicarcinoma of the prostate gland
(SCCP). These tumor celshow a high mitotic index (ki67 index >80%) and nucleas

cytoplasm ratic?%6:270:272.276

. Prostate adenocarcinoma with focal NEDFocal NED or the mixed tumors thatveghe

phenotype of both prostate adenocarcinoma and smlaltarcinoma and display features of
focal NE, like cells are present either as scatteor in clusters of densely packed cells in
primary and/or secondary sites. Here, only a subpopulation of tumor cells undergoes NED.

This is rather more common-{®% of cases) than Pure NED with better clinical outme
266,270,276

Adenocarcinoma wth Paneth cell NED: This distinct subtype of Neuroendocrine
differentiation leads to the acquirement of Panethlit@llchange of the prostatic epithelium
where its resemblance to the Paneth cells of the small intestine is prominent. It is characterized
by the abundant presence of large eosinophilic granules in the cytoplasm of tumor cells and
thelack of prominent nucleoh’®

.Large cell NE carcinoma (LCNEC): This isarare, aggressive, higijrade sukype of NED
(median overall survival <9 monthd)aracterized by the presence of large tumor cells (larger
than the SCCP) witta high mitotic rate (Ki67 proliferative index>50%) and abundant
cytoplasm, vesicular clumpy chromatin, and prominent nucleoli with signs of necrosis.
LCNEC expressCD56, CD57 chromogranin Aandsynaptophysin ants believed to be

developed following longerm hormonal therapi?>-266.276

. Mixed (small or large cell) NE carcinoma@ acinar adenocarcinoma:This is a biphasic

carcinoma that exhibits features of both NE (small cell or large cell) carcinoma and
conventional acinar or ductal adenocarcinoma. Immunohistochemistry analysis shows cells
are positive for NE markers such as synaptophysin, CBb6,chromogranin. It has a
characteristic mixed PSA expression that shaywssitive expression pattern from the acinar

adenocarcinoma cells but variable PSA expression from the NE®éilS.
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AR-targeted therapy fails to achieve clinical benefits in NER@Gents. Due to its biological
similarities with Small Cell Lung Cancer (SCLC), the treatment regimen that mainly contains

platinumbased chemotherapy Cisplatin/ Carboplatin is the fiioat treatment option for
NEPC?%7
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Gap in knowledge

Most advanced state cancer (relapsed!/ refracémeglifficult to cure, highly heterogeneous with
high recurrence rase and have a poor longterm prognosis!’2’ There are onlylimited
therapeutic optionavailableowing to drugresistance, extensive intgrdividual variation in
response, and toxicity profile that limits efficacy in clinical settifgso, the response ward
standarebf-care drugs is not durabland patients who show good initial response often tend to
progres toa more aggressive or terminal disease sttee the standatdf-care therapy stops
working, very few or no therapeutic options aeailable.Previous studies have shown that
intrartumoral heterogeneity due to the presendesaitmentrefractory subpopulations or cancer
stemilike cells (CSCs) drive drug resistance and disease relapse in various camtess.
importantly, no study so far has attempted to develop drygicitly targeting thesstemlike
subclones. Standardf-care drugsre mostlyineffective in targetingc SCs8°21°

Therefore, there is an unmet need to discover novel drugs againstaR@er that also

specifically target cancer stelike cellsto managehesetreatmentresistant malignancies.

Ougoab to identify rational coombi n@mpoivoewiatnldgier a
survival a4dideproegresviadtnto i mprove the qualit
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1.7 secDrug algorithm

Assessing the survival endpoints in claliapplications requires the treatmenatdrge number

of patients with these drugs that need to be measured in months tolyeaesore, developing
prediction algorithms of response can be a long process. One alternative is to use collections of
humancancer cell lines from patient tumors that represent a broad spectrum of the biological
and genetic heterogeneity of cancer, commonly knowin &gro modeling of drug response.

We have compiled a panel of >70 human myeloma cell lines (HMCLS) represemtate and
acquired PI resistance representing the broad spectrum of biological and genetic heterogeneity
of myeloma patients.

Our goal was to create a myftionged approach/pipeline to discover, validate and characterize
novel drugs apotential secondary choices for circumventing resistance to primary drugs in

myeloma and generate better treatment outcomes

1. We have created a computational pipeline by utilizing a greedy algebiéised setovering
computational optimization method followed by a regularization technique to seek all
secondary drugs that could kilmaximum number of cell lines of the test dise(B-cell
malignancies/ Sex hormoftlependent malignanciesdsistant to the test drug (Proteasome
inhibitor/ Immunomodulatory drugs/ Bruton Tyrosine Kinase inhibitor/ Taxanes/ Androgen
receptor Signaling Inhibitprin a sequential manner ordered by thember of cell lines
killed. A greedy algorithm constructs a solution to an optimization problem piece by piece

through a sequence of choices to find the overall, or globally, optimal solution.

2. Toward this goal, we used the vast array of human canceineslinthe Genomics of Drug
Sensitivity in Cancer (GDSC version GDSC1000) database. The Genomics of Drug
Sensitivity in Cancer (GDSC1000) resource is the largest public collection of information on
drug sensitivity in human cancer cells (contains eberggitivity data on 265 drugs covering
a wide range of targets and processes involved in cancer biology on more than 1000 human
tumor cell lines, representing a wide spectrum of human cancers, along with a wide array of

genetic information including genepmmession analysis data)
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Figure 11. Schematic diagram of identification, validation, and characterization of

secDrug predicted novel secondary aritancer agents.
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Hypothesis

We hypothesize thacombination of our predictesecDrugs with standawwf-care drugs will
be useful in curbing oncogenic progressions in relapsed/ refractory cancer, abrogate drug
resistance, and specifically target the-sldnes representing cancer stemness.
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CHAPTER 2

Validation of secondary therapies against
Multiple Myeloma
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Abstract

Multiple myeloma (MM) is the secorghost common hematological malignancy in the US. MM

is an incurable, aggependent plasma cell neoplasm withyear survival rate of less than 50%.
Extensive intefindividual variation in response to standafecare drugs like proteasome
inhibitors (PIs) and immunomodulatory drugs (IMiDs), drug resistance, andlidoseg
toxicities are critical problems for the treatment of MM. Clinical succesanthmyeloma
treatment, therefore, warrants continuous development of novel combination therapy strategies
with the explicit goabf improvingthe therapeutic efficacy by concomitantly targeting multiple
signaling pathways.

We have created aomputational pipeline that uses pharmacogenomics-diatan
optimizationr egul ari zati on/ greedy algorithm t-o predi
resistant myeloma. Next, we used singédl RNA sequencing (scRNAeq) as a screening tool

to predct top combination candidates based on the enrichment of target genes. For in vitro
validation of secDrugs, we used a panel of human myeloma cell lines representing drug
sensitive, innate/refractory, and acquired/relapsedri®l IMID resistance. Next, weerformed
singlecell proteomics (CyTOF or Cytometry time of flight) in patielgrived bone marrow cells

(ex vivo), genomavide transcriptome analysis (bulk RNA sequencing), and functional assays
like CRISPRbased gene editing to explore molecular pattswmgderlying secDrug efficacy and

drug synergy. Finally, we developed a universally applicakdefRvare package for predicting
novel secondary therapies in chemotherasjstant cancers that outputs a list of the top drug

combination candidates with taand confidence scores.

Thus, using 17AAG (HSP9O0 inhibitor) + FK866 (NAMPT inhibitor) as proahefprinciple of
secDrugs, we established a novel pipeline to introduce several new therapeutictbatibas
the potential to revolutionize clinical dsion-making by minimizing the number of drugs
required for discovering successful combination chemotherapy regimens againssistagnt

myeloma.
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Introduction

Multiple myeloma (MM) is the seconshost common hematopoietic malignancy in the United
States?’® MM is an agedependent plasma cell neoplasm characterized by clonal expansion of
malignant antibodyroducingpostgerminatcenterB cell-derived plasma cells within the bone
marrow with significant complexity and heterogeneity at the moleteNat?’ 28! Proteasome
inhibitors (Pls) are standaxf-care chemotherapeutic agents for myeloma that impede tumor
metastasis and angiogenesis by accelerating unfolded protein response (UPR) or the-ubiquitin
dependent proteolysis afritical regulatoy proteins involved in key physiological and
pathophysiological cellular processes in cancer cells and by interfering with taeBsirabled
regulation of cell adhesiemediated drug resistand®@ortezomib (Bz/Velcade) was the first PI

to be approved by 8. Food and Drug Administration (FDA) for clinical application in 2003 for

the treatment of relapsed and refractory myeldfhd?283Other examples include secend
generation Pls Carfilzomib (Cz/Kyprolis) and the oral medication Ixazomib (Ix
INinlaro/MLN9708)282284 p|s are effective antiM drugs when used alone or in combination

with other anticancer agents like immunomodulatory drugs (IMiDs), alkylating agents,
topoisomerase inhibitors, corticosteroids, and histone deacetylase inhibitors (H&E)
However, despite these and other recent improvements in therapies, myeloma still remains a
difficult-to-cure disease with dodiniting toxicities and drug resistance and a median survival
rate of only aroungevenyears?>28Not all patients respond equally well to treatmearid

those who do often develop resistance over the course of treatment. Drug resistance may
therefore be categorized into (1) innate resistance already presents-mateigatients who

never respond to treatme |, or (2) emerging/ acquired resi
ulti mately undergoes relapse or fAacquireso th
despite good response to initial treatnf@ht®Therefore, there is an urgent needearsh for

novel secondary therapeutic options where new agents may be combined with stéwcdaed

drugs to achieve synergistic effects for treating drug resistance in myeloma.

Deciphering key features within patients underlying tumor heterogeneityparsdnalized
sensitivity to chemotherapy is essential to predict the efficacy e€antier drugs and to prevent
delay in the selection of more effective alternative straté§ie8285288 However, assessing the
survival endpoints in clinical apphltions requires the treatment of a large number of patients

with these drugs that need to be measured in months to years. Therefore, developing prediction
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algorithms of response can be a long process. One alternative is to use collections of human
cancer ell lines from patient tumors that represent a broad spectrum of the biological and genetic
heterogeneity of cancer, commonly known as in vitro modeling of drug response. We have
compiled a panel of >70 human myeloma cell lines (HMCLS) representing the fpectrum

of biological and genetic heterogeneity of myeloma patié&nts

In this study, we have developed a computational method called secDrug for discovering novel
synergistic secondary drug combinations that may effectively reverse resistaongasaton

regimens and allow for reduced dosing and toxicity of Fipfroved myeloma drugs. Next, we
introduced singleell transcriptomics as a novel screening tool for prioritizing secDrug
combinations based on tlseib clonalexpression of the drug taety and observed that the
17AAG + FK866 combination is potentially high

Further, to validate our prediction results, we used our HMCL panel as in vitro model system
representing inteindividual heterogeneity in drugesponse/resistance stow that the top
predicted secondary secDrugs are indeed effective agaiah®IlIMiD resistance as single
agents or agacombination. Further, using 4XAG (an HSP90 inhibitor) as the test secDrug, we
added functional assays, na@dneration RNA sequemg, CRISPRbased gene editing, and
high-dimensional mass cytometry (CyTOF/cytometry time of flight) in primary bone marrow
cells (PMCs; ex vivo model system) from myeloma patients to create a-prarged
approach/pipeline to discover, validate and abtrize novel drugs as potential secondary
choices for circumventing resistance to primary drugs in myeloma and to generate better
treatment outcomes. This also allowed the identification of differentially expressed (DE) genes

and novel pathways assoc@teith successful drug combinations.
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Materials and Methods

In silico prediction of secondary drugs

Design and development of the secDrug pipeline aretrmivial and mathematically involved
(details provided in Supplementary Methods section). Briefly, we utilized we used the vast array
of human cancer cell lines in the Genomics of Drug Sensitivity inc€a(GDSC version
GDSC1000) database and created a pharmacogenomiakrigatagreedy algorithAbased set
covering computational optimization method followed by a regularization technique to seek all
secondary drugs that could kill the maximum numbecedf lines of the test disease-(8l|
cancers) resistant to the test drug (PI) in a sequential manner ordered by the number of cell lines
killed. A greedy algorithm constructs a solution to an optimization problem piece by piece
through a sequence of ches to find the overall, or globally, optimal solution. The GDSC1000
database is the largest public collection of information on sensitivity to >250 drugs covering a

wide range of targets and processes involved in cancer biology in >1000 human caficescell

Drugs, reagents, antibodies, and kits

Ixazomib (Ixa) was procured from Takeda (Takeda Pharmaceuticals Inc., Deerfield, IL, USA).
All other drugs were purchased from Selleck Chemigdisuston, TX, USA) Drugs were
dissolved in dimethy ul f oxi de (DMSO) and stored6was 120
obtained from PeproTech, Inc. (Cranbury, NJ, US)

Cleaved caspas#8/9, HSP90, -iMyc, p65, and IRF4 antibodies were purchased from Cell
Signaling Technology (Danvers, MA, US). Monoclonal tiAm-Actin-Peroxidase antibody
produced in mouse was purchased from Sigdaich (St Louis, MQ USA). Goat anti
Mouse/ Rabbit 1gG (H + L) secondary ant-i body
Fisher Scientific (Waltham, MA, USA). DHE (Dihydroethidiun) assay kit and JC
Mitochondrial Membrane Potential (MMP) assayskitere purchased from Abca(Waltham,

MA, USA). Caspas&lo 3/7 Assay System and CellTHéto 2.0 Assay were purchased from
Promega (Madison, WIUSA).

Human myeloma cell lines (HMCLSs)
HMCLs generated through the immortalization of primary myeloma cells were used as in vitro

model systems to screen top secDrugs against sensitive, innate resistant, and acquired (Parental/P
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vs. clonallyderived resistant/R pairs generated using dosdagieraover a periosf time)
myelomaz®’ We have also generated in vitro drug response psdbiethe four Pls: Bz, Cz,
Oprozomib (Opz), and &as single agents in all the HMCLs included in the panedeRsitivity

in these cell lines was highly egetated, which suggests that any of these four Pls could be used
as surrogates. Therefore, we used Ixazomib as the representative Pl in this study. Further, we
have used machine learnibgsed computational approaches to derive a gene expression
signaturepredictive of baseline Response in myelontd’ The creation of the ANBL6 NRas
(ANBL6/Ras) codon 61 activating mutant cell line has been described é&f&The IMiD-
resistant cell line, MM1S LenR, was obtained as a gift from Dr. Keith SteMrayo Clinic, AZ.

All cell lines were authenticated at source and tested randomly at regular intervals at the AU
Center for Pharmacogenomics and Sir@él Omics (AUPharmGx) using Gei&int 24
Systemfrom PromegaMadison, WI, USA). All cell lines are yroplasma negative. HMCLs

were maintained in HMCL media supplemented witf6IL

Human primary myeloma cells (PMCs)

Bone marrowderived CD138+ patient PMCs were obtained through Mayo Clinic, MN
following written informed consent and used as ex vivo model systems. Prior IRB approval was
obtained from the Mayo Clinic review board. Participants were identified by number, not by

name.

Establishmentof RPMI8226 Hsp90 CRISPRknockout cell line

Chemicallymodified synthetic singlguide RNA (sgRNA) was designed d target the

Hsp90AAl gene and synthesized by Synthego Corpordttenio Park, CA USA). The

sgRNAs were required to meet strict-tdfgetrequirements of at least/o mismatches within

an early exon and target a common exon present in the majority of annotated transcripts. The
sgRNAs were complexed together with the spCas9 to form a ribonucleoprotein (RNP). The

RNPs were then delivered to RIBB226 cells via an optimized electroporation setting. The
transfected cells were then recovered tiwo days before the edits created were evaluated.

Positive control sgRNA (RELA) astransfected at the same time. The edited site was PCR
amplified,and Sager sequencing was performed on the a
analyzed using Synthegods I nference of CRI SPF

percentage of knoekut (KO) sequences of the genetic tar§étiCE identifies the editing
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frequency and the specific indels present in the pool. Additionally, ICE calculates the frequency
of the desired KO, reported as the KO score. Finally, once minimum KO editing efficiency was
confirmed, RPMI8226/Hsp90KO cells weggpandedand QC tested.

In vitro chemosensitivity assays and drug synergy analysis

Cells were treated with increasing concentrations of secDrugs and Pls (represented by Ixazomib)

or | Mi Ds (represented by Lenalidomide) as si
cytotoxicity assays were performed using CellH@&o® Luminescent cell viability assay

(Promega Madison, WI). Luminescence was recorded in a Neo2 Microplate Reader (Biotek),

and halfmaximal inhibitory concentration (Kg) values were determined using GraphPad Prism
software by calculating the nonlinear regression using sigmoidal-rdsgense equation

(variable slope). Drug synergy was calculated using Calcusyn software based o @howa | ay 6 s

combination index (CI) method and the isobologram algorithm (Biosoft[21%)

Apoptosis assays

Caspas8/7 activity assay was performed on the HMCLs using Caspls&/7 luminescent

assay kit accordingtinema nuf act urer 6s i nstructiSmesgy Pr omegd
Microplate Reader (BioTek; Winooski, VT, US). Cdéath by apoptosis was also measured by

immunoblotting analysis.

Determination of superoxide levels
Cells were incubated with 5 €M DHE (in RPMI) 1
washed once with ceblased assay buffer, and red fluomsme was recorded by Synergy Neo2

multi-plate reader.

Measurement of mitochondrial membrane potential (MMP)

Cells were inculbadyea fwdrt h1% miMh JiCh t he dar k a
PBS, and then analyzed for red and gifeerescence by Synergy 2 Microplate Reader (BioTek;
Winooski, VT, US).

Mass cytometry (CyTOF)

Thirty-seven antibody targets directed against cell surface and intracellular markers were utilized

as Immunophenotyping Panel for CyTOF analysis. The Antibody markers and respective metal
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conjugats are described in Tablke Panels were designed using tieb-based panel designer

software: Maxpar Panel Designer (www.fluidigm.com) for optimal signals, minimum
background due to oxidation, isotopic purity, and sufficient sensitivity for each targeted marker.
Prelabeled antibodies were purchased from Fluidi@prporation(South San Francisco, CA

USA). Purified antibodies from BioLegendSan Diego, CA USA) and Santa Cruz
Biotechnology, Inc(Dallas, TX, USA)were labeled using an X8 polymer MaxPAR antibody
conjugation kit (Fluidigm) according to the manufaetur6s 1 nstructi ons. Cy T
performed on PMCs treated with DMSO (vehiclel
5 OM 17AAG.

Table 1: Immunophenotyping panel for CyTOF analysis

A. Cell surface targets

SN. Targets Metal Tag Source/Manufacturer Catalog No.
1. CD45 89Y Fluidigm 3089003B
2. CD38 114Nd Fluidigm 3144014B
3. CD138 168Er Fluidigm 3168009B
4. CD3 141Pr Fluidigm 3141019B
5. CD56 149Sm Fluidigm 3149021B
6. CD19 169Tm Fluidigm 3169011B
7. CcD81 145Nd Fluidigm 3145007B
8. CD20 147Sm Fluidigm 3147001B
9. CD34 148Nd Fluidigm 3148001B
10. CD274 159Tb Fluidigm 3159029B
11. CD27 167Er Fluidigm 3167006B
12. CD229 174Yb Fluidigm 3174017B
13. CD16 209Bi Fluidigm 3209002B
14. CD86 150Nd Fluidigm 3150020B
15. CD117* 173Yb BioLegend 313223

16. CD28* 154Sm BioLegend 302937

17. CD147* 161Dy BioLegend 306206

18. CD71* 170Er BioLegend 334102
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B. Intracellular targets

SN. Targets Metal Tag Source/Manufacturer Catalog No.
1. 1k BU 164Dy Fluidigm 3164004A
2. PERK 1/2[T202/Y204] 171Yb Fluidigm 3171010A
3. pStat3 [Y705] 158Gd Fluidigm 3158005A
4. IRF4 155Gd Fluidigm 3155014B
5. IKZF1 143Nd Fluidigm 3143024B
6. Ki-67 172Yb Fluidigm 3172024B
7. pS6 [S235/S236] 175Lu Fluidigm 3175009A
8. MCL 1 163Dy Fluidigm 3163006A
9. Caspase 3/Cleaved 142Nd Fluidigm 3142004A
10. pAkt [S473] 152Sm Fluidigm 3152005A
11. p38 [T180/Y182] 156Gd Fluidigm 3156002A
12. pRb [S807/811] 166Er Fluidigm 3166011A
13. pCREB [S133] 165Ho Fluidigm 3165009A
14. IKZF3 162Dy Fluidigm 3162032B
15. c-Myc 176Yb Fluidigm 3176012B
16. Ig kappa/light chain 160Gd Fluidigm 3160005B
17. Ig lambda/light chain 151Eu Fluidigm 3151004B
18. BCL-2* 153Eu BioLegend 658702

19. Cyclin D1* 146Nd Santa Cruz Biotechnology SCG8396

CyTOF data analysis

Cytobank software version 7.3.0 (Santa Clara, G8A) was used fothecleanup of cell debris
andremoval of doublets and dead cells. Cleariesl files were further gated and analyzed by
Cytobank. Plasma cells were identified as CDC®16' CD3', CD38, and kappa OR lambda+
(based on each patientés kappa or | ambda rest
had diminished surface CD38 expression as a result of previous daratumumab exposure, CD229
was used as a positive se¢len marker. Fdistributed stochastic neighbor embeddinr§NE),

ViISNE, and FlowSom plots were generated to visualize the subpopulation architecture based on
markers of interest. Relative marker intensities and cluster abundances per sample were

visualizad by a heatmap.

Single-cell RNA sequencing (ScRNAseq)

Automated singleell capture, and cDNA synthesis were performed at ~1500 tumor
cells/sample usinthe10X Genomics Chromium platforfrom 10X GenomicsKleasanton, CA,
USA) that uses dropletequening-based chemistry. Singlell RNA sequencing was
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performed on lllumina HiSeq 2500 NGS platform (Paieed d . 2 1 125 bp, 100

chemistry)from Illumina San Diego, CAUSA) at >50 million reads per sample.

scRNA-seq data analysis

scRNAseq datasets were obtained as matrices in the Hierarchical Data Format (HDF5 or H5). A
combination of Seurat and Partek Flow software packages was useeptogess the data and
perform singlecell transcriptomics analysis. Highly variable genescfostering analysis were
selected based on a grapéised clustering approach. The visualization of cell populations was
performed by4SNE.

Next-generation RNA sequencing (NGS)

HMCLs were plated®ceatl | s ¢pens imlLy-AABwastadiedzas & M o f
single agent or in combination wi t htredind®entn M of |
(treated) cel | s -teatment. Highgudlite RNA evads ex@rdctedh usiggtAs t
shredderand RNeasy kit (Qiagen). RNA concentratiand integrity were assessed using
Nanodrop8000 spectrophotometer (ThersRsher Scientific; Waltham, MA, US) and

Agilent 2100 BioanalyzefAgilent Technologies; Santa Clara, CAJ/A)S and st ored at
An RNA integrity number threshold of eight wapplied, and RNAseq libraries were

constructed using lllumina TruSeq RNA Sample Preparation Kitorg Illumina (San Diego,

CA, USA)

NGS Librariesweresize el ect ed, and RNA sequencing (RNAse:
NovaSeq platform using1 5 @ paredend protocol with a depth o$20 million reads per
sample.

RNAseq data analysis

Gene expression data were-precessed, logiansformed, and analyzed using a combination

of commandine-based analysis pipeline (DEseq2 and edgeR) and Pauek deiftware to
identify differential gene expression profiling (GEP) signatures. Genes with mean counts<10
were removed, and CPM (counts per million) data was used to perform differential expression
testing to identify GEP signatures. Due to the small $amsiges, we used GSA to perform
differential gene expression analysis between groups that applies limma, an empirical Bayesian

method, to detect the DE genes (DEGSs). Genes with meacfbld nge > | 1] and p
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considered as the threshold for repay significant differential gene expression. Heatmaps were

generated using unsupervised hierarchical clustering (HC) analysis based on the top DEGs.

Pathway analysis

Ingenuity pathway analysis (IPA) software (QIAGHHNiIden, Germany) was used igentify

the molecular pathways and upstream regulators predicted to be activated or inhibited in
response to FAAG treatment (singlagent and combination with PIs) based on the list of

significantly differentially regulated genes.

Western Blotting

HMCLs treated with 1-AAG alone, Ixa alone,or tAAG + | xa combination w
washed, and |l ysed using radioi mmunoprecipitat
TrissHC I pH 7.5, 150 mM NacCl, 1% NP4O0, 5 mM EI
pr ot ease inhibitors cocktail (Si gma) and 1 nc.t

centrifuged at 14,000 rpm at 4 AC for 30 min.
using PiercE BCA Protein Assay Kit (Therm®&isher Scientific; Waltham, M, USA).
Samples were solubilized in sodium dodecyl sulfailyacrylamide gel electrophoresis sample
buffer, and equal amounts of protein were loaded per lane of 10% sodium dodecy} sulfate
polyacrylamide gels and transferred onto PVDF membranes (Milli@llerica, MA, USA).
Membranes were blocked in TBS with SuperBlecklocking buffer (Thermdrisher Scientific;
Waltham, MA, UR\) incubated with primary antibodies and secondary antibodies in TBS with
0.2% Tween 20 and 2.5% bovine serum albumin. Immuctvtgt was detected by
chemiluminescent HRP substrgBio-Rad Laboratories; Hercules, CA, B and the exposed
image was captured using a ChemiBobIP Imaging System (BidRad). Densitometry analysis

was performed using Image J softwé@m the National Institutes of Health (NIHBethesda,

MD, USA).

Statistical analysis
All statistical analyses were performed using R (the project for statistical computing and
graphics) and GraphPad Prism 9.0 software. All tests werestival e d , and p < 0.

consideed statistically significant.
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Results

Identification of secondary drugs usingthe secDrug algorithm

A novel modified greedy algorithibased setovering computational optimizatien
regularization pipeline was used to identify all secondary drugs thal &dluthe maximum
number of cell lines in the GDSC1000 database belonging to the test disezdeod@cers
including myeloma) and which are resistant to the PI/PI drug Bortezomib (Bz/Velcade; the
primary antimyeloma drug). A total of 1091 cell linesere present in the GDSC1000
databasé®??*3The following filtering criteria were applied to select computableeB lines:

target celd B-cell; cancer typé blood; tissud blood; histology
lymphoid_neoplasm/haematopoietic_neoplasm; dsitaematopoietic rad_lymphoid_tissue;

no missing data). A total of 94 cell lines satisfied the above filtering criteria and were selected
for further analysis. 165 values were processed, imputed, and categorized ass8r{§itive), R

(Pl-r esi stant) , a nmpdiate PI(1Gh Wakias)t prioa b analysis. We applied our
computation algorithm to the GDSC1000 dataset and predicted the top secDrugs that can be best
combined with Pls to achieve response in N and R lines. The predicted top secondary drug
combinations irPl-r e s i s tnautral Becell cdhters with a Pl backbone are showmhable
2.These include HSP90 inhibitor (WAG), Nicotinamide phosphoribosyl transferase or Nampt
inhibitor (FK866), PIKfyve inhibitor (YM201636), Raf inhibitor (PL-X720), Bcl2 inhibitor
(Navitoclax), SB505124 (transforming growth facbor t y pe | r AIXKE iphibibor),, AL K4,
S6K1-specific inhibitor (PF4708671), and the neddylation inhibitor (MLN4924). Furthermore,
when only the top Plesistant cell lines (R; highest 33% PkdOvere considered, the following
drugs were predicted to be highly effective: ARG, PLX4720, YM201636, and the AKT
inhibitor KIN001.102.

Table 2: Detailed list of top combination treatment regimens with a proteasome inhibitor (PI)
backbone predicted using the secDrug optimizategularization computational algorithm.
Percent covege (cell lines predicted to be killed by the treatment) of tHeeB cancer lines

included in the prediction modesl also provided.
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SI. No. No-Drug Pl only PI + 2 secDrugs Pl + 3 secDrugs

1 Pl + FK866 + 17.AAG Pl + FK866 + 17.AAG + SB216763
0 33.0% 72.2% 82.5%

2 Pl + XAV939 + 17.AAG Pl + XAV939 + 17.AAG + VNLG.124
0 33.0% 71.1% 83.5%

3 Pl + PF.4708671 + Bleomycin Pl + PF.4708671 + Bleomycin + FK866
0 33.0% 76.3% 87.6%

4 PI + Bleomycin + SB505124 Pl + Bleomycin + SB505124 Mavitoclax
0 33.0% 75.3% 86.6%

5 Pl + PLX4720 + Navitoclax Pl + PLX4720 + Navitoclax + Roscovitine
0 33.0% 75.3% 84.5%

6 PI + Afatinib + Navitoclax PI + Afatinib + Navitoclax + MLN4924
0 33.0% 72.2% 82.5%

7 Pl + PD.173074 + MLN4924 Pl +PD.173074 + MLN4924 + KIN001.055
0 33.0% 71.1% 82.5%

8 Pl + SN.38 + SB505124 Pl + SN.38 + SB505124 + ATRA
0 33.0% 73.2% 85.6%

9 PI + Bicalutamide + Navitoclax PI + Bicalutamide + Navitoclax + EHT1864
0 33.0% 72.2% 82.5%

10 Pl + MLN4924 + PIK.93 Pl + MLN4924 + PIK.93 + SB505124
0 33.0% 74.2% 84.5%

11 Pl + UNC0638 + 17.AAG Pl + UNC0638 + 17.AAG + EHT1864
0 33.0% 72.2% 82.5%

12 Pl YM2016:_36 * Pl + YM201636 + Temozolomide + AZD8055

Temozolomide

0 33.0% 72.2% 82.5%

13 PI + Methotrexate + JW.7.24.1 Pl + Methotrexate + JW.7.24.1 + AMG.706
0 33.0% 73.2% 84.5%

14 Pl + KU.55933 + GSK269962A| Pl + KU.55933 + GSK269962A + KIN001.055
0 33.0% 72.2% 83.5%

15 Pl + NU.7441 + JQ1 Pl + NU.7441 + JQ1 + EHT1864
0 33.0% 72.2% 82.5%
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16 Pl + AZD6482 + UNC0638 Pl + AZD6482 + UNC0638 + MLN4924
33.0% 74.2% 84.5%

17 Pl + CCT018159 + CP466722 Pl + CCT018159 + CP466722 + JQ1
33.0% 72.2% 82.5%

18 Pl + JQ1 + Doxorubicin Pl + JQ1 + Doxorubicin + 17.AAG
33.0% 74.2% 84.5%

19 Pl + UNC0638 + AS605240 P1 + UNC0638 + AS605240 + Roscovitine
33.0% 74.2% 83.5%

20 Pl + YK4.279 + TL.2.105 Pl + YK4.279 + TL.2.105 + Temsirolimus
33.0% 73.2% 82.5%

21 Pl + AICAR + SN.38 Pl + AICAR + SN.38 +5SB505124
33.0% 71.1% 83.5%

22 Pl + Docetaxel + Bleomycin PI + Docetaxel + Bleomycin + Roscovitine
33.0% 72.2% 83.5%

23 Pl + PD.0332991 + Gefitinib Pl + PD.0332991 + Gefitinib + Bicalutamide.1
33.0% 71.1% 80.4%

24 Pl + AG.014699 + Trametinib Pl + AG.014699 + Trametinib + Roscovitine
33.0% 71.1% 81.4%

25 Pl + GSK269962A + Navitoclax Pl + GSK269962A + Navitoclax + Cetuximab
33.0% 71.1% 81.4%

26 PI + piperlongumine + CP466722 PI + piperlongumine €P466722 + MLN4924
33.0% 72.2% 80.4%

27 Pl + Trametinib + CP466722 P1 + Trametinib + CP466722 + SB505124
33.0% 72.2% 82.5%

28 PI + KIN001.055 + Temozolomide PI+ KIN001.055 + Temozolomide +

Temsirolimus

33.0% 73.2% 82.5%
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Top secDrugs induce loss of viability in HMCLs as singlagent treatment

First, we used our panel of HMCLs as in vitro validation screens to evaluate the top predicted
secDrugs, including *AAG, PF.4708671, SB505124, Navitoclax, PLX4720, MLN4924,
YM201636, FK866, KIN001.002. As shown kgure 1, the predicted secDrugs showsagh
singleagent in vitro cytotoxicity in our myeloma cell line panel, including innate and acquired

Pl-resistant and IMiEresistant myeloma cell lines compared to untreated control at increasing
concentrations of secondary drugs.

Figure 1. secDrugsdecrease in vitro cell viability in multiple myeloma.
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Singleagent doseesponse plots for secDrugs in HMCLs

A 17AAG; B FK866;C SB505124D Navitoclax;E PLX4720;F MLN4924; G YM201636;
H PF.4708671f KINOO1.002.

Single-cell transcriptomics (scCRNA-seq}based drug screening predicted A A G
as potentially effective against myeloma

+ FK866

Next, we used singleell RNA sequencing (scRNA&eq) as a novel biomarkbased drug screen
to identify singlecell subclones (representeoly SNE clusters) that harbor secDrug target

genes in the untreated/baseline HMCLSs representing sensitive or myeloma tumors. Ow scRNA
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seq data in (representati*SNE clusters shown iRigure2) demonstrated that the majority of

the singlecell clustersn drugsensitive and drugesistant myeloma have high expression of 17
AAG target genes HSP90AA1, HSP90AB1, and the FK866 target gene NAMPT indicating that
17-AAG and FK866 combination may be effective against these subpopulation clusters: The 17

AAG targ e t gene

i st

wa s

deri ved

from

t he

Har var

integrated networbased cellular signatures perturbagen database, a publicly available database

devoted to understanding how human cells respond to perturbation by drugsyitbement,

and mutatiorf%2%4

Figure 2A. Results from the singlecell RNAseq) analysis on the myeloma cell line pair

U266-P/VR.

Comparison of the-8SNE/Grapkbased clusters between U266P vs. U266VR cell lines
(U266R parental/sensitive, U266\Racquiredresistant).

sraph-based

Cellline

U266-VR
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Figure 2B. Results from the singlecell RNAseq) analysis on the myeloma cell line pair

U266-P/VR.

Single cellswith an enriched expression of the target genes of 17AAG (HSP90AAL,

HSP90AB1) and FK866 (NAMPT).
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17-AAG shows synergy with Pls, IMiDs, and FK866

We used a supanel of HMCLs representing Bé&nsitive (FLAM76, KAS6/1, MM1S), innate
resistance (JIMB, LP-1; representing refractory disease), and acquired PI/IMiID resistant clonal
pairs (U266P/VR, RPMI8226P/VR, JIBP/VR, and MM1SP/LenR; representing relapse MM)

to evaluate the effect of the predicted secBvaged combination regimen,-&/AG + FK8 6 6
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eitheg as a combination of these two secDrugs or using Pls or IMiDs as the backbone. Cell

survival curves representing -WAG + | xaz-AAhGb+ FHK&66,- and

AAG + Lenali domi de cFgurdBAiC.aNeifoond tha £AAG sohomlyw n i
showed synergwith Pls and IMiDsputthe combination of ”AAG and FK866 also showed
significant synergy, as depicted by the dossponse curves and Cl values represeritieg
combination treatments. Cl values were consistently less than 1, which indicates $mergy.
addition, FK866 also showed synergy with |
Figure3D) . Cel | survival curves representing
innate sensitive, innate resistant, and acquired resistant H&t€Ishiown ifrigure3Er |. Figure

S1: Predicted top secDrugs synergize with Ixazomib (secDi¥g} in myeloma cell lines
representing innate sensitive, Innate resistance, Parental/seasithatonallyderived acquired

Pl resistanceD) FK866; E) PLX472Q F) YM201636; G) Navitoclax; H) MLN4924; 1)
PF.4708671.

Cell viability was assessed by CellTH&io assay (48h). Cl Combination index calculated
using ChodT al al ay d6s Cl i antagooisme GiFl. additive] Ci<li synergism)
(VR-Velcade/bortezomib/Piesistant cell lines).

n

Xaz.

ot h

These secDrugs also showed strikingly high synergy with Ixazomib, as depicted by the Cl values.

Further, based on dose reduction index (DRI) values, ty@iGazomib in myeloma cell lines

was predictedio be significantly reduced in the presence of these secDrugs.

Figure 3J shows the relative decrease of the predicted effectige (01 concentration) of
Ixazomib when used in combination with-AAG. The DRI values, calculated usitige ClI
theorem, demnstrated that FAAG improved the therapeutic index of Pl and IMiD
administration to the cells and decreased the amount of PI/IMID required to achieve effective
responseS®. This points towards the possibility of reducing the dose thiedeby the toxicity

of Pls when administeredad 7 AAG + P11 ¢ o-ndluced apoptosiswas canfirmeyl

in HMCLs using Caspase 3/7 activity assays (data not shown).
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Figure 3A. T h e

secDrug
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Figure 3B. The secDrug 17AAG synergizes with K 8 6 6
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Figure 3C. The secDrug 17AAG synergizes with Mi D s
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Figure 3D: Predicted top secDrug FK866 synergize with Ixazomib (secDrug#xXA) in

myeloma cell lines representing innate sensitive, Innatesistant, Parental/sensitive, and

clonally-derived acquired PI resistance

FLAM-76 Ixazomib+FK866 RPMI-P Ixazomib+FK866 U266-P Ixazomib+FK866
150 150 . 150, .
* Ixazomib + Ixazomib
=)= Ixazomib
2 < Ixazomib+ 100 nM FK866 2 1004 Ixazomib+ 100 nM FK866
£ @ xazomib+ 100 nM FKB66 A * £ -
g g 8
S > >
X s EE 2 50
Cl: 0.697 - Cl: 0.968 Cl: 0.204
01 i 10 100 1000 DRI: 8.86 04 i 10 100 1000 DRI: 9.65 04 i 10 100 1000 DRI: 9.18
Ixazomib Conc. (nM) Ixazomib Cone, (nM) Ixazomib Conc, (nM)
LP-1 Ixazomib+FK866 RPMI-VR Ixazomib+FK866 U266-VR Ixazomib+FK866
il Ixazomib
150 &~ Ixazomib 150 =i~ Ixazomib 150 -~
i Ixazomib+ 100 nM FK866
2 100 - Ixazomib+ 100 nM FK866 210 —— Ixazomib+ 100 nM FK866 21 -
2 3 3
3 > >
* 50 S R
Cl: 0.816 Cl: 0.892 Cl: 0.449
01 1 10 100 1000 DRI: 6.80 04 1 10 00 1000 DRI: 4.32 01 1 10 100 1000 DRI: 4.73
Ixazomib Conc. (nM) Ixazomib Conc. (nM) Ixazomib Conc. (nM)

Figure 3E: Predicted top secDrugPLX4720 synergize with Ixazomib in MM cell lines

representing innate sensitivty/ resistance, Parental/sensitive, and clonallyderived

acquired PI resistance
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Figure 3F: Predicted top secDrugYM201636 synergize with Ixazomib in MM cell lines
representing innate sensitivty/ resistarce, Parental/sensitive, and clonally-derived

acquired PI resistance
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Figure 3G: Predicted top secDrug YM201636 synergize with Ixazomib iMM cell lines
representing innate sensitivity/ resistance Parental/sensitive, and clonallyderived

acquired PI resistance

FLAM76 MM1S
160+ 160=
-+ XA alone - XA slone
- o IXA+10uM Navitociax = = IXA+500nM Navitoclax
]
2 oy -+ IXA+20uM Navitoclax 2 oo IXA+1000nM Navitoclax
s g
=2 3
@ 04 “ 50
= =
o Cl= 0.242 o Ci=0.022
001 04 1 10 100 1000 DR= 5.19 001 04 1 10 100 1000 o= 5,01
IXA Conc (nM) IXA Conc (nM)
LP1 Jim3
50 = IXA alone 150 = IXA alone
_ o IXA+10UM Navitoclax = = 1XA+20uM Navitociax
2 ooy = IXA+20uM Navitoclax 2 1004 =~ DCA+40uM Ravitociax
4 <
> 5
9 g D g
= =
Ci= 0.176
o1 CI= 0.074 o DRI= .73
001 01 1 10 100 1000 DRI= 7.43 001 01 1 10 100 1000
IXA Conc (nM) IXA Cone (nM)
U266P U266VR RPMIB226P
5 160, 160
- IXAalone = XA alone -+ IXaalone
= - IXA+20uM Navitociax = = [XA+20uM Navitocax . ~+- IXA+5uM Navitoclax
> 1004 - IXA+40uM Navitoclax > -+ IXAe40uM Navitoclax > o4 -+ [XA+20uM Navitocia
H : g
2 3 3
a 50 @ 50. « 50+
= # *
ci= 1113
by oy e Cl=0.113 0 Cl= 0.186 P .. DRI= 8.71
0ot 01 1 10 100 1000 DRI=7.17 001 o1 1 10 100 1000 DRI= 8.77 001 o1 1 10 100 1000
XA Cone (nb) 1XA Conc (nM) IXA Cone (nM)

Figure 3H: Predicted top secDrugMLN4924 synergizes with Ixazomib in MM cell lines
representing innate sensitiity/ resistarce, Parental/sensitive, and clonallyderived
acquired PI resistance

106|Page



FLAM76
150+
-+ |XA alone
= -+ IXA+250nM MLN4924
> 1004 -+ IXA+500nM MLN4924
£
3
(0] 50
=
o - . + n Cl= 0.254
001 04 1 10 100 1000 DRI= 4.31
IXA Conc (nM)
MM1S RPMI8226P
160 150
5 === |XA alone =+ XA alone
o -+ IXA+10000nM MLN4924 = -+ [XA+10000nM MLN4924
] 1004 -+~ [XA+20000nM MLN4924 > 1004 == |XA+20000nM MLN4924
z 2
5 3
a5 LU
® =
v ] e -] 1 - 0+ -
001 04 1 10 100 1000 CI_-O.EZS 001 041 1 10 100 1000 d _1'35
DRI= 8.83 DRI= 5.50
IXA Conc (nM) IXA Conc (nM)
U266P U266VR
150 150
=+ XA alone == |XA alone
5 == |XA+250nM MLN4924 = =+ [XA+5000nM MLN4924
2 1004 -+ [XA+500nM MLN4924 2 100 -+ IXA+10000nM MLN4024
2 2
Fl F]
(0] 504 o 50
= =
o . . - : . Cl= 0.190 0 Cl= 0.220
001 04 1 10 100 1000 DRI= 10.90 001 01 1 10 100 1000 DRI= 10.58
IXA Conc (nM) IXA Conc (nM)

Figure 3H: Predicted top secDrugMLN4924 synergize with Ixazomib in MM cell lines

representing

innate sensitivty/

acquired PI resistance

resistarce, Parental/sensitive, and clonallyderived

107|Page



FLAM/G MM1S
150
-+ IXAslone = XAalone -+ (XA alone
% = IXASZ0UM PF4708671 5 = [XAS10UM PF4708671 - = IXA+20uM PF4TOB6T1
2 < IXA+4DUM PF4708671 2 - IXA+20uUM PF4T08671 % -+ [XA+40uM PFA708671
= =
5 5 3
w w (2]
ES ES &
0|y vy Cl= 0,961 Dl rrrer—rrrEw—rrry—ree—rrm 1= 1463 e Cl= 0.182
o 61 1 B 00 1090 DRI= 8.27 oot B1 1 18 100 1000 ' e 01 1 W 10 1000 DRI= 5.49
ac - DRI= 5.62
onc (nh1) XA Cone (nM) XA Canc (nM)
JiM3 u2eeP U266VR
160 150+ 180
-+ 1XAalone -+ XA alone = [XA alone
= <= IXA+20uM PF4708671 5 = [XA+20uM PF47086T1 = = IXAS20uM PF4T08671
L &= [XA+40uM PF4708671 2z o -+ [XAs40uM PF4708571 ERL =+ [XA+40uM PF4T0BET1
S s z
5 3 a
) L 504
= B =
o Cl= 0.083 0+ Cl= 0.247 Ly Cl= 0.168
oo o1 1 M 100 1800 DRI= 8.37 em o1 1 10 100 1000 DRI= 0.73 LU 10 00 1000 DRI= 6.22
IXA Cane (M) 1XA Cone (nM) XA Canc (nM)
RPMIB226P RPMIB22EVR
1604 150.
- IXAalone -+ DA slone
= = [XA+20uM PF4T08671 Ts <+ [XA*20uM PF4TOS671
o =+ XA+4DUM PF4700671 2 <+ [XA40uM PFAT08671
> b
5 5
LI D g
S #
0 e Cl= 0.079 0 Cl= 0.451
oM e 1 0 100 1000 DRI= 0.14 oot 01 1 10 10 1000 DRi= 10.81
1XA Conc (M) 1XA Conz nM)

Figure 3J: Predicted decrease in IC50 (nM concentration) in X-AAG+PIl combination.

Dosereduction index (DRI) values demonstrated that 17AAG improved the therapeutic

index of Pl and IMiD administration to the cells and decreased the amount of PI/IMiD

required to achieve a response.
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antagoni dand diCli vdesybhergisin) (¥Rvéalcade/bortezomib/Plesistant cell

lines, LenR Lenalidomide/IMiDresistant cell line).

CyTOF analysis revealed 17AAG-induced cell death of PMCs and key changes in

myelomaspecific proteomic markers

High-dimensional mass cytometry or CyTOF analysis is a deep immunophenotyping method

that combines flow cytometry and elemental mass spectrofiétye performed CyTOF

analysis on PMCs obtainéddr om my el oma pat i eAAG-midugethceldeath) t o a
through apoptosis as well as to evaluate changes in phenotypic and functional markers in MM

cells at the singleell/subclonal proteomics levels. As shown kiigure4A, CyTOF analysis

following exposure to TAAG treatment revealed a distinct cluster of cells defined by elevated

cleaved caspase levels in the primary samples, indicating treatrdened cell death by

apoptosis in the cells exposed tcAXG.
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Figure 4. Representative figures showing CyTOF analysis results in patient primary

multiple myeloma cells.
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Figure 4B
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CyTOF analysis was per {A) 17AAG indocas eleviatedecleavesll | s ( 1
caspase 3 levels. Samples were treatedwtA2’/G (2, 5, and 10 €M) or D
LIVE cells. (i) The FlowSOM metaluster results were condensed into cc3 p@s#nd negative

cell subsets based on cc3 expression UMAPs and plotted over CLF dose. (ii) cc3 induction is

also shown in the violin plotdB) Downregulation of genes associated with myeloma cell
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survival. Representative violin plots of CyTOF analysispatient primary myeloma cells
showing expression of myeloma markers followingAXG treatment, including IRF4,
pSTAT3, IZKF3, CD138, CD71, pRB, and CD27.

Immunoblotting

Treatmeninduced protein expression of the phenotypic/functional markers of mgelom
(p65/ NFaB, | RF4, and cMyc) and mar-B €ravedof apo
Caspas®, etc.) was confirmed using immunoblotting analysis in HMCLs. Figdrehows
representative prevs. post 17-AAG treatment immunoblotting results on teemyeloma cell
survival and apoptotic pathways. Densitometry analysis results are proviBeghiia5A. Our

results show a substantial decrease in IRF4, p65, and cMyc followiAd\G7treatment and a
concurrent increase in Cleaved Casgas€leaved Caspga9 protein expression, which was
also confirmed at the mRNA level using pnss. postl7AAG-treatment differential gene
expression (RNAseq) analysis, along with several other myeloma protein/survival markers like
STAT1, RELB, NFKBIA, NFKB2, and IKZF3.

Figure 5. Immunoblotting analysis results show 17AAG treatment-induced changes in

protein markers.

Figure 5A

FLAM76 LP1 U266P U266VR HSP90KO RPMI8226P RPMI8226VR
17-AAG = ¥ - +

¥ - + - + - + - + -
PE5 (65 kD) “.C e -
cMyc (57 kD) Ll .-- - -

wove10 | g T R (o o W

ACTB (42KD) M= Wb D M - e o bk L T T

112|Page



Figure 5B
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(A) Representative western blots confithe differential expression of proteins involved in

1 Confrol 1TAAG Treated

myeloma cell survival andpoptotic pathways in innate sensitive (FLAM76), Innate resistant
(LP1), and Clonallyderived acquired resistant HMCLs (U266P/VR, RPMI8226P/\B).

Densitometry analysis. Betctin was used fahe normalization of the Western blots.

17-AAG induces apoptosis via a mitochondriamediated pathway in myeloma

To investigate if 17AAG imparts its cytotoxic effects in myeloma by generating reactive oxygen
species (ROS), particularly supaxides and hydrogen peroxide »Bp), cellular superoxide

anons were measured by using the fluorescent dye .DHEP was assessed using-1CIG1

is a cationic carbocyanine dye that accumulates in mitochondria. The dye exists as a monomer
(green fluorescence) at low concentrations and changes color from greshitoanergized

mitochondria.

We observedhe induction of cellular superoxide anionBigure 6A) and intracellular ROS
production Figure6B) that causes mitochondrial membrane depolarization followirgAG

treatment in myeloma cells representing deresand resistant disease.
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Figure 6. 17-AAG induces superoxide levels, intracellular ROS generation, and

mitochondrial membrane potential (MMP) in myeloma cell lines.
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(A) Superoxide. Cellular superoxide anions were measured by using the fluorescent dye DHE
(Abcam), and red fluorescence was detectedtHeySynergy Neo2 muklplate readerB)
Mitochondrial membrane potential (MMP) was assessed usinfy ¢&8bcam), a catiowi
carbocyanine dye that accumulates in mitochondria. The dye exists as a monomer (green
fluorescence) at low mitochondrial membrane potential and changes color from green to red in
energized mitochondri a. Cél Idy e wé mnethe idatkcatmlh at e d
37 AC, washed twice in PBS, and then analyzed

multi-plate reader.

17-AAG -induced cell death was comparable with Hsp90 knockdown

Next, we compared the effect of Ixa and Ixa+#4AG combination herapy between wiltlype

and CRISPRmediated HSP90AAL gene knockdown cell lines. D@sponse curves frigure

7 show that the in vitro cytotoxicity in RPMI8226 cell lines was comparable following HSP90
inhibition, either through FAAG treatment or CRISR-mediated HSP90 knockdown. This
points toward an otarget effect of 1/AAG therapy leading to the amMM efficacy.

Figure 7. Comparison of Ixazomib doseresponse curves and IxdCso values following
HSP90 inhibition, either through 17-AAG treatment or CRISPR-mediated HSP90

knockdown.
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Figure 7B
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N-Ras mutant HMCL showed high sensitivity to 17AAG treatment

Finally, the myeloma cell lines ANBL6P, ANBL6VR, and ANBL6RAs mutant were treated

with singleagent 17AAG, Ixa,and 17/AAG + | xa combinati on. We hav
these activatinghutations of th&kasoncogenes in ANBL6 (ANBL6 NRas) may lead to growth

factor independence and suppression of apoptosis [18]. Notably, our AN khutant cell

line showed0 timesgreater 17AAG sensitivity (lower I1Gg) compared to the ANBL6P or VR

cell lines (Figure8)

Figure 8. Comparison of doseresponse curves of Rbkensitive, Plresistant, and N-Ras
mutant HMCLs following 17-AAG treatment.
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Geneexpression profiling analysis results

First, we compared the baseline (untreated) bulk mRE&uencing analysis profiles of the

HMCLs representing extraordinary responses-(tmst sensitive vs. tepost resistant) to 17

AAG. At p -genefatiof BIRNA sexjxehcing analysis showed 421 genes were DE
between the -AAG-sensitive and the 3&AG-resistant groups (fold i f f er encel 1) . A
these, 360 genes had a fold change differenc
groups. Table 3 shows the top 50 genes (top 2
most DE as sighatures of-BAG sensitivity in myeloma. IPA analysis revealed B Cell Receptor
Signaling (p = 1.90E103), RhoGD10 Skgnalghg al i ng
(p = 1.43E103) as the top eAAG sensitivtyain myplaneehway s
based on the gen#dsat were DE.
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Differential gene expression analysis of kinetic (treatrmasiiced) changes between baseline
(untreated) vs. singlagent 17/AAG (0. 5 & M) treat ment (24 h)

sensitive + intermediate 449 gerses veete ®BE ih respogngel 0 ma
to 17-AAG with p-value lessthan 0.05 (fedhange | >1). Among -t hese,
change | >2. Figure 9A show€hanlgeadtdsooney ofal sl

rate (FDR < O0.-&én )-AAG-WHueed kiretic rclgahges were considered
separately for each HMCL (RPMI8226, FLAM76, JIM3, U266, and LP1), 422 genes were found
common between all the Treated vs. Untreated signatures atjffoldnge | >2 (p <
shown in the Venn diagramiffare 9B). IPA analysis (Figure 9C) based on the DEG signatures

of 17-AAG single-agent treatment revealed cell cycle control of chromosomal replication (z

score 1-vMal2d8; 3 p30ET 12), EI'F2 signaling (2.49
receptor sigaling (zscor e 1T1-B8al4bel; 1. p96ET 03) , and protein
(PUP; p = 7.90e17108) as top canonscaile piad hevay ;s

value of overl aps®donrd8 ew3a93uie8 RRBE 25 (OBr) e0; 1CAS.F25 (
pval ue 1. 24eil 05s)coaned TBEG@NDE ;RQzp40e1 07) and upr
microRNAs let7 (zscore5.501;w al ue 2. 01e109) were predicted
based on significantly DEGs (Figure 9D). Interestingly, IPA analysis showed that gene

signatures of 1-AAG treatment were positively correlated with that of bortezomiscfre

2048;pval ue 1. 68e1 05) -seored.774;gmaall ued o2ni & @e 1(022) , I n
possible basisfor tAAG + PIAA&GnNd+ 1 MiyD synerg
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Figure 9. Differential gene expression analysis of AAG single-agent treatment
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(A) Heatmaps generated using unsupervised hierarchical clustering (HC) analysis showing top
differentially expressed genes (bulk RNAseq data) that showed significanedgu | at i on 24
following Singleagent 17AAG exposure. IPA analysis results sh(®) Venndiagram and IPA

analysis resulteepresentlifferentially expressed genes frahe comparison of singlagent 17

AAG-induced kinetic changes (Treated. Wdntreated signatures) when each cell line
(RPMI8226, FLAM76, JIM3, U266and LP1) were considered septely (|[foldchange|>2;

p<0.05).(C) canonical pathways ai®) graphical summary. Columns represent cell lines, and

rows represent genes. Prior to Hierarchical clustering, gene expression valuesseere z

normalized.

A total of 3974 genes changedjsificantly between untreated vs.-A7/A G + | xa -combi na
treated sampkdesf f(epr e<n cOe.i015;. fAomodn g tchheasneg,e 8§ 5 3> 2g
withan FDR < 0. (GA depiEts @ heatrmap of the top 50 genes associated with 17

AAG + | ationdreatmbnt. IPA analysis based on DEGs significantly associated with
17AAG + I xa treatment reveal ed PUP Figure= 3. 891
10B). Upstream regulator prediction analysis revealed inhibition of the transcriptionaltozgul

CEBPB (zs cor e 1-8alBud ; ofp over | apsclo.r38eirn@eE)d 2 ;MY |
overl ap 3.83e1183%¢come 1weallBuled 59 .p/EBGHCcAYAz)e, THGH 3(9z
pval ue 2.08elT l8rporandWBlBFR; 4 216elT1ldAAG f+olPlowi
combination treatment(gure10C).

The Venn diagram in Figure 10D shows 50 geties were common between the three
comparisons (AAG vs. Control, 1/AAG + | xa Vvs. Control, and |
Figure 10D alsoshowPA-pr edi ct ed canonical pathways that

represent.

Finally, IPA predicted upregulation of the microRNA-le{zscore 7.180;qw al ue 5. 02e1 12)
the top upstream regulator based on significant DEGs (Figure 10E)
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Figure 10: Differential gene expression analysisof A AG + Pl combi nati on
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Figure 10C

Figure 10D
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Figure 10E
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(A) Heatmaps generated using unsupervised hierarchical clusteringaftdysis showing top
differentially expressed genes (bulk RNAseq data) that showed significanedgu | at i on,
following1-AAG + | xazomi b combinati on {B)thedop e nt
canonical pathways an{@) a graphicalsummary. Columns represent cell lines, and rows
represent genes. Prior to Hierarchical clustering, gene expression valueg-so@me
normalized(D) Venn Diagram showing genes that were significant (p<0.05) in eithAAT

vs. CON, IXA vs. CON and/or 17AAG+I1XA vs. CON. The imageshowsthetop IPA-predicted
canonical pathways represented by the 50 genes common to all the JE)d&4. predicted
upregulation of the microRNA leét as the top upstream regulator based on significantly

differentially exprased genes following 17AAG+Ixa combination treatment.
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Table 3: Top 50 (25 upregulated + 25 downregulated) differentially expressed genes between
17-AAG sensitive and resistant HMCLs

Genes Fold change (17AAG_Res vs. 17AAG_Sen) P-value (17AAG_Res vs. 17AAG_Sen)
PTPRCAP -183.73 2.56E03
NAP1L3 -102.49 9.77E03
LTBR -97.47 1.46E03
PITX1 -88.67 1.81E04
GABRB2 -69.98 2.17E02
RTKN2 -67.63 4.26E04
PCLO -63.18 3.40E02
DYNC2H1 -62.76 4.20E02
CAPN5 -62.71 1.65E02
ARHGEF6 -57.08 4.20E03
PLEKHAS -54.43 1.46E03
LGALS3BP -54.04 2.14E02
KIAA1549 -51.40 4.35E04
CDC42BPA -40.97 1.11E02
IGKC -38.91 3.60E02
GBP2 -36.97 1.68E02
TRIM2 -36.45 2.29E03
HSPA12A -33.95 8.10E03
EPB41L4A -31.70 4.25E02
COL18A1 -29.29 4.75E02
WBPS -26.12 2.41E02
CES3 -24.97 1.21E02
NRSN2 -24.29 1.76E02
DOK2 -19.94 5.93E03
SOX4 -19.76 1.16E02
HOMER3 15.61 1.38E02
ASAP2 19.43 5.38E03
PPDPF 19.67 2.41E02
NLRP11 19.78 2.01E02
ABCG2 21.88 1.12E02
CDKN1C 22.68 3.89E02
CLEC7A 25.90 1.62E02
BIRC3 27.52 2.20E02
HERC5 31.88 2.02E02
AC005301.5 33.82 5.65E03
CD74 40.50 4.40E02
CD28 42.10 1.31E03
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RP11844P9.2 48.85 1.69E03
BLK 50.65 2.05E02
ARL4C 55.17 3.78E03
IFIT3 55.20 2.31E02
SYNM 59.18 2.55E02
HLA-DRA 61.95 2.26E02
RGS1 76.85 3.87E02
LAPTM4B 125.55 3.13E02
FAMG4A 156.03 1.54E05
KCNK1 250.60 9.67E03
RND3 324.32 3.78E03
SCML1 788.94 3.19E04
IGLC3 818.72 4.82E03

Creation of secDrug software package

Finally, wedeveloped an R software package based on our secDrug pipeline for predicting novel
secondary therapies in chemotherapsistant cancers. secDrug takes a query of any cancer type
and any test/primary/standaoficare drug and outputs a list of the top selmwy drug
combinations with a confidence score and biological pathway visualization. Thus, secDrug has
potential application in clinical decisianaking for discovering resistanceversing cancer
chemotherapy regimens. R codes for the package are dwadtiitps://github.com/Ujjal

Mukherjee/secDrug/tree/main/CombinationDrugMyelo@uad the datasets are availabl¢hat

GitHub repository.

Discussion

Drug resistance is a major obstacle in achieving a complete and sustained therapeutic effect in
cancer chemotherap§283297.2%Chemeresistance may also lead to odersing and unwanted
exposure to ineffective antimor agents, thereby increasing the riskafere side effects and

the cost of drug developmetif.3%°

In this study, we demonstrate the creatiof a novel pipeline for drug development/drug
repurposing that integrates-gilico computational prediction, singtell mult-omics (single

cell transcriptomics/scRNAseq and singkdl proteomics/CyTOF analysis) with in vitro and ex
vivo validation, including the use of wholgenome transcriptomics (RNAseq) and genome

editing technologies to identify and functionally validate secondary treatment regimens to
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circumvent drug resistance in myeloma. Notably, we applied the pipeline to predict several drug

as potential candidates foraMiM s ec Drugs for combining with P
include, HSP90 inhibitor/AtAAG, Nicotinamide phosphoribosyl transferase or Nampt
inhibitor/FK866, Survivininhibitor/YM155, PIKfyveinhibitor/'YM201636, Rafinhibitor/PLX-

4720, Bcl2inhibitor/Navitoclax, AKT inhibitor/KINO0102, transforming growth factor t y pe |
receptor, ALK4, ALKZinhibitor/SB505124, HDA@nhibitors (Panobinostat, SAHA), S6K1

specific inhibitor/PF4708671, and the neddylatiamhibitor/MLN4924.

Further, we performed extensive in vitro, ex vivo, and functional validation in research models

of refractory and resistant myeloma to validateALAG + FK86 6, 17AAG + PI
AAG + I MID as combination treat mda-principletomdi dat e
our secDrug pipeline. Overall, our validation results corroborated with esilido prediction

of secondary drugs based on secDrug analysis.

17-AAG/Tanespimycin has previously been shown to work against myeloma, in vitro, in vivo
(animal studies) as well in clinical studié8”3%**However, to our knowledge, this is the first
study thaevaluates explicitlghe use of 1’/AAG combination therapy in relapsed and refractory
myeloma models. Further, in our study, the ANBL6 Ras mutghtine showed 2€@imes lower
17-AAG cytotoxicity compared to the ANBL6P/VR cell lines. An earlier study in metastatic
malignant melanoma has shown that a patient harboring NRRA&ting mutation exhibited
disease stabilization for 4@onths followingthe administration of pharmacologically active
doses of 17AAG.3% Mutations of NRAS have earlier been shown to be significantly associated
with lower singleagent Pisensitivity and shorter time to progression in bortezeimahted
myeloma patient®?® Thus, our study points towards a unique nicheR@mutant myeloma)
where 17AAG could be highly effective as a single agent as well as in combination with Pls
and FK866, in addition to relapse and refractory myelomas. Moreover, we evaluated the
molecuar pathways involved in response to the top secondary drugs, which provided additional
insights into the mechanism of action ofAAG as a secDrug.

Myeloma tumor cells have elevated intracellular NAD+ levels that support the high rate of
energy metabadim for uncontrolled proliferation, tumor cell growth, and survita#’’ FK866
is a chemical inhibitor of Nampt (Nicotinamide phosphoribosyl transferase), a key enzyme in

NAD+ metabolism’’. Consequently, FK866 has been shown to reduce myeloma ¢uavath
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in Pl-sensitive and Pilesistant myeloma throughe activation of autophagy and cell death in

myeloma cellS%8 In this study, we showed that FK866 not only overcome®§istance when

used as a singlagent or as an Ixa combination, combiningALAG + FK866 i s hi
synergistic against our validation models of relapsed/refractory myeloma.

Our study introduces several novel secDrugs as potential synergistic partners of Pls that have
never been studied as potent sirggdgent or combination thgra options in myeloma model

systems, including KINOG102 (A6730; Aktl/2 kinase inhibitor) and SB505124 (inhibitor of
transforming growth facteb t ype | receptor or ALKA4, ALK7
pathway). These may serve as novel candidatesrtbefistudies on the piinical and clinical

validation in xenograft or mouse models of myeloma.

Although some of the other predicted secDrugs have earlier been shown to be effective against
myeloma, very few studies have explored their efficacy asaodpinations with Pls/IMiDs in
models of refractory/resistant myeloma. For exampleAFF8671 is a P70S6K1 isoform
specific inhibitor that has recently been shown to induce statistically significant apoptosis in
HMCLs and PMCs in combination with severslandarebf-care therapie¥® NEDDS-
activating enzyme/neddylatienhibitor/MLN4924 has once earlier been shown effective
against a subset of cell lines represented by cell surface expression of FRPRX4720 (a
smallmolecule, ATPcompetitive imibitor of Mutant BRAF kinase) was earlier shown to have

a partial singleagent response in patients harboring sub clonal BRAF mutatib@sr in-silico
predictions and singlagent cytotoxicity data thus build a strong case to test these drugs as
secDug combination regimens a broaer panel of HMCLs representing refractory and
clonally derived acquired resistant cell lines. Among the other secDrugs, Navitoclax is a high
affinity smallmolecule BH3 mimetic that inhibits Bcl2 and B&L. Navitoclax ha been shown

to inhibit cell proliferation in myeloma leading te induction of apoptosi&>**YM201636

is an inhibitor of PIKfyve, a mammalian protein involved in the regulation of crucial cellular
functions, including nuclear signaling and autgphaFew recent studies demonstrated the

therapeutic efficacy of PIKfyve inhibitors in myeloma cell lines.

Overall, we present here a unique pipeline that introduces not only novel secDrugs but also
provides additional niches for secondary drugs that lmeady under preclinical or clinical

investigation in relapsed/refractory myeloa3®
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Our findings provide a strong case for combining the top predicted secDrugs with PIs and IMiDs
to overcome resistance and thereby improve patient outcomes. Tdnsigty introduces many

more drugs as new and more effective therapeutic options for the management of resistant
myeloma with a high probability of clinical success that promises to improve the quality of
treatment, maximize drug efficacy, minimize taiigess and adverse drug reactions from ever
dosing and decrease the rate of mortality in myeloma patients. A logical extension of this pipeline
would be the development of model systems where a combination of more than two secDrugs

can be effectively tested

The integration of in silico modelirgased pipeline with singleell technologies (scRNAseq
and CyTOF analysis) introduces an innovative, eviddérased application in clinical decision
making that will minimize the number of test drugs required facalering successful

combination chemotherapy regimens against-desgstant cancers.
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CHAPTER 3

Validation of secondary therapies
against Prostate Cancer
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Abstract

Prostate cancer/PCa is the second leading cause of cancer deaths in US men. Madagearly
patients are treated with androgen deprivation therapy/ADT. However, dagjoted initial
response, patients eventually acquire ADT resistance and developatnetastratiorresistant
PCa/mCRPC, a progressive disease state with poor median survival (<3 yestestatic
castratioaresistant prostate cancer (NCRPC) is the most advanced and lethal stage of prostate
cancer. A subset of advanced CRPBé&tients eventually devels@n aggressive variant of
prostate cancer (AVPCa), a rapidly progressive disease statalaathof AR expression (AR

ve mCRPC) and limited or no therapeutic optidrtserefore, there is an unmet need to identify
novel agentgor the management &VPCa We have developed a novalsilico algorithm,
secDrug, that used computational optimizatiegularization technique to identify the
p38MAPK inhibitor, TAK715, as a topsecondary drug that can confer a significant clinical
advantage over TX monotherapy by enhancing the magnitude of therapeutic efficacy and
reducing the required TX doddotably, in CRPCthe MAPK pathway is involved in sustaining
AR-independent cell proliferationUsing the HMS LINCS database, we identifiedNEK3.D,
MAPK14, MAP4K4, and CSICHdnif)ks tlledanget gends of TAKZIbr o f
Through using singlecell transcriptomic analysiswe showed that cell subpopulations
expressing the PCa stemness marker CD44,-isigtant markers (CXCL8, CDKl)or
epitheliatto-mesenchymal transition markers (Vimentin, TGFB1) were aseery high
expreswon of TAK715 target genes (CSNK1D, MAPK14, MAP4K4) indicating TAK715 is
potentially effective against treatmemffractory and sternell-like subclones Next, we
confirmed the efficacy of TAK715 alone and in combination with TXs in huRf@a cell lines

using in vitro cytotoxicity assays. TAK715 displayed high singlgent efficacy and strong
synergism with TX ¢ombination indexZI<0.7 indicating synergy). Synergy was particularly
profound in the DUTXR (acquired TXesistance) and PC3M (high metastatic property) cell
lines. Notablythe TX+TAK715 combination lowered the effective TX dose required to achieve
the desired therapeutic response by -fdl@s (Dose Reduction Index/DRI 10.62+11.42).
Further, cellbased phenotypic assayscluding caspase 3/7 assay, AnneYitl assay, cell

cycle analysisin-vitro live-cell imaging, scratch assay, and clonogenic assay strongly suggested
that TX+TAK715 combination have higher effectiveness compared to TX alone, and exhibits

strong synergism, particularly in androgedependenaggressive mCRPC, possibly involving
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stemcell-based TX resistant singt®ll subclones. Using a novel microfluidic ctbpsed
Confined Cell migration assay, we also showed the drug combination reduces both confined
and unconfined migration, indicagmpotential inhibition othemetastatic potential of PCaene
expression profiling (MRNA sequencing) followed by Ingenuity pathway analysis (IPA)
revealed upregulation of mitochondrial dysfunction and oxidative phosphorylation (OXPHOS)
as the top dysregated pathways following singlagent and combination treatment, which were
confirmed by immunoblotting. In vitro ROS generation assay and Mitochondrial membrane
potential measurement following combination treatment confirmed elevatedatfilar ROS

lev e | ( &,7indidatimg dxidative stress) and membrane depolarization (indicating
mitochondrial dysfunction), respectively, in mMCRPC lines. Furthermore, our IPA causal network
analysis predicted significant upregulation of microRN22 and downregulatiof the
RICTOR pathwaymiR-21, in response to combination treatment. Using in silico analysis on
multiple GEO PCa datasets, we found low expression level ofll@fRvas associated with poor
clinical prognosisthetransition from androgedependent (AD)d independent (Al) stagand
metastasis. mMiRNA 21 was significantip regulatedn the GEO PCa datasets. miRNA 21 is an
AR-regulated miRNA that plays key role in nullifying the effect of castration, dng
progression tthe androgefindependenstage TX resistancgand cellular invasiveness through

downregulation of tumor suppressemEN.

Together, we conclude thdhe TAK715+Taxane combination may be useful in curbing
oncogenic progressions in AVPCa through simultaneous inhibitiomufiple oncogenic
factors/pathwaysOur multi-pronged approach towards screening anetfinécal validation for

drug repurposing represents a new paradigm in the management of aggressive treatment

refractory subtypes of PCa.
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Introduction

Prostate cancer (PCa) is the second leading cause afutaneous canceelated deaths in the

US (www.cancer.org}!® The androgen signaling pathway plays a crucial role in PCa
development3”239.262 Therefore, the standard treatment options for PCa mdical
prostatectomy (RP) or radiation therapy with andredeprivation therapy (ADT33* Most
early-stage PCa patients (castration sensitive or CSPC) treated with ADT show good initial
response with a high-gear survival raté'’ However, a vasmajority of these men eventually
become unresponsive towards hormone therapy, and despite low levels of androgen, the disease
progresses with continuously rising Prostate Serum Antigen (PSA), eventually developing more
aggressive forms called Castratimsistant prostate cancer (CRP&)?41:245250\etastatic
castrationresistant prostate cancer (MCRPC) is the clinically most advanced and lethal disease
state with signs of metastasis to distant organghiéerain, bone, lung, lymph nodend median

survival of less than 3 years-y&ar median survival rate of 31%fA1l t hough next gen
AR-targeting chemotherapeutic treatments like abiraterone plus prednisone (AA/P) or
enzalutamide (ENZ), and combination with taxanes (Docetaxel/DTX or Cakel?@BZ),

increase survival rate slightly, eventual development of resistance (acquired resistance) is nearly
universal where progressidree survival approaches ~0% in 3 years, often with severe side
effects®'® Chemotherapy options become limited engatients fail DTX therapy. Further,
neuroendocrine PCa or NEPC (also known as small cell carcinoma) is an intrinsically resistant,

poorly differentiated aggressive variant of PCa that lacks AR expré¥sion

In addition, several group#)cluding ours, have shown that the presence of cancerligiem
cells (CSCs) like side populations (SPs) and CDt28s with selfrenewal and differentiation
(acquisition of mesenchymal phenotype or epithelial to mesenchymal - trans
differentiation/EMT) @pacities significantly contribute to tumor aggressiveness and the

development of drug resistance’-%8216

Drug development for these clinically magggressive and lethal variants of PCa (AVPC) thus

poses a significant challenge with very few tipenaic successes.

Our laboratory has designed a pharmacogenomicsddaten computational pipeline (secDrug)
that identifies novel secondar yresttantagwancédii sec Dr

state cancerd?®
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In this study, we applieché secDrug algorithm to PCa models and identified several novel
secondary drug candidates for the treatment of AVPC. Next, using-selgRNA sequencing
(scRNAseq), we demonstrated the presence of PCa subclones representing aggressive, TX
resistant, ath cancer sterike cells. Further, our scRNA&eq data predicted that the secDrug,
TAK-715(ap 38 U MA P K/ inHibAoB),Kslpdtentially effective against PCa subclones
with enrichment of treatmemesistant and stetike genes. We hypothesize that ouedicted
andpre-screened secDrugs would be helpful in curbing oncogenic progressions asgargle

or in combination with taxanes in AVPC through simultaneous inhibition of multiple oncogenic
factors/pathways. Using in vitro model systems of treatrefractory and treatmergmergent

AVPC (representing mCRPC, NEPC, and EMT), we demonstrated th@A#er15 not only
showed efficacy as a singdgent but also enhanced the efficacy of the taxane drugs DTX and
CBZ. Further, we performed a sophisticated oficidic chip-based confined cell migration
assay that recapitulates diverse mienvironmental cues encountered by cancer cells during
locomotion (e.g., the dimensionality of pores and 3D longitudinal, chdikeetracks) to
investigate the effect oTAK-715based regimens on cancer cell invasion, motility, and
metastasis. Finally, we demonstrated the impactTeK-715 i n erodiHngedst en
subpopulations (including SPs, quiescent/dormant cells, and ALEEH$).

Next, we performed prevs. posttreat@mnt bulk and singleell tumor RNAseq to identify
differentially expressed genes (DEGs) and potential molecular pathways associated with the
TAK-715 mechanism of action in AVPC at the tumor and sub clonal levels. Finally, using
comparative analysis of whesfenome transcriptomics data between clinically sensitive and
resistant PCa patients, we demonstratedTtA&t-715has the potential to be clinically effective

based on the reverse matching of GEP signatures and top dysregulated pathways.

Hence, using @ innovative approach that integrates singg# -omics technologies,
microfluidics, and tumor mRNA sequencing with In vitro studies and patientbdatd
validation, we conclude thatAK-715 has the potential to improve the clinical outcome in
AVPC chenotherapy by enhancing the therapeutic efficacy and abrogating the possibilities of
development of bulk and sub clonal drug resistance. Such an evioese@ approach promises

to minimize the chances of trial failures and improve the probability of disicazess.
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Materials and Methods

Drugs and Reagents

Drugs, reagents, antibodies, and kits are listéichble 1

Reagents

Manufacturer

Location

Fetal bovine serum (FBS)

Hyclone (ThermeFisher Scientific Inc.)

Rockford, IL, USA

Trypsin (0.25% w/v)

Hyclone (ThermeFisher Scientific Inc.)

Rockford, IL, USA

Penicillin-Streptomycin (10,000 U/mL)

Gibco™ (ThermoFisher Scientific Inc.)

Waltham, MA, USA

Docetaxel

Selleck Chemicals LLC

Houston, TX, USA

Cabazitaxel

Selleck Chemicals LLC

Houston, TX,USA

TAK-715

Selleck Chemicals LLC

Houston, TX, USA

FITC Annexin V Apoptosis Detection Kit

BD Biosciences

San Jose, CA, USA

FxCycleE PI/RNase Staining Solution kit

ThermaoFisher Scientific Inc

Waltham, MA, USA

RIPA lysis buffer

ThermaoFisher Scientific Inc

Waltham, MA, USA

Protease Inhibitor Cocktalil

ThermoFisher Scientific Inc

Waltham, MA, USA

Phosphatase Inhibitor

ThermaoFisher Scientific Inc

Waltham, MA, USA

Piercé&e ECL Western Blotting Substrate

ThermoFisher Scientificrc

Waltham, MA, USA

HES 1 specific primer Hs00172878_m1

ThermaoFisher Scientific Inc

Waltham, MA, USA

TagMan Gene Expression Assays

ThermoFisher Scientific Inc

Waltham, MA, USA

Vybrant DyeCycl€ Violet Stain

ThermaoFisher Scientific Inc

Waltham, MA, USA

CM-H2DCFDA (General Oxidative Stress Indicator|

ThermaoFisher Scientific Inc

Waltham, MA, USA

NucBlueE Live ReadyProbds Reagent (Hoechst
33342)

ThermaoFisher Scientific Inc

Waltham, MA, USA

RNeasy Plus Mini Kit QIAGEN Hilden, Germany
QuantiTect Reverse Transcription Kit QIAGEN Hilden, Germany
Quick Start Bovine Serum Albumin Standard Bio-Rad Hercules, CA, USA
Tris Buffer Saline (TBS) Bio-Rad Hercules, CA, USA
10% Tween 20 Bio-Rad Hercules, CA, USA
Polyvinylidene fluoride membrane (PVDF) EMD Millipore Billerica, MA, USA
Bovine Serum Albumin (BSA) VWR Radnor, PA, USA

3-(4,5dimethylthiazoi2-yl)-2,5-diphenyltetrazolium
bromide (MTT)

SigmaAldrich Inc

St. Louis, MO, USA

Dimethy! sulfoxide(DMSO)

SigmaAldrich Inc

St. Louis, MO, USA

2 NjpighMyofluorescin diacetate (DCFDA)

SigmaAldrich Inc

St. Louis, MO, USA

Bradford Reagent

SigmaAldrich Inc

St. Louis, MO, USA

JC-1 - Mitochondrial Membrane Potential Assay Kit]

Abcam

Waltham, MA, USA

HES1 (11988S)

Cell Signaling Technology

Danvers, MA, USA

CD44 (3570T)

Cell Signaling Technology

Danvers, MA, USA

Cleavecaspase 9 (9505T)

Cell Signaling Technology

Danvers, MA, USA

Cleavecaspase 3 (9661T)

Cell Signaling Technology

Danvers, MA, USA

Anti-rabbit IgG, HRRinked Antibody (7074S)

Cell Signaling Technology

Danvers, MA, USA

b-actin (A3854)

SigmaAldrich Inc

St. Louis, MO, USA
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Identification of secondary drugs (secDrugs)
We used a pharmacogenomics edii@en approach to identify potential agents that can be re
purposed as novel secondary drugs to treat cancers resistant to stdvudaied(primary) drugs
when used in combination with the primary drug.tAsdata sourceye used the GDSC1000
(Genomics of Drug Sensitivity in Cancer) database, a-{scgke pharmacogenomics database
of doseresponse results ()cor AUC) on 265 compounds in >1000 cell limepresenting a
wide spectrum of human canc&fsThese265 drugs cover a wide range of targets and processes
involved in cancer biology, which include drugs thateiteerapproved and used in the clinic,

or are undergoing clinical development, oclimical trials, or are tool compounds in eaplgase
developmentFor the purpose of this study, we used inclusion criteria to filter cell lines with
Genitourinal cancer subtypes. A total of 136 cell lines were selected from the GDSC1000
database breagt=52), cervix (n=14), endometrium (n=11), ovary (n=45), prostate (n=8), testis
(n=3), vulva (n=3).

First, we assumed that d@values of DTX in these lines (including PCa cell lines) ergQ

pfE FE , where there arecell lines. Also, we assurdehat there aré other drugsand the 1Go
values of the cell lines for the drugs are given by:

Y O pFE fy HQY pfE FE .

Next, we classified the cell lines as sensitive or resistant to DTX using a quantile of the empirical
distribution of'Y , and a threshold criterion to achieve the classificattamally, we identified
secondary drugs or secDrugs that could kill ireximum number of DTXresistant cell lines
based on individual Ié5 values. In the case of ties between the top secDrugs, we chose the drug

with the lower mean |6 values.

Human Prostate Cancer Cell Lines

ARMCRPC/ NEPC ( PC3, Oskargpit,sulne G424 raurine prostate gland
carcinomacell RM-1 was obtained from the American Type Culture Collection (ATCC)
(Manassas, VA, USA). The taxanesistant cell lines PCBXR and DUTXR were generated

using doseescalation of taxanes over time, as desdrémlier. The cell lines were authenticated

at the source and tested randomly at regular intervals for tissue specimen provenance and cell
lineage at the AU Center for Pharmacogenomics and S@gjleOmics (AUPharmGx) using

GenePrint 24 System (Promega)ll cell lines are mycoplasma negative. BCPG3M cells
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were maintained in 10% (v/v) (FBS) supplemented ih2K, DU145 in Eagle's Minimum
Essential Medium (EMEM). PCBXR and DUTXR were maintained in RPMB40 media with

1% PenicillinStreptomycin aB7°C, 21% 02, and 5% CO2 in a humidified cell culture chamber
(HeracelE VIOS 160i CO2; ThermdrisherScientificE ).

Patient Samples

Cancer Genome Atlas (TCGA) databaseGene expression on PCa patients was extracted from
The Cancer Genome Atlg9CGA) Data Portal Genomic Data Commons (GDCs) server
(cancergenome.nih.gov). The interactive vpeltals UALCAN and Gene Expression Profiling
Interactive Analysis (GEPIA) were used fordepth analysis of TCGA gene expression data
files and to comparednscriptome data on target candidate pathway genes with tumor metastasis

and patient survival from the prostate expression data fraftx

In vitro cytotoxicity assays anddrug synergy analysis

In vitro chemesensitivity assays were performed amtan PCa cell lines using mitochondrial

enzyme activity or MTT (34,5dimethylthiazol2-yl)-2,5-diphenyltetrazolium bromide

reagent) assay. Briefly, cells were plated in an@fl culture plate at 2xF0cells/well and

incubated for 24 h at 37°C with 5% @CQCells were treated with increasing concentrations of

DTX (0- 2250nM), CBZ (62250nM), Enzalutamid@-5062.5nM), Bicalutamidéd-5062.5nM)

and TAK-715 (0- 625nM) asa single agent, or the combination of DTRAK-715 and
CBZ+TAK-715 Following 48hour incubation, the tetrazolium dye MTT was added according

to the manufacturerds instructi onSnergaNed2 absor |
Microplate ReadefBioTek, USA).Percent change relative to untreated controls waslacl

at each drug concentration, and the effect of drug exposure was determined by constructing
cytotoxicity (growth) curves. Halfnaximal inhibitory drug concentration 3¢} values were

estimated by nonlinear regression using a sigmoidal-cesgonsesquation (variable slope).

Drug synergy was calculated by comparing siragient and combination drugsponse data

based on Chelr al al ay 6 s combinati on i ndex (Cl) met h
(CompuSyrsoftware; Biosoft, US$?3. Cl values betwee0.90.3 and 0.3.1 signify synergism

and strong synergismespectivelypetweerthe drugs treated in combination.

Caspase3/7 activity assay
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Cell death by apoptosis was measured using Ca$plas8/7 luminescent assay system kit
accordingtothemanf act ur er 6s i nstructi on 2x1¢ elisvetie ga Ma 0
were seeded into 9%ell plates (triplicates) and treated at the estimated saggat vs.

combination 1Gp values calculated by MTT assayllewing 48 hours of incubatiorGaspase

Glo 3/7 reagent was addaddincubated for Zhours and lumnescence was measured using a

Synergy NeoMicroplate Reade(BioTek, USA. The goptosis level in each treatment group

was normalized to the control group (no drug treatment with baseline caspase 3/7 assay

luminescence) for each cell line.

Annexin V and propidium iodide (PI) staining

Annexin V and PI staining was used to assess apoptosis and nbgritsms cytometry Briefly,

cells were seedad 6 well plates at indicated concentrations and exposed to DTXAKd715

as a single agent and as combinations. After 48h, cells were labeled with binding buffer
containing annexin \FITC (25 pg/ml) and PI (25 pg/ml) as well as 10 mM HEPES, 140 mM
NaCl,5 mM KCI, 1 mM MgCp, and 1.8 mM CaGl(pH = 7.4), incubated for 10 min., followed

by three washes in binding buffer. Both detached and attached cells were combined, and staining
was quantified using a Becton Dickinson FACS Calibur flow cytometer (BDcRinses, San

Jose, CA) at 10,000 events per measurement.

Assessment of cellular and nuclear morphology

Cellular morphology, PCa cells were seeded 0.025%*t@lls/ml in 6well plates and exposed

to TAK-715 either as a single agent or in combination MdfhX for 48 h. Three areas with
approximately equal cell densities were identified in each well, and images were captured with

anEVOS FL digital cell imaging system (Thersfoi s her Sci enti fi c, | nc.)

Fornuclear morphology, PCacells were plated on top of the glass coverslip (1.5¢&ls/ml),

incubated overnight, and treated with either vehiclEAK-715alone or as a combination with
DTX. After 48h, the cells were labeled with NucBlue Live reagent and incubated for 20 minutes
Images were captured usiagNikon Eclipse Ti2 microscope andcorded in bright field and
phase contrast modes at 20X and 40X magnificationagés were analyzed using Image J
software National Institutes of Health, Bethesda, MD, USA
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Z6 LYTE®Assay

The assay was outsourced to ThetRigher Scientific to identify the targets of TAKLS.
Briefly, 100 nL of 100X Test Compound (for each test concentration) in 100% DMSO was taken
in a black 384well plate.2.4 pL of Kinase buffer was added to eagkll. 5 pL of 2X
Peptide/Kinase Mixture (for each of the target kispseas added to the corresponding wells

2.5 uL of 4X ATP Solution was added in each whilllowed bya 30-second plate shaké&he

plate was incubated for 6finutes for Kinase Reaction at room temperatufe puL of
Development Reagent Solution was addeliowed bya 30-second plate shak&he plate was
again incubated for 6@inutes for Development Reaction at room temperalime fluorescence

reading was capturad a plate readeand the data was analyzed.

Assessment of cell cycle

Control (no drug) and posteated cells were prepared for cell cycle analysis by staining with PI
(50 pg/ml) in sample buffer [PBS + 1% (w/v) glucose], containing RNase A (100mbitst

30 min at room temperature and analyzed by flow cytometry using a Becton Dickinson FACS
Calibur flow cytometer (BD Biosciences, San Jose, CA). Cell cycle data were analyzed using
CytExpert (Beckman Coulter Inc, Indianapolis, IN). Data are presastéide mean £+ SEM of
three separate experiments (n = 3/study).

Determination of intracellular ROS levels (DCFDA assay)and superoxide levels(DHE
assay)

Cells were plated at a seeding density of 2000 cells/well and incubated overnight at 37°C. After
24h, 100 ul of 10 uM DCFDA solution was added to each well and incubated in the dark for 45
minutes at 37°C. DCFDA solution was then discarded and treated with either vehicle (0.5%
DMSO) or TAK-715 single agent and in combination with DTX. Samples were collected at
different time points (2, 4, 8, and 24h). Fluorescent intensity was measured on Synergy Neo2
Hybrid Multi-Mode Microplate Reader, BioTek (Winooski, VT, USA) at excitatict85nM

and emision- 535 nm in endpoint mode.

Prostate canceretls wereprei ncubated with 5 €M DHE for 15

were thencells treated withiTAK-715-based regimens for 24WAfter that, cells weravashed

138|Page

mi



once withacell-based assay buffeand red fluorescence was recorded by Synergy Neo2-multi

plate reader.

Assessment of Mitochondrial Membrane Potential

Cel | l i nes wer el Atki Ie5a taendd TYWKFtXhe BT Xt blLe/rwe | 1 0 Oo f
worki-hgsdCution was adcdedatedt ae¢e BFACefamndl0
Read plate endpoint imantiéeil apresencdél|l abr esme o’

Synergy Neo2Mddyeb rNidc rMupItat e Reader, BioTek ( Wi

Assessment of Side Population

A total of 1x16 /ml cells were cultured in 6 well plates and treated WitiK-715alone or in
combination with DTX. After 24h, <cells were s
1 ug of ZAAD for 30 min at 37°C. Following dye incubation, cells werenediately analyzed

(10,000 events per measurement) using a Becton Dickinson FACS Calibur flow cytometer (BD

Biosciences, San Jose, CA).

Colony formation assay

PCa cells were seeded in -avéll plate at0.025*1@ cells/ml, incubated overnigtend treated

with DTX andTAK-715as a single agent or in combination. The cells were then harvested and
plated in a 24well plate at a concentration of 1000 cells/well and incubated-dmieeks. The
colonies were fixed Wi 100% methanol and stained with Crystal Violet. Images were taken for
control, treated cells, and the colonies using an EVOS FL digital cell imaging system (Thermo
Fisher Scientific, Inc.). Images were recorded in bright field and phase contrast ma@xs at

and 40X magnifications and analyzed using Image J software.

Cell migration/Scratch Assay

Cells were plated in-@vell plates at 1x10cells/well and incubated for 48 h to a 95% confluency.
The monolayer was scratched wégh SPLSca6cratcher 6 wellip at a width of 0.50 mm at
the center of the wellTAK-715 as singleagent or DTXHAK-715 combination doses were
applied to the cells in the respective wellslZK culture medium supplemented with 10% FBS
containing the vehicle (0.05 % DMSO) was addetht cells in the control wells. Micrographs
of the wound areas were obtained at 0, 24, ancd48hsing an EVOS FL digital cell imaging
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system (Thermdrisher Scientific, Inc.). Images were recorded in brightfield and phase contrast
modes at 20X and40kagni fi cati ons. The area of the init

were measured at 4®lrswith Image J software.

Comet Assay

Comet assay was performed followittema nuf act ur er 6 s p r.dtietlyc o | (R&
PCa cells were treated with BIFTAK-715 combination for 48 hours. After that, the cells were

collected and washed with PBS. Then, the cells were mixed withmleling agarose and
immobilized on the Comet slide. Next, the cells were treatedaMtsis solution to break open

the cell membrangand DNA was denatured under alkaline condgid@ells were then stained

with propidium iodideandimages were captured by Gel Doc EZ Gel Documentation System

followed by analysis through ImageJ software.

Mi cr o f | «hamhel Cell Migrgtion Assay

The fabrication of a Polydimethylsiloxane (PDM$) s edhannel assay using standard
multilayer photolithography and replica moldingsieen demonstratezhrlier (Figure 11C)n

this study, PCa cells were seeded in 6 well plates exposBdlKe715 as a single agent and
TAK-715+DTX combinations at indicated concentrations. Nextl.A x 10 cells were
introduced into the cell seeding inlet line of tinécrofluidic channelia pressuralriven flow

and were allowed to adhere for 30 min &i35% CQ. Next, the cell suspension was removed
and substituted with a serdimee medium. Medium supplemented with 10% FBS was added
into the chemoattractant inlet line to trigger cell entry into the channels. The devices were placed
on an automated Nikomi2 Inverted Microscope equipped with a Tokai Stage incubator

unit, which maintained cells at 37 °C and 5%2CCell entry into the channels was recorded via
time-lapse microscopy. Images were recorded every 20 min for 10 h with a 10x /0.45 NA Phl
objective.

Pre- and posttreatment tumor mRNA sequencing (RNAseq)

The effects of DTX andfAK-715 as a single agent and in combination exposure on gene
expression in PCa cell lines were assessed usinggeegtation RNA sequencing of bulk tumor
cells.Pre and postdrug-exposurel AK -715singleagent, TXHAK-715combination tumor

cells wereharvested, andigh-quality RNA wasextracted using QlAshredder and RNeasy kit
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(Qiagen)according to t he .rRAIA cohcantrationraad idtegritypweret o c o |
assessed usiregNanodrop8000 spectrophotometer (ThersRsherScientific, USA), Qubit 2

Fluorometer (Invitrogen, Carlsbad, CA, USA), and Agilent 2100 Bioanalyzer (Applied
Biosystems, Carlsbad, CA, USand stored aB0°C. An RNA integrity number (RIN) threshold

>8 was applied, and RNA&eq libraries were constructed using lllumina TruS&ARSample

Preparation kit v2. ibraries were then sizeelected 0 gener at e j(amdRNAt s of
sequencing was performed on lllumina's NovaSeq platform using a 150bp-gragr@dotocol

with a depth of >20 million reads per sampléverage qualityscores were thoroughly above

Q30 for all libraries in both R1 and R2.

RNAseq data analysis

RNA-seq data from the cell lines and patient RNAseq data (described above) \wescpssed

and normalized, and differential expression (DE) analysis was p&donsing commantine-

based analysis pipeline (DEseg2 and edgeR)Rartek Flow software (Partek, Inc, USA).
Quality control (QC) check on the RN#eq raw reads was performed using the FastQC tool,
followed by reaetrimming to remove base positions thavh a low median (or bottom quatrtile)
score. STAR Aligner tool mapped processed Rd&f reads to the hg38 human genome build.
Next, we used GSA that applies limma, an empirical Bayesian method, to perform differential
gene expression analysis between gsoapd detect the DE genes. Genes with mean fold
change>|1| and p<0.05 were considered as the threshold for reporting significant differential gene
expression. Heatmaps were generated using unsupervised hierarchical clustering (HC) analysis

based on the derentially expressed genes (DEGS).

Pre- and posttreatment Single-cell RNA sequencing (ScCRNAseq)

Automated sgle-cell capture,and cDNA synthesis were performed on the untreated and
TAK-715treated acquired taxamesistant mMCRPC DUTXR using thEOX Genomics
Chromium platform. Singlkeell RNAsegbased gene expression analysis will be performed
on lllumina HiSeq 2500 NGS platform (Pairedd. 2*125bp, 100 cycles. v3 chemistry) at

~10 million reads per sample.

141|Page



scRNA-seq data analysis

Singlecel RNAseq datasets were obtained as matrices in the Hierarchical Data Format (HDF5
or H5). We used CellRanger, Seurat, and Partek Flow software packages will be used to pre
process the scRNA&eq data and perform singgell transcriptomicdHighly variablegenes were
selected for clustering analysis based on a gb@sled clustering approach. The visualization of
cell populations was performed Aydistributed stochastic neighbor embedd{t§NE) and
UMAP (Uniform Manifold Approximation and Projectiof)r biomarkerbased identification

of subclones representing Ti¥sistant cells, potentidlAK-715 target subclones, and cancer

stemcell signatures, as well 3AK-715treatmeninduced erosion of these subclones.

Ingenuity pathway analysis (IPA)

Ingenuity pathway analysis (IPA; Qiagen) analysis was performed using top DEE&geal
molecular pathways/mechanismpstream regulator molecules, downstream effects, biological
processesand predicted causal networkgoverning TAK-715 function and sumessful drug
combinations in AVPC

Quantitative Reverse Transcriptase Polymerase chain reaction (QRPCR)

Cell lines were plated and treated witAK -715 alone and in combination with DTX or with
vehicle (0.5% DMSO) for 24 hours. Total RNA isolation and quantification were performed as
described above. cDNA was then prepared usinQuantiTect Reverse Transcription kit
(Qiagen). Following reverse transdrgn, TagMan gene expression assay was performed using
HES-1 specific TagMan primers (Hs00172878_m1) and TagMan Fast Advanced Master Mix in
CFX96 Touch Realime PCR Detection System (BRad, Hercules, CA).

Isolation of the CD44* population

DUTXR cells were collectednd washed with PBSollowed by permeabilization using cold
methanol. Cells were then washed 2X with PBS and resuspended in 500 ul of antibody dilution
buffer containing CD44P¥Eonjugated antibodyfollowed by ZXhour incubationat room
temperature ithedark. After that, the cells were washed with PBS 1X and sorted Maftp

XPD Flow CytometerThe sorted cells were immediately put in culture using DMEM/F12 (1:1)
basal media containing human epidermal growth factor, basiabfdst growth factgrand

recombinant human leukemia inhibitory factor.
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Measurement of Oxygen Consumption Rate (OCR)

We measured the OCR using the Agilent Seahorse Extracellular Flux (XF) Technology. Briefly,
DUTXR cells wereplatedin an XFp plateand teated with vehicle control (0.5% DMSQO)
DocetaxelandTAK-715for 24 hrs. On the next day, using the Agilent Seahorse XF Cell Mito
Stress Test kit, the mitochondrial function was measuretid}Fp seahorse analyzer. First,
oligomycin and Fluoraarbony cyanide phenylhydrazone (FCCP) were injected sequentially
followed by a third injection o& mixture of Rotenone and Antimycin A. Oligomycin inhibits
ATP synthase and reduces OGBllowed by FCCP that raises OCR to the maximal rate by
collapsing the iner membrane gradient and increasing the electron transport chain activity.
Lastly, rotenone and antimycin A, which are complex | and antimycin complex Il inhibitors

respectively inhibit the electron transport chain and reduce the O&Ritomal value.

Data were normalized to the protein concentration at the end of each experiment. Data was
calculated, and graphs were plotted using Agilent Seahorse Wave Desktop software and report

generator, MS Exceand GraphPad Prism.

Statistical analysis

All statistical amlysis was performed using R (the project for statistical computing and graphics)
version 4.1.0 and GraphPad Prism v9.0. All tests werestded and p<0.05 to be considered
statistically significant. We used a nparametric Wilcoxon rankum test for dferential

expression analysis between two groups of cells.

Results

Identification of secondary drugs against aggressive PCa usittige secDrug algorithm

A total of 1091 cell lines were present in the Genomics of Drug Sensitivity in Cancer
(GDSC1000) database. The following filtering criteriaraapplied to select computabledgl

lines: Target Celt B-Cell; CanceiType blood; Tissueblood; Histology- lymphoid_neoplasm

or haematopoietic_neoplasm; Siteaematopoietic_and_lymphoid_tigs No missing data). A

total of 94 cell lines satisfied the above filtering criteria and were selected for further analysis.
ICs0 values were processed, imputadd categorized as S {Bgnsitive), R (Rtesistant)and N
(6Neutr al 6/ |ssvialees)prorda aaayssurthdr detais inthe Methods section

We applied secDrug to cell lines denoted as N and Re@ttant and Pieutral) in this
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GDSC1000 dataset and predicted the top drugs that can be best combined with a Pl backbone to

achieve aresponse. The predicted top secondary drug combinationsr@siBlant+l-neutral

B-cell cancers are shown irable 1. These include HSP9O0 inhibitor (AG), Nicotinamide
Phosphoribosylransferase or Nampt inhibitor (FK866), Survivin inhibitor (Y85), PIKfyve
inhibitor (YM201636), Raf inhibitor (PLX4720), Bcl2 inhibitor (Navitoclax), SB505124

(transforming growth facteb

type |

receptor,

A-$p&ciic inhiBitorkK 7

(PR4708671), and the neddylation inhibitor (MLN4924). Fumhere, when the top REesistant
cell lines (R; highest 33% PI ¥g), the following drugs were predicted to be highly effective in
combination with Pls: 17AAG, PLX4720, YM201636and the AKT inhibitor KINO01.102.

The top agents predicted by aarsilico/secDrugapproach as potential novel secondary drugs

for aggressive variants of Fiesistant PCa includeK866 (a specific inhibitor of NAMPT),
YM155 (surviving inhibitor), TAK715 a potent p38 MAPK inhibitor, XAV939an inhibitor of

Whn t-dafenin pathwayand RDEA119 a norATP competitive inhibitor of MEK1/2

Tablel:Top drugs (O0secDrugsd) der i v dadvenfanatysis o ur
Drug Name Target Target Pathway

1 Afatinib ERBB2, EGFR EGFR signaling
2 AKT inhibitor VIII AKT1, AKT2, AKT3 PI3K/AKT pathway
3 AMG-706 (Motesanib) VEGFR, RET, KIT, PDGFR RTK signaling
4 AZD6482 Pl 3Kb PI3K/MTOR signaling
5 Cetuximab EGFR EGFR signaling
6 CP724714 ERBB2 RTK signaling
7 FH535 PPAR2, PPARU Whn t-¢afeninsignaling
8 FK866 NAMPT NAD+ salvage pathway
9 GSK2126458 (Omipalisib) PI3K (class 1), MTORC1, MTORC2 PI3K/MTOR signaling
10 GW441756 NTRK1 RTK signaling
11 KINO01-260 IKKB NF-eB pat hway
12 LY317615 PKCB Other, kinases
13 MK -2206 AKT1, AKT2 PI3K/MTOR signaling
14 Navitoclax BCL2, BCL-XL, BCL-W Apoptosis regulation
15 NSG87877 SHR1 (PTPN6), SHR2 (PTPN11) Other
16 PD-0325901 MEK1, MEK2 ERK MAPK signaling
17 PD-173074 FGFR1, FGFR2, FGFR3 RTK signaling
18 PI1-103 P 1 3 PAPK3, CLK4, PIM3, HIPK2 Other, kinases
19 RDEA119 MEK1, MEK2 ERK MAPK signaling
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20 SNX-2112 HSP90 Protein stability and degradation
21 TAK-715 p38U, p38hb JNK and p38 signaling

22 TL-2-105 C-RAF ERK MAPK signaling

23 Wz3105 SRC, ROCK2, NTRK2FLT3, IRAK1 Other

24 XAV939 TNKS1, TNKS2 WNT signaling

25 YM155 BIRC5 Apoptosis regulation

scRNA-seq showed ARY PCa cells with signatures of Epitheliaimesenchymal transition

(EMT) and canandrevealsst emness o6

Figure 1A displays tSNE clusters generated from baseline (untreated) sesdgAdata in
mCSPC and mCRPC cell lines. Each dot represents a singlEwétier, the AR status of each
cell is represented in Figure 1B. Epithellaésenchymal transitions have been mechanistically
linked with the generation and maintenance of slikencell populations during tumorigenesis.
PCa cells that have undergone EMIE phenotypically and genomically similar to stem cells.
For example, Vimentin is a wetharacterized filament protein that is highly expressed in
mesenchymal cells. Thus, enhanced levels of Vimentin and downregulatiaradhErin served

as markers fordentifying cells that have undergone EMT. FiguresEL@emonstrate that the
ARlow cells (primarily belonging to the mCRPC subtype) show higher expression of several
mesenchymal gene signatures involved in Epitheli@benchymal transition with NEPC
phenaype, including Vimentin (Figure 1C); Nadherin (CDH2), Fibronectin (FN1), S100A4,
Snail (SNAI1), Slug (SNAI2) (Figure 1D); and other major EMT markers CDH11, TWIST1,
ZEB1 (Figure 1E). Further, Figures-G-show upregulation of cancer stemnesated makers
Urokinasetype plasminogen activator (PLAU), Urokinatype plasminogen activator receptor
(PLAUR), and CD44, primarily in mCRPC cells.

Interestingly, signatures of cancer stemness and EMT-diffesentiation were also observed
in a subgroup of AR" single cells within the mCSPC cell lines, 22Rv1, LnCaP.

Next, we comparethe singlecell gene expression markers between tasamsitive (DU145)

and the clonally derived acquired taxamsistant mMCRPC cell line DUTXR (Figure 2A). We
observed upregulation of gene signatures association with mesenchymal transition (VIM and
TGFBL1) and downregulation of the epithelial marker epithelial cadhegatherin (CDH1) in

the DUTXR cell line compared to DU145 (Figure-EB. Further, the taxaneesistant DUTXR

also showed enrichment of biomarkers that play significant roles in cancetessiog,
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development, and maintenance of cancer stemness (CD44; Figliea2id drug resistance
(CDK1, CXCL8; Figure 2&H), indicating probable involvement in mCRPC development and
progression.

Figure 1A

Figure 1B
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