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Abstract

KRAS is the most frequently altered oncogene in lung cancer, with G12C being the
most common mutation subtype. Recently developedE&12C inhibitors have shown
clinical efficacy in several tumor types, with aemall cell lung cancer patients achieving
the highest objective response rate. However, this metric only approaches 40%. Hence,
rational combination strategies are requiredhiprove potency. ERK ahPI3K are key
effectors of RAS. Although dual inhibition of these pathways has demonstrated synergistic
effects in preclinical models, toxicity has hindered clinical efficacy. Here, we demonstrate
that suppression of mMTORC1 substg correlates with sensitivity to KRAS G12C
inhibition. The combination of a novel mTORGe&lective inhibitor with KRAS G12C
inhibitors exhibited enhanced effedatsvitro, and also yielded dramatic tumor regression
in KRAS G12C mutant lung cancer PDX nabsl Notably, the combination did not induce
hyperglycemia, a hallmark of mTORC2/AKT inhibition. mTORC1 selective inhibitors
promoted KRASG12C inhibitor-induced cell growth inhibition and death through

suppression afyclin D1and otheoncogenidargets.

Interestingly, we also discovered tHaiTocopherol a major component of the
natural antioxidanvitamin E,commonly taken as a dietary supplement, directly impedes
the activity ofKRAS GTP andnTOR bi-stericinhibitors independent of its antkidant
function While the interference is less durable for KRAS GTP inhibitofs, pbtent,
enduring, and dynamic for mTOR-sieric inhibitors. Furthermore, the remaining seven
analogue®f vitamin E provoke interferendewards RM6, a highly selectivaTORC1

inhibitor currently in clinical trialsGiven thatthedrug interaction profilef vitamin Eis



predominantly based on its antioxidant and immunomodulatory properties, to our
knowledgethis is the first demonstration tife vitamin Efamily directly interfering with

a class of targeted pharmacological inhibitors based solely ostritstural features
Collectively, these results demonstrate that the combination of KRAS G12C with
MTORCL1 inhibition can be a novel therapeutic strategy for KRAS Gl2@nniung
cancer, and that vitamin E may have potential to temper both the efficacy and the toxicity

of this combination in the clinical setting.
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Chapter 1: Introduction

Themitogenactivatedproteinkinase (MAPK)cascades atgghly conservegignal
transductiometworksthat control an extensive array of fundamental cellular processes
through the relay osignals from upstream extracellulstimuli to varied downstream
cytoplasmic and nuclear effectofsnong the initiating stimuli are a diversemplement
of mitogens, growth factors, cytokines, and stress fadiash cascade consists of three
core kinases that propagate signaling through sequential phosphorylation and activation of
the subsequent kinase, eventually converging on the phosphorylation of target regulatory
proteins by theéerminal MAPK constituent(Raman et al. 2007Mammalian genomes
encode fourteen distinct MAPKs, which are classifiedamsentional or atypical based on
their sequence and mechanism of activatfidre most well characterized MAPK cascades
in mammalian cells arieom the conventional clagsextracellular signal regulated kinase
1/2 (ERK1/2), eJun Nterminal kinase (JNK), p38&nd ERKS5i denominated by their

utmostkinase(Plotnikov et al. 2011)

The RASRRAFMEK-ERK Signaling Pathway

The ERK1/2 signalingpathway also known as the classical MAPK cascade,
facilitates a multitude of cellular functions, includinggrowth, proliferation, survival,
differentiation, and motility Signaling begins withactivation of celsurface receptors,
mainly receptor tyrosine kinas¢RTKSs), by cognate ligands such apidermal growth
factor (EGF) fibroblast growth factor (FGF)and insulin-like growth factor 1 (IGF1)
(McCain 2013) Binding of the initiatingelementleads to receptor dimerizatiowith
subsequentormation and activation ofcomplexes that contain adaptors, such as-SH2

containing (SHC)factors Proteins containing SH2 domains are recruited to specific



phosphetyrosine residues. AmongdtSH2 clasare growthfactorreceptor bound protein

2 (GRB2) and GRE2 associated binding>AB) protein.Adaptor proteins associated with

the intracellular domains of phosphorylated RTKs can recruit guanine nucleotide exchange
factors (GEFS) to the cell membra@RB2 constitutively binds tthe guanine nucleotide
exchange facto(GEF) SOS aprime activator of RAShat increagsthe level of RAS

bound to guanosine triphosphate (GTB9s et al. 2007)

RAS-GTP directly bindgo the serine/threonine kinase RA&adng to its plasma
membrane recruitment, dimerization, and allosteric transactivatienthree isoforms of
RAFiT ARAF, BRAF, and CRAF/RAFLT share a high degree of similarity in their domain
organization and can form horand heteralimers(Matallanas et al. 2011, Stephen et al.
2014) InactveRAF exi st s in an autoinhibited state
and represses its catalytsite Phosphoryl ation of serine 2
conserved region 2 (CR2) domai n, sitemlsoser i ne
helps to suppress catalytic activity. Phosphorylation of these residues enables binding of
14-3-3 proteins to their wtifs within RAF, likely stabilizng the inhibitory interaction
between the N terminal region and ttegalytic site. Apart from membrane recruitment,
which is essential to RAF activation, RAS activity also promotes the dephosphorylation of
the inhibitoryl 4 3 3 b | mediated §yprateinphesphatase 2A (PP2A) and PP1

(Lavoie and Therrien 2015)

Activated RAF phosphorylates and activatesyinesine and seringireonineduat
specificity mitogenactivated protein kinase kinag® (MEK1/2) by phosphorylating
S218 and S222 within the activation segneiVIEK1/2. In turn, MEK1/2 transducsthe

signal to the serine/threonine kinase ERKEH®ure 1.1). Although RAF is one of many



factors that can activate MEK1/2, MEK1 and MEK2 are exclusive activators of ERK1/2

(Lavoie et al. 2020)ERK1 (p44) and ERR (p42) are proteins encoded by two splice

variants of the same gene. Inactive ERK1/2 is associated with microtubules in the

cytoplasm. Upon phosphorylation by MEK1/2 at positions threonine (T202) and tyrosine

(Y204) for ERK1, and T173 an&185 for ERK2, hey activate a compendium of

cytoplasmic and nuclear targets, therebgulating a extensivearray of cellular events

(Unal etal. 2017, Ullah et al. 2022)nless otherwise specified, for simplicity, the term

0 ERKO

i s used hereafter t o

designatie

applied to other proteins thiaave multiple isoforms, such as RASAF, andVIEK.
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Figure 1.1 The RASRAF-MEK-ERK Signaling Cascade.

Modified from Lavoie et al.Nat Rev Mol Cell Biol(2020)

bot h



Activated ERK phosphorylates various cytoplasmic signaling proteins, including
MNK (MAPK -interacting kinase), MSK (mitogerand stressctivated protein kinase),
and p90 ribosomal S6 kinase (RSK), all of which play roles in regulating mRNA
translation, asvell as nuclear engoint effectors, such as transcription factors. Among the
ERK nuclear targets is the ternary complex factor (TCF) transcription factors, such as
ELK-1, which play a major role in promoting expression of the immediate early genes
(IEGSs).IEGs do not necessitatie novasynthesis to be transcriptionally induced. Products
of IEGs, including d~os and éMyc, induce lateresponse genes that promote cell survival,
proliferation, and motility. The target specificity of activated ERK is cordolby
substrate availability, which itself is determined by cell type, cell cycle phase, the
extracellular environment, ERK scaffolding, and subcellular localization. Scaffolding
proteins tether MEK and ERK to specific substrates and subcellular localds, at hey 6 r e
required for ERK phosphorylation of correspondingly bound or local subs(ft€zain

2013, Lavoie et al. 2020)

TheERK cascade isnder extensive homeostatic control by feedback loops, which
can broadl\bedivided into two categories: rapghort term effects and delayed letegm
effects. Rapid feedback mechanisms include ERK medidiestt inhibition of the
pathwayby phosphorylahg negative regulatory sites on RAREK, RTKs, and indirectly
on SOSthrough its target RSKwhich dampens signal propagation to maintain stable
cellular functions. Delayed feedback mechanistean from ERK mediatede novo
transcription ofnegative reglators, including thedual specificity phosphatas®(SP
proteins, which modulatéRK activity by dephosphorylatigrand $routy (SPRY)which

inhibits RTKsand SOSJLito et al. 2013, Liu et al. 201§igure 1.2).
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RAS

RAS is among the more than 150 members belonging to the GTPase superfamily.
First identified in the 160s,the RAS familyis composed of five memberRAS, RAB,
RHO, ARF, and RAN. The RAS family itself can fwgther divided into 6 subfamilieis
RAS, RAL, RAP, RAD, RHEB, and RITOf these, RAS is the most frequently studied,
and there exists a compendium of data providing insight into its regulatiowaesnd
biologicalfunctions(Liu et al. 2018, Singh et al. 2028) humans, there afeur canonical
RAS proteins encoded by three gefieblarvey rat sarcoma viral oncogene homolog

(HRAS encoding HRAS, neuroblastoma rat sarcoma viral oncogen®lbgnNRAS



encoding NRAS, and Kirsten rat sarcoma viral oncogene homkiRg$ encoding two
isoforms, KRAS4A and KRAS4B, from alternative mRNA splicing. Although KRAS4B

is the predominant splice variant expressed in many tissues, and hence has garatered g
focus, there is significant KRAS4A expression in some tissues, particularly of cancer
lineage (Hobbs et al., 2006 The Nterminal 164 residues comprise the GTP@3E

domain, which is involved in GTP binding and hydroly3ise four RASsoforms contain

identical residues in the first half did G-domain(termed the effector lobe, aa8b),

shaing 82% sequence identity in the second ha#frmed the allosteric lobe, aa-886).

The last 1220 amino acids located at thet€¥minal end eltibit significant sequence
diversity amongheRAS i sof orms, constituting whatds

(HVR) (Hobbs et al. 2016, Simanshu et al. 2017)

The subcellular localization of RAS proteins is determined by their specific lipid
modification, thecomposition of local membranes, and the electrostatic nature of the
isoform specific HVRs (Abankwa et al. 2010)Association with membranes is essential
for activating downstream signaling pathways, and this is facilitated by prenylation and
palmitoylation of cysteine residues located in the HVR. Prenylation of RAS proteins
involves farnesylation of the cysteine residue present in ther@inal CaaX motitby
farnesyltransferagg-Tase) The CaaX motif i tetrapeptide sequence having an invariant
cysteine (C), two aliphatic amino acids (al and a2), and one of several amino #ogds in
terminal position (X) Subsequently, the CaaX motiihdergoescleavage of theaaX
residues by RAS converting CaaX endopeptidase 1 (RCE1l), followed by
carboxymethylation of the farnesylated cysteine residue by isoprenylcysteine carboxyl

methyltransfease (ICMT).Aside from KRAS4B, which contains a polybasic regiothe



HVR that facilitates its membrane associatithe remaining three RAS isoformedergo
palmitoylaton that enables their full association with the plasma memk{&inenshu et

al. 2017)

Role in Physiology

RAS proteins function as obligate GTEDP binary on/off switches. This switch
mechanism has been highly conserved among diverse GTP/GDP binding proteins that
regulate a multiplicity of biological functions. RAS cycling between its active GTP bound
state and inactive GDP bound state is mediate@blys (e.g., SOS1), whidtatalyze the
release of bound GDP to be replaced by the more abundanta@dBuanine nucleotide
activating proteins (GAPs, e.g., NF1), which catalyzerntinsic GTPhydrolysisrate of
RAS proteins(Bos et al. 2007)The reliance of RAS and other GTPases on GEFs and
GAPs to switcithem on/off enables these processes to be highly regulated and responsive
to multiple signaling inputs. The driving force behind this tight control is translocation.
All RAS biology occurs in membrands.addition to the plasma membrane, RAS signaling
also takes place on intracellular membranes such as endosomes, the endoplasmic reticulum
(ER), the Golgi apparatus, and mitochondBaines et al. 20115EFs and GAPs act on
RAS when they are recruited to the plasma membrane and placed in direct proximity to it.
This proximal positioning, as modeled in a 2D surface setting, is equivalent trdises
of magnitude increase in the binding constant relative to free solution-GIA&S
subsequently activates effectors by recruiting them to the plasma mer(thiraaashu et

al. 2017)



When activated, RAreferentially binds to downstreaeffectors containing a
RAS-bindingdomain (RBD) or RASassociation (RApomain.While the RBD and RA
domains ardlistinct in their respectiveprimary sequence, they are structurally related,
sharing the topology of the ubiquitin superfoldbiquitin-like domains are a feature of
many multtdomain proteins involved in various signal transduction procesHes
ubiquitin superfold f eat uri ng an Ugdefves as dtable scaffolagon ,
which dversebinding epitopexan mediate specific interactions with proteins dhdir
intramolecular domainéiel and Serrano 2006, Singh and Smith 20@@yure 1.3A).
There areover severunique RAS effector families, each of which activates a distinct
protein signaling cascadi@volved in vital cellular processes such as growth, proliferation,
differentiation, adhesion, motility, and survif&igure 1.3B). In addition to the most well
characterized effector® AF andphosphatidylinositeB-kinase(PI3K), areRalGDS, novel
RAS effector 1A (NORE1A), AF6, phospholipase C (PLRAS and RAB interactor 1
(RIN1), T cell lymphoma invasion and metastasducing protein (TIAM), and growth

factor receptobound proteiri4 (GRB14) (Gimple and Wang 2019)
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(grey).(B) Domain architecture of canonical and alternative RAS effectors

Modified from Singh and SmithBiochem Soc Tran$2020)

The crystal structure of th@-domain of HRAS in complex with GppNHp,neon

hydrolyzable GTP analog, provided initial insights into how RAS functions as a binary

switch. Further structural studie$ RAS in complex withdomains of variou§&AP and

GEFregulatorsas well asRBD effectors, revealed twiighly dynamic region$ termed
switch-l (aa 3038) and switcHI (aa 5976) i and their critical role in proteiprotein
interactiongFigure 1.4). In response to nucleotide binding, these switch regions undergo

a conformationlachange between GDRind GTPRbound statesdescribed as a loaded
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spring mechanismn the GTRbound state, T35 acting on switthand G60, acting on
switchl 1 , form hydr ogphosphatethat lold themt open in lthe active
conformation. UpoitG T P hy d r o-phpsphat is reledsexl, and both switch regions
return to the flexible position in the GE#dund statéPai et al. 1989Milburn et al. 1990,

Wittinghofer et al. 1993, Pacold et al. 2000, Hall et al. 2002, Simanshu et al. 2017)

GEF

GDP/GTP exchange

<D
™ AW,
- ') \/ $65 & ') &S

HRAS.GDP HRAS.GTP
(Inactive state) GTP hydrolysis (Active state)

GAP 1
Effectors

E63 ¢

Figure 14 ConformationalChanges inthe Switch-1 and Switch-1I Regionsof RAS
During Transitiors from Inactive GDP andActive GTRBoundStates

FromSimanshuet al.Cell. (2017)

The very slow offrate for GDP 2= 6 minutes, k= 2 x 10° st at 20°C) allovg
RAS proteins to remain in their inactive state umsignaling impetus provok&DP/GTP
exchange. This requires GEF activity farilitate the reaction by a severatders of
magnitude increase @ D P o6ffsrate(Hunter et al. 2015)GEF binding to RAS results in
conformational changein the switchl region andP loop (aa 1417) that weakends

affinity for GDP, leading toGDP release and exchangBoriack-Sjodin et al. 1998)
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Although the affinity of RAS for GDP and GTP is similar, and GEFs déavor rebinding
of GTPover GDP or vice versincreased levels of RAS GTP maiwlgcurdue to the ~10
fold higher cellular concentration of GTP compared to GDP. Binding of GTP dissociates
the GEF and leads to the formation of an active ®®&nd RAS that can interact freely
with effectorsuntil a signaling impetus provokes GAP actii§imanshu et al. 2017)

Since the intrinsic GTP hydrolysis rate of RAS pnoseis quite slow tiy.= 16
minutes, ki = 6 x 10* st i efficient hydrolysis necessitatéise interaction oRAS with
GAP proteins that accelerate the cleavage step by several orders of maghitoigeet
al. 2015) Initial insights on how GAP stimulates GTP hydrolysismmed from structural
studies on GDP and AIF3 bound HRAS in complex with the GTPase activating domain
typically referred to as the GARlated domain (GRD, aa 71B)37) i of
RASA1/p120GAP(Scheffzek et al. 1997)nteraction of GAP proteins i the switchll
region of HRAS stabilizes the position of Q61, which then coordinates the catal@tic H
molecule. Residue R789 of RASAL, called the arginine finger, also protrudethénto
active site of HRAS nadphdsphate greas oh@DiPand AlH3t h t h e
stabiliang the transition state by neutralizing a negative charg¢hat-phosphate
(Ahmadian et al. 1997he nteraction of Q61 withhe catalyticH.0 moleculeandthe
main chain carbonyl group of the arginfireger enables it textract a hydrogen atom from
the attackingvater molecule. Thigxduces théormation of a negatively chargégdroxyl

ion that attacks the-phosphate of GTP to carry out the hydrolysis reaction.

While the GRDs of RAS GAPs are highly consergdtimadian et al. 1997RAS
GAPs diverge dramatically outsidef the GRDs, reflecting distinct roles in signal

transduction an@RAS regulation(Bos et al. 2007)For examplethe RASA1/p120GAP
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contains SH2 and SH3 domains that bind to activededptors, such gsatelet derived
growth factor receptorADGFR. This isthoughtto enableits downregulationof RAS
activity appropriatelyduring signalingAlternatively, NF1is conserved in organisms that
lackRTK signaling, such aS. cerevisiagandlikely regulates RAS in responsedifferent
signals, the nature afhich are unknown. In mammalian celi¢f-1 dependon SPRED
proteins to recruit it to RAS, but the signals governingdhtgal interactiorremain to be

identified (Simanshu et al. 2017)

Role in Cancer

Mutations inRASwere firstreported in cancer over 30 years ago. Since then,
numerous studies have validatesutant RAS as a driver of tumor initiation and
maintenanceRAS is mutationally active in approximately otieird of all cancers, with
pancreas (90%), colon (50%), thyroid0%), lung (30%), and melanoma (25%)
demonstrating higianking prevalencgiu et al. 2018)Notably, there are striking caneer
type-specific mutational profiles dRASisoforms, suggesting tissukstinct roles for RAS
in driving oncogenesis. For example, KRAS is almost exclusively altered in pancreatic
ductal, lung, and colorectal carcinoma, NRAS is the predominant isoform mutated in
cutaneous melanoma, and HRAS8erdions prevail in head and neck squamous cell

carcinomaFigure 1.5A) (Hobbs et al. 2016)

Studies seeking to address the issue of why sSpeRIAS gene isoforms are
preferentially mutated in certain cancers has begun to shed light on this phenoimenon.
one carcinogenesistudy, the RAS G12D, but not NRAS G12D, mutation promoted

colon cancer development in Apleficient mice, supporting théiity of KRAS toinitiate
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the formation of colon canceand the failure of NRAS to achieve the same in this setting
(Haigis et al. 2008)A subsequentnurine carcinogenesistudy challengedthe broad
suggestions put forth by Haigis etlay.demonstrang thatthe preferential basis f&(RAS
mutatiors in lung cancer wredue tothe distinctexpressionategulation of te RAS gene
isoforms, rather than taniquefunctional differences betweghnem(Westcott et al. 2015)
Thus, whether a specifiRAS gene is required for cancer development arising from

different tissues remairte beresolved

RASalterations predominantly encode mutant proteins harboring single amino acid
substitutions primarily at glycine 12 (G12) and glycine 13 (G13) in exas 2yell as
glutamatel6 (Q61) in exon 3 well regarded hot spaoégionsat which 98% omutations
occur. Broadly speaking, many of these alteratidissupt GTP hydrolysige.g., by
precipitating GAP insensitivityand/or enhance nucleotide exchangading to proteins
more readily bound to GTP, and a subsequent increasadisustainment of, signaling
output(Hobbs et al. 2016, Liu et al. 2018, Zhu et al. 2081 )addition to differences in
cancerftype occurrenceRASisoformsarealso distinguished by their marked divergence
in mutation frequency dhese hotspot sit€figure 1.5B). G12 mutations predominate in
KRAS, comprising 83% of its mutation profile, while G13 alterations account for 14%,
and Q61 mutationsonstitute a modes%. In contrast, Q61 is the principally mutated
hotspot in NRAS, followed by G12 and G13. HRAS présam intermediate pattern, with
comparable mutation frequencies across these three posiiddiag to the complexity,
the mutation frequency of any given RAS isoform can exhibit significant differences
between cancer types. NRAS Q61 mutations dominateelanoma, with G12 alterations

beinga rare occurrence&Conversely, NRAS G12 mutations are readily observed in acute
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myeloid leukemia (AML)KRAS mutations in pancreatic ductal adenocarcinoma (PDAC)
aredominated by Glalterations whereasaberrationsn G13 and Q61 are rar@n the
other hand, G13 mutationsoccur at a relatively high frequencin colorectal
adenocarcinoma (@AD). These patterns suggest ttie diverse array dRAS mutations
may provoke variedfunctional consequencesith the propertie crucial for their
oncogenicactivity potentiallyfluctuatingdepending on the tissue of origiHobbs et al.

2016, Murugan et al. 2019)

Although gudies on HRAS G12V have contributed much to the current dogma on
the consequences of missense mutations on RAS funttiene, is growing evidence and
appreciation for the differerdtructural, biological, andunctional outcomesstemming
from varied mutations at amino acid positions 12, 13, andB&ichemical studies have
demonstrated thahe G12V mutation leads to a losEGAP sensitivity, while the Q61L
alteration reduce®RAS intrinsic GTP hydrolysis and GAP sensitivityin addition to
increadng theintrinsic nucleotide exchangate The G13D mutanhasdecreased GAP
mediated hydrolysjsand a substantiallincreasedate of intrinsic nucleotide exchange
compared to that afild-type WT) RAS (Smith et al., 2013ptructural studies of several
G12 mutant crystals have demonstrated that, of the complement of these mutations, only
G12R alters the structure of RAS relatio WT. The structural perturbation within switch
Il appears to be the result of the arginine side chain displacingjuteamateresidue at
position 61 in the nucleotide binding site, a residue crucial for GTP hydr@lysizbs et

al. 2016, Murugan et al. 2019)

While six possible singleasechange missense mutations can occur at the codons

for G12, G13 and Q61, their fygencies are not uniform. At G12, aspartic acid (G12D) is
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the predominant KRAS (41%) and NRAS (528apstitution while valine (G12V) prevails

in HRAS (57%). At G13, aspartic acid (G13D) again is the most frequent substitution for
KRAS (89%) and NRAS (50%)ut is rarely observed in HRAS (3%), where arginine
(G13R) dominates instead (85%). At Q61, histidine (Q61H) is the prevalent KRAS
alteration(58%), occurring less frequently in both NRAS (6%) and HRAS (5%hgre
arginine (Q61R) is the chief substituei7% and 43%, respectablyrigure 1.50).
Compounding theomplexityof cancestype differences in the predominance of the mutant
RAS isoformsare the variations insubstitutionsoccurringat a given RAS residuéor
example the predominant substitutidor KRAS G12is aspartic acid (G12D)h PDAC,
followed by valine (G12V) In contrast, in lung adenocarcinoma (LAC), the main
substitution icysteine G120, which is rare in PDAC (3%) hese differences call forth

the possility that distinct substitutions at any one positioray havedisparatebiological
outcomesand furthesuggest thatthe same mutatiomay have variedonsequence®r

eachRAS isoform(Hobbs et al. 2016, Murugan et al. 2019)
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Modified from Hobbs et alJ Cell Sci (2016)
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Given that the vast complementRASalterations precipitates a higher prevalence
of activated RAS, this results idysregulatedsignaling output. Otthe RAS effector
families, four member§ RAF, PI3K, RalGEF, and TIAMI have driving roles in
oncogenesiglue to their regulation of an array of cellular procedisas wheraberrategd
can ready lead to transformation and subsequent tumor mainter{dfutebs et al. 2016,
Simanshu et al. 2017Emerging evidencalsosuggests that there are mutatgmecific
consequences on effector signaling. A comparison of KRAS G12C, Gt/ G12D
alterationsin nonsmall cell lung cancefNSCLC) cell linesrevealeddistinct effector
preferences between the thraatational substituents. In the case of G12D, higher levels
of phosphorylatedKT wereobservedwhile G12Cmutant moded instead demonstrated
increased levels of RAIGTP (Ihle et al. 2012)In a similar study conducted in CRC
comparing KRAS G12 and KRAS G13 mutants, the colon cancer stem cell marker DCLK1
and tle RTK MET were upregulated in Giradutantexpressing cells, wike the tight
junction protein ZG2 was upregulated i6613D-expressing cells compared to parental
controls(Hammond et al. 2015T hese studies indicate tlthstinctRAS mutants camary

in their modulation osignalng through their unique effector preferences

TherapeuticTargeting

The causal role of RAS in human cancers has inspitgderousattempts to
generateargeted inhibitors of the proteifihe development of inhibitors that compete with
ATP binding to the kinase domain has been the most readily successful apjaroach
impeding oncogenic kinasesHowever, he binding of GTP to RAS proteins is a

thousandfold tighter than that of AT® other kinases hus for decades RAS was thought
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to be undruggable due its picomolar affinity for GTR compounded byhe smooth and
floppy nature of its tertiary structummaking botlorthostericand allosteriemall molecule
inhibitors an unlikelyoption While this is no longer the case with the recent advent of
novel inhibitors that can indeed dirgcthhibit RAS, historicallyjnitial efforts focused on
indirect approaches in the realm of inhibititegmembrane associatigorotein expression,

anddownstream effectorsSimanshu et al. 2017, Liu et al. 2018)

The importance of membrane association for RASction led to the rational
strategy of inhibiting this process varying node®wards blocking@berrant RAS activity.
As such, numerous farnesyltransferase inhibitors (FTIs) were developkaling CaaX
peptidomimetics, nongpeptide peptidomimetics, afnesyl diphosphate analogs, and
bisubstrate inhibitorsThese FTIs showed potent selectivity Forase and not the closely
related geranylgeranyltransferase type 1 (GGTaséike FTase, GGTask recognizes
the GaaX motif, however, it does so prefererlyatowards motifs where the terminal X is
leucine, whereas FTase trends towards motifs where the utmost X is methionine, alanine,
serine, omglutamate Several of these FTls advanced to clinical testing, either alone or in
combination with conventional tytoxic agents. Although FTIs showed impressive
efficacy in preclinical models of HRAS driven tumors, they failed to effectively block
NRAS and KRAS prenylation, membrane association, and transforming activity. Unlike
HRAS, NRAS and KRAS can serve us suatgs for GGTasé when FTase iblocked
Hence,these agents did not achieve clinical efficacy, and their use was discontinued

(Baines et al. 2011, Liu et al. 2018)

Anotherearly approach at targeting RAS more directly aimed at suppressing its

protein expression through the utilization of antisense oligonucleptithéshbind to their
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complimentary mRNAs at a specific strand, thereby inhibitnagslation and terminal

synthesis of the designated protein. One such compountdd SI S 2503 ,- t ar ge
untranslated region (UTR) of human HRA®d demonstrated good tolerability in a phase

| clinical trial assessing patients bearing solid tumorsaguithse 1l clinical trial evaluating

patients with refractory CRC. However, patients failed to achieve an objective response
when treated with ISIS as a single agent, as well as in subsequent phase | (patients with
advanced tumors) and phase Il (patievith unresectable metastatic PDAC) clinical trials

when combined with gemcitabin@iven its limited clinical efficacy, further development

of this agent was discontinu@dprety and Adjei 2020)

Oncogenic RAS mutations are resistant to therapies targeting upstoggaating
elements like RTKs, given that these alterations enable RAS to signal in the absence of an
appropriatestimulus However, RASdrivencancers retain varying degrees of dependence
on upstream signalirmndon WT RAS. RTKs recruit and activate GEFattimcrease GTP
loading on WT HRAS, NRAS, and KRAS, as well as on other members of the RAS
subfamily that can contribute to overall signaling outputells in which RAS does not
effectively activate PI3K, growth factors can facilitate this funcgtiooreasingsignaling
that may be essential for proliferation and survi@&manshu et al. 201.7Additionally,
RTKs activate PLCoagn oflcalauc, diagylghtcerol (DCh, iandi z at i
activation of protein kinase C (PKC)he polybasic region of KRAS4B can be
phosphorylated &181 by PKC, resultingh modulationof its localization and function
PKC can also activate HA Calcium/calmodulin, iconj uncti on with PDE
modify the affinity of KRAS4B for the plasma membrane and redistribute it to-endo

membranegHobbs et al. 2016, Simanshu et al. 20Mhile RTK inhibition alone is
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ineffective for RASdriven tumors, rational combination strategies targeting both upstream
regulators and downstream effectazan prove more efficacious than downstream

inhibition alonefor tumor cells that are reliant on upstream inputs

Targeting downstream of RAS began with efforts to inhibit RAF. Unexpectedly,
the first inhibitor of RAF to enter clinical trials, sorafenib, demonstrated no benefit in
KRAS driven tumors. Instead, small skin lesions, termed keratoacanthomas, were observed
during these studieA subsequent triatvaluatingvemurafenib, amore potent RAF
inhibitor, exacerbated the occurrence of these leswh8e remaining ineffective
(Simanshu et al. 2017, Uprety and Adjei 2020 now understand meghistically the
reason for theskeratoacanthomas atige lack of clinical efficacy of BRAF inhibitors in
KRAS mutant cancer8RAF inhibition paradoxically activates ERK signaling in WT
BRAF cells (Poulikakos et al. 2010%s well asupstream signaling elements KRAS
mutant cells, leading to ERK activation through alternative pathstzivassiliou et al.

2010)

Focus sbsequentlyshifted to MEK inhibitors However, these agenlikewise
yielded disappointing results in several clinical trials across various tumor types.
Combination studies of MEK inhibitors with inhibitors of EGF receptor (EGFR) and
chemotherapy also failed to demonstrate clinical effi¢@prety and Adjei, 2020). MEK
inhibition relieves feedback suppression of upstream signaling, leading to increased RTK
activity, and lowers the expression of DUSPS, consequently permitting increased ERK
activity. Thesaepercussionsan dampen the effeat$ MEK inhibition (Lito et al. 2013)

As the terminal kinaset has been hypothesized that ERK inhibition may be effective in

RAS driven tumors. Preclinical data has demonstrated positive results, and several
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candidates are in early clinical development as single agents or in combination with
chemotherapeutic ager(tdprety and Adjei 2020However, 1t should be noted that ERK
inhibition is also subject to relief of negative feedback suppression of the pathway, such
that positive effects mediated by ERiibition may potentiallybe attenuated by the same

(Lito etal. 2013)

Apart from the core canonical MAPK constituenisigeting other downstream
regulators of RAShas also been put forth. In KRAS mutant cancaiSOS1 inhibitor
developed by Boehringéngelheim BI-3406,has been shown to redu@d P loading as
well as tumor cell proliferatioriThis agent also attenuates feedback reactivation induced
by MEK inhibition, enhancing sensitivity of KRA&ependent cancers to MEK
suppressiofHofmann et al. 2021 he ubiquitously expressed Src homology 2 containing
protein tyrosine phospitase $HP2 relays stimulatory signals from various membrane
RTKs to the MAPK pathway. SHP2 inhibitors have demonstrated antitumor activity in
RTK-driven cancers, and potent synergy with MEK inhibitors in preclinical KRAS mutant

models(Uprety and Adjei 2020)

The decades longpelief that RASwas undruggable has been rendered null by
Kevan Shokat and colleaguas their seminal study. Taking advantage of the
nucleophilicity of cysteine thioJghey isolated and developed a seriesysteinereactive
small moleculesagainst the KRAS G12C mutatiarsing adisulphidefragmentbased
screening approach termed tethering. These electrostatic compounds selectively interacted
with KRAS G12C in the GD®ound, but not GT#Bound state, binding to a previously
unrecognized pockékeneattihe effector bindingwitch-II region As a result, these agents

disrupt switchl and switchll, preventing the interaction of KRAS with both GEFs and
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effectors.Because these compounds rely on the mutant cysteine substitution for their

reactivity, they do not affect WT KRA@®strem et al. 2013, Kim et al. 2020)

This groundbreaking work prompted the developmehtagents that would
translate to more clinically efficacious inhibitors. ARS3 was the first reported
compound to demonstrate improvement over the original KRAS G12C small molecules
reported by Ostrem et al. Developed through iterative structuretpcélationship (SAR)
studies to maximize the biochemical and cellular engagement of KRAS G12GC82Z&RS
demonstrated enhanced potency comp#rgutevious KRAS G12C inhibitorsARS-853
markedly reduced the levels of GDBBund KRAS activation of effectors, and
proliferation, while inducing apoptosis only in KRAS G12C mutant cells, sparing other

RAS-mutant and RAS WT cell lindgk.ito et al. 2016, Patricelli et al. 2016)

While targeting RAS mutants in their GBEfund state would seem
counterintuitive, given that many of these alterations enhance the degree of KRAS in its
active, GTPbound form, KRAS G12C mutants are unigé@enong the oncogenic RAS
alterationsG12C has the highest intrinsic GTP hydrolysis rate, cycling to the &ibRd
state with a halfife of ~12 minutegHunter et al. 2015, Zuberi et al. 2020his property
allows forbinding of the G12C reactive compounds in the switgiocket, followed by
nucleophilic attack of cysteine 1Rrug-bound KRAS G12C is insusceptible to nucleotide
exchange factors and thus trapped in its inactive. St&ieants lacking GTPase activity,
and those prompting exchangesduce the potency of these agents. Furthermore,
suppressing nucleotide cycling downstream of RTKs enlsatiee potency of these

inhibitors, while potentiating RTK/GEF activity attenustiedr efficacy (Lito et al. 2016)
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Although promising in preclinical celbasedmodels, he inherent poor chemical
and metabolic stability of AR853 made it unsuitable for vivostudies, prompting efforts
to overcome thiglilemma. ARS1620 was subsequently developed through optimization
efforts, consisting of a quinazoline core scaffold borad with the acrylamide warhead
of ARS-853. ARS1620 demonstrated superior pharmacokinetics and selectivity for KRAS
G12C Furthermore, it exhibitedatisfactory covalent target occupancy in KRAS G12C
mutant patient derived xenografts (PDK)vivo, provding the first evidence that KRAS
G12C inhibitors could be a viable therapeutic approach for patients with this mutation

(Janes et al. 2018, Kim et al. 2020, Zuberi et al. 2020)

Further refinement of thesencouraging preclinical compounds led to the first
direct RAS inhibitor to reach clinical tr&l AMG51Q also known as sotorasibeveloped
by Amgen,AMG510 has improved binding to KRAS G12C through interaction with a
cryptic groove that extendbe switchll binding pocketand involves interaction of its
unique aromatic rings with histidine 95, an amawid specific to KRAS.This
modification improvedboth potency and selectivity ~6ld over ARS1620, inhibited
signaling and growth of KRAS G12C mutant cell line models, and precipitated tumor
regression in cell line derivexenograft(CDX) and PDX murine model$-urthermore,
AMG510 demonstrated clinical activity in lung cancer patients in theifirsiman dose

escalation studyCanon et al. 2019, Kim et al. 2020, Zuberi et al. 2020)

Like Amgen,Mirati Therapeuticsalsoidentified a potent and selective covalent
KRAS G12Cinhibitor, MRTX849 also known as adagrasihich likewise modified the
mutant cysteine 12 in the inactive GIDBund state. Treatment with this agent resulted in

significant tumor regression in preclinical CDX and PDX moded| et al. 2020, Hallin
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et al. 2020) KRAS mutant cancers are characterized by an increased production of
immunesuppressive cytokines and an upregulation of programmed-ligatd 1 (PD

L1) (Coelho et al. 2017)Both AMG510 and MRTX849 demonstratpdsitive immune
responses that altered the immunosuppressiver microenvironmen{TME) to a more
favorable, anttumor one AMG510 lead to increased-dell infiltration and an inflamed
TME (Canon et al. 2019)vhile MRTX849 increasegro-inflammatory cytokinesshifted
macrophage polarization from M@ntrinflammatory) toM1 (pro-inflammatory) and

reduced myeloidierived suppressor cellBriere et al. 2021)

Revolution Medicines (RM) haasodeveloped a series of RAS inhibitotnlike
theclassical agents that target KRAS G12C in its inactive, ®BbDlhd state, termed RAS
(OFFYKRAS G12C(OFF)i nhi bi t or s, inhibikoys dhatearget the rautaatt e d
protein in its active, GTHound state, termeldAS (ON)/KRAS G12C(ON) inhibitors.

These compounds bind to the highly abundant cellular chaperone protein cyclophilin A,
creating a binary complex that presents a unique surface capable of engaging not only
KRAS G12C, but other RAS mutans In this tertiary complex, the inhibitor is
sandwiched in an induced binding pocket at the interface between both proleims:
complex is fastenethy chemical interactions between cyclophilin A and theyeted
mutant along with chemicalinteractionsbetween the compound and each of the two
proteins. Insome casegheseinhibitors can form a covalent bond wite RAS mutant,

as is the case for the KRAS G1ZON) inhibitor. To date, RM haslso developed
RAS(ON) inhibitors for KRAS G12andKRAS G13C, a well asa mult-tRAS inhibitor

(Revolution Medicines 2023)
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The PIBKAKT-mTOR Pathway

PI3K is another well described effector of R&ftcanplay a role in RASriven
tumorigenesis and maintenance. The PI3K/AKT/mechanisiget of Rapamycin
(mTOR) pathway regulates cell growth, proliferation, differentiation, motility,
angiogenesis, metabolism, and survifiagure 1.6). Activation of the PIK/AKT/mTOR
axis is controlled by four principal senserRTKs, which sample for growth factors, the
cytokinecoupled receptors (interleukin family, TNF, T®F s uper f ami t vy, et
protein coupled receptors (GPCRs; endothelin receptor, adrenergptore@strogen
receptorangiotensin Il receptor, etc.), that are activated by a wide array of ligamds (
estrogen, androgemrndothelin, bradykinin, glutamate, etc.), and integrins, which sense

celli cell and cellmatrix adhesion§~ruman et al. 2017)

Human cells express threlasse®f PI3K enzymesallocatedon the basis aheir
structure, regulation, and functiddembers bclass laredesignated RAS effectorGlass
| PI3Ksareobligate heterodimers composed of a regulatory and catalytic subunit. The four
catalyticisoform§ p1 10U, p1106b, ipréeancdedby®IiKICA PIKIOB
PIK3CD, and PIK3CGr espectively. The U and b isofor
while their 2 and U count e (VanhaedeBroeck marel enr |
Waterfield 1999, Cantley 2002) p 110 U, b, and U (Class | A s
five regulatory Sabunp3ieU, p8bd,p PBH,b, wipt h |
subunit contains two SH2 domains-{®&rminalSH2, GterminalSH2) flanking a coiled
coil region, known as the int&H2 (iISH2) domain. The catalytic and regulatory subunits

make several contacts that keepehayme in a low activity state under basal conditions.

Binding of the regulatory subunitdéds SH2 dol
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growth factor receptors or adaptor proteins relieves these inhibitory contacts, positioning
the dimer near themembrane where it can access substrates and receive further inputs from

signaling componeni®’u et al. 1998, Fruman et al. 2017)

Activated PI3K catalyzes the phosphorylation of phosphatidylinesjtl
bisphosphate (PIP2) to generate phosphatidyline3jthbtrisphosphate (PIP3). PIP3 acts
as a second messenger, and its accumulation at the cell membrane leads to themecruitm
of cytoplasmic proteins containing pleckstrin homology (PH) domains. The serine
threonine kinases phosphoinositidependent kinasgé (PDK1) and AKT, along with
MTOR complex2 (mMTORC2) are three such factors recruited to PIP3 siR3K1
phosphorylate AKT on T308, a residue within its activation loop. Although AKT
phosphorylation on T308 is both necessary and sufficient to mediate many downstream
events, additional phosphorylation sites control substrate selectivity, stability, and possibly
subcellula localization. Hence, a second phosphorylation step, catalyzed by mTORC2 on
S473, a residue within its hydrophobic motif, precipitates maximally activated AKT. S473
phosphorylation is particularly important for a subset of targets, including the forxbead

subgroup O (FOXO) transcription factdddanning and Toker 2017)

AKT activates a multitude of downstream targetsth over 100 substrates
identified to datethereby modifying a widarrayof cellular functions. The most prominent
AKT targets, particularly as they relate to cancer pathogenesis and progressios,timelud
TSC1/2 complexBAD, caspase9 vari ous FOXO aquMbM2eAKn s , GSK
inhibits the proapoptotic factor BAD, thé-OXO transcription factors, which regulate
expression of genes involved in apoptosis, -cetle progression, metabolism, and

oxidative stress programs, and GSK3b, a col
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regulato in the hormonal control of glucose homeostasi®|Vsignaling, transcription
factor expression, and microtubwentrol AKT also increases cytoplasmic availability of
MDM2, the negative regulator @53 andphosphorylatethe apoptotic factocaspase ,9
reducing its apoptotic activity. Collectively, these modulations pronsete growth,

proliferation, and survivglDanielsen et al. 2015, Manning and Toker 2017)

By inhibiting the TSC1/2 amplex, AKT leads to the activation of mTORC1.
Specifically, AKT phosphorylates and inactivates TSC2, which suppresses the agtivity
RAS homologue mrichedin brain RHEB)-GTPase, an activator of mTORC1. AKT can
also directly activate mTORChrough phosphorylation of PRAS40, a component of the
MTORC1 complexmTORC1 phosphorylates numerous substrates that promote anabolic
metabolism to support cell growth and proliferat{iemmott and Dennis 2009nTOR
will be discussed in more detail in the followinggen. Briefly, he mTORC1 substrate
p70S6 kinasel (S6K1) contributes to metabolic reprogramming by increasing glycolysis
as well asprotein, lipid, and nucleotide biosynthesis. Phosphorylation of eukaryotic
initiation factor4E (elF4E)binding protein (4EBP) by mTORCL1 inhibits its binding to
elF4E, allowing the latter to assemble with elF4G and elF4A to form the active, cap

binding tanslation initiation complex elF4fusa et al. 2016, Qin et al. 2016)
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Figure 1.6 The PISBKAKT-mTOR Signaling Pathway.

Modified from Fruman, et alCell. (2017 andDanielsen et ¢
Biochim Biophys Actg2015

In normal cells, PIP3 activation is transient, and appropriately tempered through

rapid metabolism by lipijhosphatases. The tumor suppressor phosphatase and tensin

homolog (PTENRcts as a negative regulator for PI3K, terminating signaimgemoval

t -phesphadt® from PIP3, yielding PIP2. Two other phosphatases, PHLPP1/2 and

PP2A, dephosphorylate AKTt &473 and T308, respectively. These factors work in

concert to counteract the action of PI3K, balancing pathway activity. Activated mTORC1

also generates powerful negative feedback regulation of growth factor receptor sjgnaling
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notablytowardsinsulin growth factor 1receptor (GF1R), by placing multiple inhibitory
phosphorylation marks oinsulin receptor substrate 1 (IRShpth directly and through
S6K. mTORCL1 also directly phosphorylates and activates growth factor redeptod
protein 10 (GRB10), a negative regulator of insulin/IGF1 signaling. Thus, mTORC1
downregulates PI3K signaling to dampen mTORC2 activity. S6K also phosphorylates
Rictor on T1135 and mSinl on T86/T398, destabilizing mTOR&EAman et al. 2017,
Manning and Toker 2017RP13K activation also increases the expression of PIFEMNIgh
MTOR/4EBP1dependent control of its translatiothereby limiting the duration of ¢h

signalandthe degree gbathway outpu(Mukherjee et al. 2021)

mTOR

MTOR is a serine/threonine kinase belonging to the P&&tedprotein kinase
(PIKK) family. As its name implies, mTOR was identified atagget ofRapamycin an
antifungal produced by the bacteriutreptomyces hygroscopictRapamycin binds to
FK506-binding protein of 12 kDa (FKBP12&ndinterfereswith the FKBP12Rapamycin
binding (FRB) domain of mTOR. In mammalian cellsTOR nucleates two protein
complexes mTOR complex 1 (mTOR'1) and2 (mMTORC2 i each with distinct inputs
andoutputs Figure 1.7A). Shared among these complexes are mLST8 (mammalian lethal
with Secl3 protein 8, EPAORYDishekelied,vEgll0,aasd Gb L)
Pleckstrin [DEP]domain containing mTOR interacting proteitunique to mTORC1s
Raptor (regulatory protein associated with mTORBRh)d PRAS40(prolinerich AKT
substrate of 40 k&) (Figure 1.7B), while the exclusive componentsf mTORC2are

Rictor (Rapamycin insensitive companionrail OR), m3n1 (mammalian stresactivaed
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protein kinase [SAPK] interacting protein, Which contains the PH domain responsible
for PIP3 binding and subsequent activatiang Protorl/Zprotein observed with ricter
1/2) (Figure 1.7C) (Yang et al. 2013, Caron et al. 2015, Liu et al. 2015, Saxton and Sabatini

2017)

Raptor facilitates substrate recruitment to mTORC1 by binding to the TOR
signaling (TOS) motif found orseveral canonical mMTORC1 substrataadi t d@ss
required for the appropriate subcellular localizatiomdORC1(Hara et al. 2002, Kim et
al. 2002) mLST8 associates with the catalytic domain of mMTORC1, likely playing a role
in the stabilization of the kinase activation lo@EPTORIs an inhibitory subunit that
suppreses the activity of both complexes and promotes growth factor signaling by
blocking the negative feedback fmofrom mTOR to PI3KCaron et al., 2015; Saxton and
Sabatini, 2017)PRAS40 is another inhibitory subunit of mMTORThe role of Rictor in
MTORC2 has not been fully elucidated, but it likely serves a similar role to Raptor in this
complex, though the two proteins themselves are not related. mSinl and1P2otoe
regulatoy subunits.Although the composition of mMTOR containing complexes varies
across organisms, mTOR kinase itself is a highly conserved regulator of anabolic

metabolism in eukaryotg¢Saxton and Sabatini 2017)
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binding sites on mTOR.

Modified from Saxton and SabatinCell. (2020)

Role in Physiology

Cell growth andproliferation necessitates production of proteins, lipids, and
nucleotides, as well as suppression of catalpdibwayssuch as autophagmTORC1
plays a central role in regulating these processes, thereby contro#libglance between
catabolism and anabolisnmtegraing signals from growth factors, amino acids, energy
levels, stress, and oxygen to regulate protein synthesis, lipid metabolism, lysastdme

mitochondrial biogenesis, energy metabolism, and autop(@agson et al. 2015)The
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major upstream regulatory inputs of mMTORC1 are schematizégjume 1.8, along with

the primary downstream targets it phosphorylates.

Under nutrient repletecondtions, mTORC1 promotes protein synthesis through
two key effectors S6K1 and 4EBPmMTORCL1 directly phosphorylates S6k1T389,
enabling its ensuing phosphorylation and activation by PDK1. Sé#ldsequently
phosphorylates and activates several substrates that promote mRNA translation initiation,
including elF4B, a positive regulator of the elF4F complerlz et al. 2005) It also
promotes the degradation of programmed cell death 4 (PDCD4), an inhibitor of elF4B, and
enhances the translation efficiency of spliced mRNAs via its interaction with SKAR, a
component of exojunction complexe{MoustafaKamal etal. 2020) 4EBP inhibits
translation by binding and sequestering elF4E to prevent assembly of the elF4F ¢complex
with phosphorylation by mTORC1 relieving this inhibitigBattaglioni et al. 2022)
MTORC1 phosphorylates 4EBP1 at T37/46, T70, and S65. T37/46 and T70 are high quality
substrates and are thought to mediate priming of 4EBP1 for S65 phosphoryiduicim,

regulates EIF4E binding direct{fRoux and Topisirovic 2018)

Lipid synthesis in response to enemph conditions is a highly conserved,
evolutionary process. In mammalian cells, the elevation in circulating amino awids
insulin following food intake drives the synthesis of phospholipids and sterols, which
growing cells require for new membrane formation and expansion. mTORC1 plays a
central role in promotingle novdipid biogenesis through the translational regulatd
many lipogenic genes. One key famiyolvedin lipid synthesis ighe sterol reponsive
elementbinding proteis (SREBR). SREBPs are basic heli@op-helix leucine zipper

transcription factors that regulate lipid homeostasis by controlling theessipn of
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metabolic genes involved in fatty acid and cholesterol biosyntf€si®on et al. 2015)
While SREBH. is canonically activated by response to lowrdtdevels, mTORCL1
signaling can also activate SREBHRndependently through an S6Kikependent
mechanism, as well as by phosphorylation of Lipinl, which inhibits SREBRhe

absence of mMTORC1 signalifgeterson et al. 2011)

MTORC1 also promotes the synthesis of nucleotides necessary for DNA replication
and ribosome biogenesis by increasing Addpendent expssion of MTHFD2, a key
component of the mitochondrial tetrahydrofolate cycle that provides one carbon units for
purine synthesis. S6K1 also activatasbamoylphosphate synthetase (CAD), a critical
component of thde novgpyrimidine synthesis pathwdBenSahra et al. 2013, Be®ahra
et al. 2016, Wu et al. 2022Regarding glucose metabolism, mTOR@bmotes a shift
from oxidative phosphorylation to glycolysis, which possibly facilitates the incorporation
of nutrients into new biomass. Additionally, mMTORCL1 increases the translation of the
transcription factor HIFl, whi ch dri ves the expression
phosphofructokinase kinase (PFKQREBP can also increase flux through the oxidative
pentose phosphate pathway (PPP), which utilizes carbons from glucose to generate
NADPH and other interméary metabolites needed for proliferation and gro(@hxton

and Sabatini 2017)

Suppression of protein catabolism, particularly autophagyger nutrient rich
conditions is another primary role of mTORCL1 in facilitating cellular growth and
proliferation. Formation of the autophagosome is initiated by the kinase UiaKich,
upon activation bythe fundamental autophagy regulafviP-activated protein kinase

(AMPK), forms a complex with ATG13, FIP2000, and ATG101. mTORC1
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phosphorylabn of ULK1 prevens its activationby AMPK (Kim et al. 2011) In the fed

state, mMTORCL1 suppresses the use of extracellular nutrients obtained via micropinocytosis
(Palm et al. 2015, Palm and Thompson 20&¥))ORC1 also regulates autophagy in part

by phosphorylating and inhibiting the nuclear translocation ofrtrescription factor EB
(TFEB), which drives the expression of genes for lysosomal biogenesis and the autophagy
machinery(Martina et al. 2012)The ubiquitinproteasome system (UR$¢sponsible for

the majoriy of protein turnover in human cellss anothercatabolic pathwayt hat 6 s
regulated by mTORGJalthough the precise mechanisms of this regulation remain to be
elucidated Through thigpathway proteins are selectively targetfor degradation by the

20S proteasome following covalent ubiquitin modificati§axton and Sabatini 2017)

Finetune sensing of the environment is a fundamental requirement for the
homeostatic maintenance of catabolic and anabolic procétsese, mMTORCL1 is subject
to a plethora ofegulatoryenvironmental cuesnTORC1activation is complexand is
thoughtto require a twestep mechanism, whereby amino acids first prime activation,
followed by maximal induction by growth factdienon et al. 2014, Dibble and Cantley
2015, Saxton and Sabatini 201MTORCL1 senses both glucoselamino acids, both of
which must be in abundance for full activatidhe mechanism by which glucose activates
MTORCL1 remains elusive, but is explained partly by the RAG GTPases, and MR
et al. 2014)Growth factors activate mTORC1 via the PEKT-TSC axis, discussed in
the preceding sectioAmino acid dependent mTORC1 activatiowalveslysosomal and

cytoplasmic signaling pathwayslara et al. 1998, Dydok et al. 2016)

Nutrient availability is sensed by mTORCL1 through the small GTPasesRAG

RAG-B, RAG-C, and RAGD, which bind to Ragulator, a pentameric complex on the
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surface of the lysosom@&he RAGs form heterodimefrsRAG-A or RAG-B with RAG-C

or RAG-D i with the active configuration constituting GTi®eund RAGA/RAG-B with
GDP-boundRAG-C/RAG-D. This arrangement recruits mTORCL1 to the lysosome where
it can be activated by RHEBSTP-bound RHEB allosterically activates mTORC1 by
binding a tripartite surface of two HEAT repeats and the FAT domain in m(BaRcak

et al. 2010, BaPeled et al. 2013RAG-C/RAG-D is activated by the folliculin complex,
composed of FLCN and the GAP activibclusivefactors FNIP1 or FNIP2, while RAG
A/RAG-B is activated upon suppression of its direct upstream inhibitor GAP toward RAGs
(GATOR1), a thregroteincomplex GATORL is inhibited by GATOR2, a complex of
five proteins, which is negatively controlled by the amino acid sensors SESTRIN2 and

CASTORL1.

In nutrient deplete conditions, SESTRIN2 and CASTOR1 sequester GATOR2,
preventing its inhibition of GATOR1 In nutrient rich conditions, arginine binds
CASTRO1, and leucinkéinds SESTRINZ2, resulting in the release of GATOR2 and its
subsequent inhibition of GATORChantranupong et al. 2016, Wolfson et al. 200&)re
recently, SAR1B was demonstrated to work in concert with SESTRINZ2 in leucin sensing
and GATOR2 regulation. While SESTRIN2 binds leucine with low affinity, SAR1B binds
with high affinity, thus requiring a lower concentration for the release of GATOR2.
KICKSTOR, a fowprotein complex, anchors GATOR1 to the lysosome, mediating its
inhibition of RAG-A/B and, by extension, mMTORC3IAMTOR, an Sadenosylmethionine
(SAM) sensor,is yet another interacting partner of GATORL1, andirectly senses
methionine availaility via SAM. High levels of methionine increas&SAM levels,

resulting in dissociation of SAMTOR from GATORIkading to GATORL1 inactivation.
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Finally, U-ketoglutarate produced by glutaminolysisalso regulates RAG activitpy
promoting RAGB GTP loadig and consequently promoting mTORC1 localization to the

lysosomeg(Battaglioni et al. 2022)

AMPK senses the energy state of the cell and inhibits mTORC1 when energy is
diminished. Low ATP levels increase the intracellular AMP:ATP and ADP:ATP ratios,
provoking the allosteric activation of AMPK. AMPK subsequently restores ATP
production by promotig gl uc os e upt a-kxelatiennatd itialsccactigates i ng |
ULK1 to promote autophagy. Thus, AMPK and mTORC1 are mutually antagonistic.

Under energy stress, AMPK phosphorylates TSC2 at T1271 and S&38[king inTSC
GAP-mediated suppression d®HEB and, in turn,mTORC1. AMPK also directly
phosphorylates Raptor on S722 and S792 to inhibit mTORXhversely, mTORC1

directly phosphorylated MPK cat al ytic subunit Ul (S347)
diminishes T172 phosphorylation in the AMPK activatitoop, limiting its activity

(Battaglioni et al. 2022)AMPK and mTOR also directly phosphorylate ULK1. Under

glucose starvation, AMPK promotes autophagy by directly activdtihg1 through
phosphorylation of S317 and S777. Under nutrient sufficiency, high mTOR activity
prevents ULK1 activation by phosphorylating ULK1 at position S757, thereby disrupting

the interaction between ULK1 and AMRKim et al. 2011)

MTORC2 integrates signals from growth factors to regulate cell survival,
metabolism, and cytoskeletal argzation(Figure 1.8). Its most recognized substrates are
the AGC protein kinases, which include AKSGK1, and PKCandmTORC2 cooperates
with PDK1 to fully activate these proteins. For example, AKT is phosphorylated by

MTORC2 at S473 and PDK1 at T3(Rodrik-Outmezguine et al. 2011, Manning and
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Toker 2017)Among the most weltlefined functions PAKT is insulin dependent glucose
uptake, which heavily relies on mTORC2 (Hagiwara et al., 2012; Yuan et al., 2012). While
all AKT isoforms have been implicated in glucose uptake, AKT2 is the dominant regulator
of this process. AKT2 phosphorylation of A&l a regulator of GLUT translocation,
mobilizes GLUT4 containing vesicles to the membr@vianning and Toker 2017 he

events of AKT activation by mTORC2 are described in the precedutps.

The PKC family can be divided into three groilgke conventional PKCs+{€KCs
U, b, and 92),PkK@Ge Whove)| ®KCE, (andPKLs and
and g). Whil e MRTIORCRsubsirate td ble elentifiedr t sétentlybeen
shown to phosphorylate other members of the PKC family, all of which play a role in
cytoskeletal reorganization and migratioifORC2phosphorylation of PKOand SGK1
leads to their activation, with the formenregulaing actin polymerizationand the later
involved in ion transport and cell survivd@runet et al. 2001, Mikosz et al. 2001, Liu et

al. 2010, Fu and Hall 2020)
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From Battaglioni et alCell. (2022)

Role in Cancer

MTORCL1 functions as a downstream effector for many frequently mutated
oncogenic pathways, including the RAS/ERK and PI3K/AKT signaling cascades, resulting
in MTORCL1 hyperactivation in a large percentage of human caragthermore, the
common tumor suppressor genes TRB8 LKB1, which are frequently inactivated or
deleted in cancer, serve as negative regulators of mTORC1 upstream of TSC1 and TSC2,
which are also tumor suppressors. Several components of the nutrient sensing input to
MTORC1 have also been implicated in @anprogression. Among them are the three

subunits of the GATOR1 complewhich arefrequently mutaté with low frequency in
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glioblastoma,and RAGC, which is mutated in about 18% of follicular lymphomas.
MTORC2 signaling is also implicated in cancer, édygstemming from its role in
activating AKT, which drives proliferative and survival processes. Mutations in mTOR
itself are observed in about 3% of cancers (cBioPortal), consistent with a role for this kinase

in promoting tumorigenesiSaxton and Sabatini 2017)

Therapeutic Targeting

Doselimiting toxicities have been a major barrier to PI3K, AKT, and mTOR
inhibitors in the clinic, impeding the effective dose at which many of these agents achieve
their most potent antitumor activityhe first mTOR inhibitors approved for use in cancer
were a class dRapamycinderivatives termedapaloggfirst generation mTOR inhibitors)
which, like Rapamycin,bind to the FRB domain of mTOR tallosterically inhibit
phosphorylation of S6K while weakly suppressing4dEBP phosphorylation, with
negligible effects on mTORCZ he rapalog temsirolimus was approved for treatment of
advanced renal cell carcinoma (RCC) in 2007, followed by everolimuslié &0 the
treatment of advanced endocrigastrointestinahndlung cancersandER*/HERZ2 breast
tumors Despite promising data in preclinical cancer models, rapalogs have only
demonstrated modest antitumor activity in pati€Atset al. 2022) This outcome can be
explained, at least in part, kihe allosteric nature of these agents, which block the
phosphorylation of only a subset of mMTORC1 substrates, and the modest suppression of
4EBP phosphorylatianWhile many mTORC1 regulated processes likely play a role in
tumorigenesis, the translatiom@bgram initiated by 4EBP phosphorylation is perhaps the

most critical. Consistent with this, a variety of ERdad AKT-driven cancer cell lines are
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dependent on 4EBP phosphorylation, and the ratio of 4EBP to elF4E expression correlates

well with their sesitivity to mTOR inhibitorgSaxton and Sabatini 2017)

To address the primary limitation of rapalogs in substrate suppreasobhsequent
class of mTOR inhibitors were developediermed parmTOR inhibitors $econd
generation) these agesttarget the catalytic site (orthosteric) and compete WitliP,
precipitating powerful inhibition of mMTORC1 and mTORC2 substrddespite a more
impressive profile in preclinical models compared to rapalogglitiieal activity of these
inhibitors is marginal. The lack of achievable therapeutic efficacy can be attributed to
several reasondnhibiting mTORC1 relieves its feedback suppression on a number of
upstream targets, such as IRS1, provoking reactivation of AKT, which boosts the
proliferative and survival networks AKT mediatesTORC1 suppression can also induce
autophagy, further promoting cancer cell survival under this therapeutic preéAliret

al. 2022, Mao et al. 2022)

Hyperglycemia is a common on target side effect of AKT inhibitimsulin
stimulation activates AKT, promoting glucose uptake and storage agglyddhen AKT
is inhibitedi either directly or through suppression of its activators such as PI3K or
MTORC2i insulin mediated glucose uptake and storage decreases, leading to an increase
in blood sugar that can result in hyperglycemia if levels excewsitain thresholdLi et
al. 2018, Drullinsky andHurvitz 2020) Furthermore, inhibiting AKT relieves feedback
inhibition of RTK expressiomnd activity, which can contribute tmlaptive resistanoaf
tumor cells to therapyChandarlapaty et al. 201InTOR mutations that increase the
catalytic activity of the kinase dampen the efficacy of these inhibitors, and patients

harboring these alterations will most likely have intrinsic resistance to tpsets
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Notably, since mTOR is essential to the mainteeaof normal cellular function, complete
inhibition would be inimical to healthy cellthus the therapeutic windownsrrowned (Ali

et al. 2022, Mao et al. 2Q).

To address thi&ssues of the secorgknerationanotherclass ofmTOR inhibitors
was developed by Shokat and colleagues. This third genecatratently links Rapamycin
andthe kinase inhibitor MLNO128, permittingoncurrentsuppressiorof allosteric and
orthosteric sitesT e r me-glt @ b i ¢ 0 Rapalinklba ntodelobthis class, inhibits
MTOR activity more potently than other mTOR kinase inhibitors, with modestisglec
for mMTORClover mTORCZthree to four-fold) (Rodrik-Outmezguine et al. 2016, Fan et

al. 2017, Kuroshima et al. 2020)

Seeking tdurtherenhance the selectivity for mnTORC1 over mTORC2 to avoid the
drawbacks of AKT inhibition, while also enhancing suppression of 4EBP1
phosphorylationa new series of mMTORC1-bteric compounds were recently developed
by Lee et. alThe RapamycirRFKBP12 binary complex preferentially binds to the FRB
domain in mMTORCl1as the Rictor subunit of mMTORC2 partially occludes this domain.
Hence, the suppressive activity RapaLinkl towards mTORC?2 is largely driven by its
kinase inhibitor constituenModifications made tothe Rapamycin corgcovalent linker,
and linker handleas well asutilization of MLNO128 anda less potent kinas inhibitor
analog,PP24 yielded several compounds that demonstmadee than 3@old selectivity
for mTORC1 over mTORC2 and effetvely suppress 4EBP1 phosphorylation.
Importantly,thesemTORCEselective inhibitors do not suppress mTORCZ2, and hence do
not inhibit AKT S473 phosphorylation, relieve AKdependent feedback inhibition of

RTKsin vitro, or induce hyperglycemia vivoatdoses that suppress mTORCL1 signaling.
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Given their enhanced specificity, these agents aisgyhave awider therapeutic index

(Lee et al. 2021)

Crosstalk between the RAS/ERK and PI3K/AKIIORPathways

The RAS/ERK and®PI3K/AKT/mTOR pathways exhibit considerable overlap and
regulatory crosstalk. Many of ttagjonists involved in RA&RK activationalso stimulate
PISK/AKT/mTOR signaling However, each pathway exhibits a different degree of
activation intensity and duratiostemming from variability in the amount of agonist
present, the expression and cell surface localization of cognate receptors, the expression of
receptor family members and various docking proteins, and the extent of feedback loops.
For example, phorbolZtmyristate 13acetate (PMA) is generally a strong activator of the
RAS/ERK pathway, while insulin and IGF1 are powerful mediators of PIBK/AKT/mTOR
signaling. In the other pathway, these factors are weaker actif@ayrsand Sturgill 1987,

Hoshi et al. 198830oulton et al. 1990, Boulton et al. 1991, Mendoza et al. 2011)

The RAS/ERK and PI3K/AKT/mTOR pathways negatively regulate each other at
several defined pointgor example, activated ERK phosphorylates several sites on GAB1,
inhibiting its ability to recruit PI3K to EGFRLehr et al. 2004)Strong IGF1R signaling
can precipitate AKT phosphorylation of RAF inhibitory sitegshe RAF Nterminus. In
response to CAMP agonists, PKA, another AGC kinase family member, phosphorylates
RAF at S259/S36514-3-3 dimers bind tahis site and sequester the authibited RAF in

the cytosol, leading to downregulation of ERK activity. These inhibitory phosphorylation
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marks are removed by PP1 and/or PP2A during mitatjerulated RAF activation

(Zimmermann and Moelling 1999, Guan et al. 2000)

The MEK/ERK and PI3K/AKT/mTOR pathways also positively regulate each
other at several defined pointStrong and sstained ERK activation (e,gby EGF,
activating RAS alteration®tc) can induce ERKand RSkmediated phosphorylation of
TSC2 and Rptor Although the sites on the TSC complex phosphorylated by ERK and
RSK are different from those utilized by AKT, the function is neverthelessamethus
promotingmTORCL1 actiationin a PI3kindependent fashioERK and PI3K signaling
also converge oneseral downstream effectors involved in survival, proliferation,
metabolism, and motility, including the FOXO ant C transcription factors, BAD, and
GS K 3 ®endoza et al. 2011) She et al. demonstrated thaRAS/ERK and
PISK/AKT/mTOR signaling converge on 4BP1 to regulate cagependent translation,
abrogating tumor addiction to one pathw@he et al. 2010)Several groups have also
demorstrated that PI3K can function as an upstream activator of RAS and RAF
(Duckworth and Cantley 1997, Wennstrom and Downward 1999, Yart et al. 2001,

Moelling et al. 2002, Sasaki et al. 2007, Zahedi et al. 2011, Will et al. 2014)

The crosstalk and convergence betwabe RAS/ERK and PISK/AKT/mTOR
signaling axesinderscorgthe gravity of this interplay in mediating tumor fitheaad the
complexity of therapeutic targeting when inhibitiagode in one pathway can lead to the
activation ofone or morefactors in a parallehetwork compounded bythe relief of

feedback inhibition that can reactivatpstreanelementswithin the pathway itself.
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ReqgulatedCell DeathMechanisms

Regulated cell death (RCD) describes the set of genetically encoded mechanisms
for the targeted elimination of superflugugreversibly damaged, afai potentially
harmful cells a fundamental necessity of multicellular life forms for maintaining
organismal homeostasis in both physiological and pathological sefimgse mechanisms
rely on dedicated molecular machinerydaherefore can be modulated (i.e., delayed or
accelerated) by pharmacological or genetic interventidtanmalian cells exposed to
perturbations in their intracellular or extracellular microenvironment can activate one of
many modes of RCD in a bid to m@r or be eliminated={gure 1.9). Whendetrimental
insults are too intense or prolonged for adaptative responses to cope with the stress and
restore cellular homeostasis, terminal effectors complete the pleatsqGalluzzi etal.

2018)
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Figure 1.9 Major Mechanisms oRegulatedCell Death (RCD)
ADCD: autophagydependent cell death, ICD: immunogenic cell death,

LDCD: lysosomedependent cell death, MPmitochondrial permeability transition.

From Galluzziet al Cell Death Differ.(2018)
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The macroscopic morphological alteratioascompaning cell death along with
themechanisms whereby dead cells and their fragments are ¢leavedhistorically been
used to classify cell death into three different farfke first is type | cell death or
apoptosis, characterized by cytoplasmic shrinkage, chromatin condensations{pykn
nuclear fragmentation (karyorrhexis), and plasma membrane blebbing. Apoptosis
culminates with the formation of intact small vesicles, termed apoptotic bodies, that are
efficiently taken up by neighboring cells with phagocytic activity and degradigihw
lysosomes. The second is type Il cell death or autophagy, manifesting with extensive
cytoplasmic vacuolization and likewise terminating with phagocytic uptake and
consequent lysosomal degradation. The third is type 1l cell death or necrosis, wsch d
not display distinctive features of apoptosis or autophaki,the disposal of cell corpses
proceedingn the absence of obvious phagocytic or lysosomal involvement. Déspite
multiple limitations and caveats, this morphological classificationtiik extensively

employed by researchgiGalluzzi et al. 2018)

There is considerable overlap and interconnectivity inuthgéerlying molecular
mechanisms that initiate and propagate the various forms of, R€Dvell as in the
morphological features and immunomodulatory profile characterizing each mode.
Morphological spectrums can range from fully necrotic to fully apoptotibjle
immunomodulatory profiles can run the garfroim antrinflammatory and tolerogenic to
pro-inflammatory and immunogen{Galluzzi et al. 2018)T'wo forms of RCD apoptosis
and ferroptosi$ are relevanto thisreport, andheir featuresire describecithe following

sections.
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Apoptosis

Since itsinitial report in the early 1970spoptosis has been the longest and most
widely studied form of RCDApoptosisis a tightly controlled process crucial for tissue
homeostasisand theability to avertthis RCD mechanism &hallmark of cancer cells. In
mammals, apoptosis is initiated by two pathwaps: intrinsic pathway activatedby a
variety of microenvironmental perturbations (e.g., growth factor withdrawal, DNA
damage, endoplasmic reticulum (ER) stress, reactive oxygen species (ROS) overload,
replication stress, microtubular alterations, and mitotic defeatslthe extrinsicpathway
activated in response to the binding of daattucing ligands to cekurface death
receptors in response to extrinsic perturbatioifiese pathways converge at
themitochondrialoutermembrane (MOM), where the-&Il lymphoma2 (BCL-2) family
plays a pivotatole (Willis et al. 2003, Ashkenazi et al. 2017)

The BCL 2 family, incl usi v-apoptdticooanter 20 |
apoptotic functions, regulates apoptosis by controltimg balance ofhese proteins in
response to perturbans.Me mber s of the BCL 2 family are
number of conser ved doBdnsthey cohtainAmbng theganti( B H)
apoptoticmembersarethe multtdomain (BH14) proteinsBcl-2, Bcl-xL (BCL-2 extra
large), BI-w (BCL-2 like protein 2), MI-1 (myeloid leukemia )}, and A1 (BCL2A1). The
pro-apoptotic BH3-only membersnclude BID BH3-interacting domain death agonist),

BIM (BCL-2-interacting mediator of cell death), and BAD (BQtassociated death
promoter), amongtbers. The prapoptotic effect@include BAX (BCL-2-associated X
protein), BAK (BCL-2 antagonist killer), and BOK (BCPR-related ovarian killerfWillis

et al. 2003, Ashkenazi et al. 2017)
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Under conditions of cellular perturbation, an increase in the level edgwptotic

proteins results in suppres®n of antrapoptotic factors promoting activation, and
subsequent oligeromizatiprof BAX and BAK. This results in mitochondrial outer
membranepermeabilization(MOMP) and the release of cytochrome Cytochrome ¢
subsequentlpinds to apoptosis activating factor 1 (ARPAJand procaspase %merating

an i ntracel l ul ar Oapopt dsswpted dnitochbndria alsbct i v a
produce secondnitochondriaderived activator of caspase (SMACalso known as

DIABLO), whichreleases caspase3frdm | i nked i nhi bi t-roediatedf apop
suppression Higure 1.10). BCL-2 antiapoptotic members hinder this pathway by
sequesteringhe pro-apoptotic BH3only proteirs via binding to their BH3 motifs. They

also inhibit BAX and BAK(Willis et al. 2003, Ashkenazi et al. 2017)
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Figure 1.10 Thelntrinsic ApoptosisPathwayandRegulatory BCL-2 Family Members

FromAshkenaziet al Nat Rev Drug Discay2017) andWillis, et al.J. Cell Sci (2003’
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Extrinsic apoptosis is largely driven by two types of plasma membrane receptors:
(1) death receptors, whose activation depends on the binding of the cognate ligand(s), and
will be discussed herein, ar{@) dependence receptors, whose activation occurs when
levels of their specific ligand drop below a certain thresHodhth receptors are members
of the tumor necrosis factor (TNF) superfamily, characterized by an intracellular death
domain thatodods essential for tr death @aemorsi on o
are FAS (CD951/Apal), DR3, TNFR1, and two TNFelated apoptosis inducing ligand
(TRAIL) receptors (TRAILR1/DR4 and TRAILR2/DR5). Death receptor ligandse@th
ligands)are members of the TNF famijland includeFAS ligand, TNFU , aod Ap
ligand/TRAIL (Galluzzi et al. 2018)

Activation of death receptors results in the assembly of dynamic multiprotein
complexes at the intracellular tail of the receptor, known as 4edticing signaling
complexes (DISC) I and Il, which operate as molecular scaffoldredominantly regulate
the activation and function of caspase 8 and, in more limited settings, caspdse 10.
DISCs are constituted by an array of proteins, wigah includerNF receptor associated
factor 2 (TRAF2), TRAF5, 4AP1, ¢IAP2, and RIPK]1 among many other§&AS and
TRAIL receptors form homotrimers that are stabilized upon ligand binding. This induces
a conformational change at the intracellular tail$ émables the deattomain dependent
association of the adapter protein FADD (Fas associated via death doRrsiDi).
subsequently drives DISC assembly by promoting the death effector domain-(DED)
dependent recruitment of caspase 8 or 10tlamdpoptosisegulator FADD likeapoptosis

regulator (CFLAR; best known asALIP). TNFR1 signaling involves associatiovith
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TADD (TNF receptor superfamily member 1ANFRSF1A] associated via death
domair), which acts as an adaptor ISC assemblySchneideBrachert et al. 2013)

The transition fromthe initiation to executionphaseof extrinsic apoptosis can
follow two routes In typel cells (e.g., thymocytes and mature lymphocytes), activation of
initiator caspasess sufficient for robust triggering of the death machinery, yielding
sufficient amounts of active effector caspa3esd 7 In typell cells (e.g., hepatocytes,
pancreatic b cells, and a majority of canc:
due tolow cell surface death receptor expression, low caspase levels, and/or the presence
of caspas@nhibitory mdecules, such as XIAP. Hence, these cells requiretochondrial
amplification loop to efficiently activate effector caspaseasspase -8nediated cleavage
of BID generates truncated (tBID), which translocates to the outer mitochondrial
membrane (OMM) andllosterically activates BAKwith subsequent steps following that
of intrinsic apoptosisHigure 1.17) (SchneideBrachert et al. 2013)

Despite the connotations of its name, death receptor activation does not necessarily
culminate in cell death, wittsome nonrapoptotic pathwayslso regulated by these
receptorsIn particular, activation of TNFR1 can have diverse outcodegsending on
multiple variablesUnderphysiologic conditionsTNFR1 signalingprimarily exerts pre
inflammatory effectsThis is potentiallfumorigeni¢c and TNFhas been demonstrated to
promote tumor growth, proliferation, angiogenesis, invasivenessmatastasisDeath
receptor signaling can also lead to the activation of nuclear faBtqr N B)pwhich
generally results in cell survival associated with a robust inflammatory response

(SchneideBrachert et al. 2013, Galluzzi et al. 2018)
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Figure 1.11 The Extrinsic ApoptosisPathway.

FromSchneideBrachertet al Int J Mol Sci (2013)

Ferroptosis

Ferroptosis, coined by Stockwalhd colleaguems 2012 is an irondependent form
of RCDdriven by excessive lipid peroxidation and subsequent plasma membrane rupture
(Dixon et al. 2012) Although termed relatively recently, aspects of ferroptosis and
ferroptosislike cell death wereeported much earlier. In the 1950s and 1960s, Harry Eagle
and colleagues demonstrated that cysteine deprivation resulted in cell death, while
endogenous cyste synthesis yielded resistance to this déatdygle 1955, Coltorti et al.
1956, Eagle et al. 1961Janand colleagueseporteda type of oxidativestress induced

cell death in neuronalecl | s c al | (Fah et@lo20Q1)Befasei csirdong the term,
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initial studies byStockwell and colleaguetemonstrated a type of cell death distinct from
apoptosis and necroptosis when RAS mutant cells tnesaed with compounds discovered
in synthetic lethal screens against RA®is cell death could be rescued by iron chelators
and lipophilic radicatrapping antioxidants (RTA¢Polma et al. 2003, Yagoda et al. 2007,
Yang and Stockwell 2008Tolledively, ferroptosis is distict from other forms oRCD,
such as apoptosis, necroptosis, antbphagyin both mechanism and morphologyhile

the effector moleculesemain to be identified, iron accumulation, free radical production,
fatty acidsupply, and lipid peroxidation are critical for its induction, with the accumulation
of lipid peroxides widely accepted as the lethal signal that triggers fesrefitimng et al.

2021)

The metabolic pathways involved in the metabolism of cystineghmamate
glutathione (GSH), PUFAs, and iron modulate lipid peroxidation in cells to regulate
ferroptosis Figure 1.12A). As denoted by its name, ferroptotic cell death is defined by the
requirement for iron. Extracellular iron is sequestered by the protein transferrin,
internalized by the transferrin receptor (TfR), and released into the cytoplaem it can
participate in Fenton chemistry to generate hydroxyl rasl{tal et al. 2020, Jiang et al.
2021) Lipid peroxidation follows the processes of initiation, propagation, andrtation.

In the initiation stage, lipid radicals are generate®RBS(Figure 1.12B, such ,as ( HC
thatact as preoxidantsto abstract a hydrogen molecule from the acyl chaimeéturated

fatty acid phospholipids(PLH), forming lipid radicals PL A Polyunsaturated fatty acid

(PUFA) phospholipids (PUFRALS) are particularly susceptible to peroxidation by nature

of their bisallylic moieties wherein a hydrogen atom is extracted between two carbon

carbon double bonds n  tprbpea gia t age PH Ansadlily reacts with oxygen to

52



produce a lipid peroxyl radicaPL O O,Avhichslowly reacts withphospholipid§PLH) of
neighboring chains to abstract a protfamming a phosphlipid hydroperoxide PLOOH).

In this reaction, PL Aand PLOOH) are newly formedcontinuing the cycle and
eventually leading to the formation of numerous secondary products, including breakdown
products of lipid peroxides (e.g-H/droxynonenal [4HNE] and malondialdehyde), along

with oxidized and modiéd proteins. Hence, the damage is propagated throughout the
membrane and, by extension, the cell, compromising cell and/or organelle membranes, and
overall celular function. Propagation continues untiérmination wheren radicals are
guenched by antiogants or by reacting with another radicdUFAs andPUFA-PLs are

also susceptible to oxidation by 12/lipoxygenase (LOX) enzymesiortheme iron
dependent dioxygenases targeting PUFAs and RBER in biological membranes

(Gaschler and Stockwell 2017)

Glutathione peroxidase 4 (GPX4) and the transmembrane cystita@ate
antiporter, commonly referred to as systegh (XCT), were demonstrated to be key
mechanistic regulators of ferroptosig Stockwell and colleagues. Inhibition of GPX4 by
RSL3, and systemcoxby Erastin agents discovered theirsynthetic lethal screens against
RAS mutant cells, precipitated this ferroptotic cell dd&tixon et al. 2012, Dixon et al.
2014) The selenoproteitPX4 is the primary enzyme that catalyzes the reduction of
highly reactivdipid radicalsto their safenonreactivelipid alcohols Mechanistically, this
requires the catalytic selenocysteine residue of GPX4 and twooglgcinost commonly
provided by glutathione (GSH), the magnmdogenousellular antioxidant, although other

low molecularweightthiols and thiol proteins can serve this rdxidized GSH (GSSG)
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is subsequently recycled via glutathiodesulfide reductasg GSR) using electrons

donated by NADPH/H(Jiang et al. 2021)

GSH isatripeptide comprised of cysine,glutamate andglutamine Cysteine is
the ratelimiting substrate in GSH biosynthesis, an Ad&pendent process wherein
cysteine is conjugated to glutamate and glycine. Cysteine can be taken up from the
environment by a neutral amino acid transporter or synthesized from meghioaithe
transsulfuration pathway. Notably, cysteine can also be generated from cystine, its oxidized
form. The antiporterystem x, a heterodimer composedtbe heavy chairCT (encoded
by SLC7A11) andhe light chaiMF2 (encoded by SLC3AZmportsextracellular cystine
while exporting intracellulaglutamatewith a 1:1 ratio. Cytosolic cystine is subsequently
reduced to cysteine by glutathione (GSH) and/or thioredoxin reductase 1 (TXNRD1).
Hence, by maintaining the intracellular pool of cysteinsteayn x plays a key role in
preventing the onset of ferroptosis. When GSH levels fall below a certain threshold, GPX4
activity is severely diminishedjpid peroxidesaccumulate to toxic levels, and cells

undergo ferroptotic deaidiang et al. 2021)

Ferroptosis suppressor protein 1 (FSP1) was identified, or ratiefined from
apoptosis inducing factor mitochondria associated 2 (AIFM2R019 by Conrad and
colleagues.FSP1 rescues cellsoin pharmacologic and geneticiGRX4 deletion)
mechanisms that precipitate ferroptosislike GPX4, which reducelgpid peroxidesto
their correspondinglipid alcohols, FSP1 reduces ubiquinone, yielding ubiquinol
(coenzyme Q), which can directigt as a RTA to scavenge lipid radicals in membranes,
or regenerate oxidizetl Tocopherolradical to its norradical form to mediate the same

r o | -8ocopHerol, a major component of vitaminsérves ashe most powerfylnatural
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chainbreaking antioxidant iniid membrane¢Burton and Ingold 1986, Doll et al. 2019)
Additional ferroptosissuppressive mechanisms include squalene mediated and
di/tetrahydrobiopterin (BH2/BH4inediated inhibition of lipid peroxidation, likely by

acting as endogeno®sTAs. (Jiang et al., 2021)

The membrane remodeling enzymes &g synthetase lwg-chain family

member 4 (ACSL4) and lysophosphatidylcholine acyltransferase 3 (LPCAT3) have been

recognized asmportantferroptosis drivers. ACSL4 ligates PUFAs with coenzyme A,
preferencing longhain PUFAs such as arachidonic acid and adrenic acideTgreducts

can subsequently be -esterified into phospholipids by various LPCAT enzymes,
increasing the cellular incorporation of lengain PUFAs into lipids and, in turn,
membranedsenetic loss or pharmacological inhibition of ACSL4 leads to a drarsiaift

from longchain to shorthain PUFA and monounsaturated fatty acid (MUFA)
incorporation into phospholipids, enabling ACSL4 deficient cells to proliferate in the
absence of GPX4. MUFAsack bis-allylic moieties, and hence are impervious to
peroxidaton. Incorporation of MUFAs into phospholipids can displace PUFAs, thereby

inhibiting ferroptosiyf D6 Mel | o 2020, Liu et al. 2020,
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Thesis Outline

In the following study, we have investigatibe therapeutic potential of combining
KRAS G12C inhibitors with mTORC1 selective inhibitdia the treatment of KRAS
G12C mutant cancer3he impetus for s study arose from clinical datavealingthat
current KRAS G12C inhibitors demonstrate an objective response rate approaching 40%
in the most responsivatientcohorti NSCLC.Hence, rdabnal combination strategies are
required to improve efficacjfERK and PI3K are key effectors of RAS. Although dual
inhibition of these pathways has demonstrated synergistic effects in preclinical models,

toxicity has hindered clinical efficacy.

With therecent advent of novel mMTORCL selective inhibitors, we hypothesized that
combining these agents with KRAS G12C inhibitors wolitdwise yield synergistic
effects, but with the added beneéif a safer toxicity profile due to restraint from
suppressing AKT phosphorylatioin chapter 3, weinterrogate this hypothesis by
characteriing the effect these inbitors haveon the biological and functional properties
of KRAS G12C mutant NSCLC and CR®@odels We demonstrate that suppression of
MTORC1 substrates correlates with sensitivity to KRAS G12C inhibitiemORC1
selective inhibitos promoted KRAS G12C inhibitomediatedcell growth suppression
suppression o€yclin D1 and pRB S807/811and cell deatlinduction The combination
also yielded dramatic tumor regressintNSCLCCDX andPDX modelsvithoutindudng

hyperglycemia.

In chapter 4, we explore the mechanisms underlying how the combination
precipitates the observed cell deathvitro and tumor regressioim vivo. We focus our

studies largely on apoptosis and ferroptosis, given the regulatory roles RAS/ERK and
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PISK/AKT/mTOR signaling play in these modesSRCD. We demonstrate that mTORC1
inhibition enhanceapoptosisnduced by KRAS G12C suppressidine mmbination also
demonstrate synergisticmodulationof cell cycle regulators, intrinsic apoptosis factors,
and extrinsic apoptosis factofurthermore, the combinatieuppresses key targets in the
ferroptosis regulatory network such as xCT and SREBP1, leading to suppression of GSH
andinduction of ROSand lipid peroxidationCuriously, liproxstatifil, a potent inhibitor

of ferroptosis, only yielded modest rescue of detth induced by the combinatiavhile
Utocopheral a major component of vitamin Ed to an almost complete rescue of both

cell death and growth suppression.

In chapter 5, wéurtherinvestigatethis Utocopherorescue We demonstrate that
Utocopheol inhibits the activity of all mTOR bsteric inhibitors assessed,
rescuingimpeding p4EBP1 and pS6K suppressidrhese effects were not observed for
severalinhibitors of PI3Kor AKT, nor for other inhibitors omTOR. Furthermore, the
remaining tocopheranalogue¢ b, U, and 2), as anabobueg ;s t he
b, a, and 92) c aalscsptovoke uHisiimederence, talaeih with vaEying
potency and durabilityAlthough lessdurable this U Tocogherolinterference iobserved
for RAS (ON) inhibitors, but not for KRAS G12C (OFF) inhibitors or evaluated inhibitors
of MEK and ERK.While the mechanisms underlying this drug interference remain to be
unequivocally elucidated, through seveexiperiments we gain some insight irkey

features of thiphenomenon.

In the final chapter, we discuss important details, clinical implications, and future

directions as they relate to the current study.
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Chapter 2: Materials and Methods

Mammalian CdlCulture and Reagents

NCI-H358, NCFH2122, NCH2030, HCHH1373, NCIH1792, NCH23, HOPG62,
Calu1, SW1573, SW837, SW1463, C106, MEMB-468, MCF7, T47D, LIM1215, and
NCI-H508 were purchased from the American Type Culture Collection. HCC44 and
SNU1411 wee obtained from the Korean Cell Line Bank. 183 and LU99A were
obtained from the Japanese Cell Research Bank (Osaka, Japan). Endometrial cancer cell
line MFE296 was purchased from Sigrldrich. The PDX established endometrial
cancer cell line X0007aS1as generated from an in house PDX murine model.-NCI
H358, NCFH2122, NCIH2030, HCtH1373, NCIH1792, NCtH23, HOP62, HCC44,
SW1573, LU65, LU-99A, MDA-MB-468, MCF7, and T47D were cultured in RPMI;
SW837, SW1463, and SNU1411 were cultured in DMENIZE: MFE296 and X0007aS1
were cultured in DMEMF12 Calu1 was cultured in McCoy's 5A; C106 was cultured

inl scoveds modified medium

All media were purchased from Corning, and supplemented with 4mM glutamine, 100
units/ml of penicillin andstreptomycin, and 10% fetal bovine serum. All cells were
maintained at 37°C in 5% GOCells were regularly screened for mycoplasma using a
MycoAlert Mycoplasma Detection Kit (Lonza). AZD8055, AZD8186, BYL719,
GDCO0941, MK2206, MLN0128, Rapamycin, RapalLifhk, Trametinib, SCH7

Tocophdoclophfoocbphd#oobphdoclot r Tecotrehol, b
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GTocotriTecol yr iT®rw®@lp,h e U o |-Tochtdendl Ahbsphate, Trolox,
Vitamin A, Vitamin C, Vitamin D3, Vitamin K1, RSL3, ErastiiFSP1 Liproxstatin1,
Z-VAD-FMK, N-acetylcysteine, and Deferoxamimeesylate were purchased from
Selleck Chemicals (Houston, TX), MedChemExpre&suth Brunswick Township, NJ
andbr SigmaAldrich (Burlington, MA). AMG510, MRTX849, MRTX1257, AZD8037,
RM1, RM2, RM3, RM6, RM18, RM29, RM42, and RM44 were provided from Amgen,
Mirati Therapeutics, AstraZeneca, and Revolution Medicines, respectively. Compounds
were dissolved in DMSO to a final concentration of 10, 50, or 100 nhiayad/ stored at

120°C.

Cell Titer Glo Determination of Cell Viability

Cell viability was determined using a CellTH&to (CTG) Luminescent Cell Viability

Assay Kit (Promega). Between 206000 cells were plated in 9@ell plates, and
subsequently treated with the indicated compsuatdheir designated dose(s) for various
times 24 hours post seediri)-10C | of prepared CTG reagent
The contents of the wells were mixed on a plate shakefl3af5 minutes, and then
luminescence was measured o8ectraMax M5 plate reader (Molecular Devices). The
datawasgraphically displayed using @phPad Prism.9or Gko curves, cells were treated

for 72 hours, and day 0 values were subtracted from each group. The relative growth was
normalized to the day 3 untreated samples. Sigmoidal growth inhibition curves were

calculated using a foyparametemodel in GraphPad Prism 9.
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Trypan Blue Exclusion Determination of Cell Viability and Death

Cell death was measured using Trypan Blue Exclusion (Thermo Fisher Scientific). Cells
were seeded at a density of :8e0€ in 6¢cm culture plates. The following day, cells

were treated with the indicated compounds at their designated dose for O (day of
treatment), 24, 48, and 72 hours. For measurement of cell viability, culture media from
each sample was collected individualgnd the plates washed once with 1ml PBS,

which was also collected. Cells were detached with 1ml trypsin (incubatedSfoni@

at 37°C). Trypsinization was quenched with 2ml media, and the cell slurry was collected.
Samples were centrifuged at 1200 RRWM 3 minutes, the supernatant aspirated off, and

the cell pellet resuspended ir21lm | media depending on the pe
was mixed 1:1 with 10¢l of trypan blue, an
ends of a hemacytometer #id The slides were loaded into Gountess 3 FL
hemacytometefior automatic cell countingnvitroger), with blue stained cells considered
nonviable. Measures of total cell number, percent live cells, and percent dead cells were
recordedn duplicate for ach sample, and the average was takbe.datavasdisplayed

graphically using GraphPad Prism 9

Immunoblotting

Cells were lysed with RIPA buffer (Cell Signaling Technologies) supplemented with
protease and phosphatase inhibitors (Pierce Chemical, GHastmer Scientific). Lysates
were briefly sonicated and cleared by centrifugation at 14,000 RPM for 10 minutes at 4°C.

The supernatant was collected, and protein concentration was measured by BCA (Pierce).
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Xenograft tumors were homogenized in SDS lysigdoy50mM TrisHCL pH 7.4, 10%

Glycerol, 2% SDS) and boiled at 95°C for five minutes. Lysates were then briefly
sonicated, boiled again forrbinutes, and cleared by several rounds of centrifugation at
14,000rpm for 10ninutes at room temperature. Theaugatant was collected, and protein
concentration was determinbgt BCA (Pierce). The protein samples were mixed with an
appropriate volume of 5 x SEIBAGE sample buffer and incubated at 95°C for 5 minutes.
Equal amounts of pr otsedonaNuRAGE BiJris wateingel el e ct
(Invitrogen), and proteins transferred to nitrocellulose or PVDF membranesRksio

Thermo Fisher Scientific). Membranes were blocked for 1 hour at room temperature with

5% milkin TBS-Tween followed byincubation overnight with primary antibodies at 4°C.
Membranes were incubated with secondary antibodies, and detected by
chemiluminescence with ECL detection reagents (Thermo Fisher Scientific, Millipore).
Antibodies used in this study are listed in Table 1 . Signal was detect ¢

1000 Imaging Systems (Thermo Fisher Scientific).

Annexin VPropidium lodide (P1) Assay

5.0e-1€° cells were seeded in 10cm culture plates and treatedDAMBO, 1nM RM6,
100nM RM18, or theicombination After 72 hours, floating cells in media and adherent
cells (detached by trypsinization) were collected in a single tube and stained with annexin
V and propidium iodide using the FIT&nnexin V Apoptosis Detection Kit | (BD
Biosciences) accomdg to the manufacturer's protocol. Data were obtained on a Cytek
Aurora (Cytek) flow cytometer and analyzed with FlowJo software (version 11.2, BD

Biosciences).

62



Apoptosis Arrays

1.5€-3¢€ cells were seeded in 10cm culture plates and treated with theatidic
compounds at their designated dose for 24 or 72 hours. Sample lysates were assayed for
cell death factors using apoptosis arrays from R&D Biosystems (Human Apoptosis Array
Kit) and RayBiotech (Human Apoptosisitibody Array C1, Human Apoptosis Signag

PathwayAr r ay Cl1) according to the manufacture

Glutathione (GSH) Assay

Cells were seeded at a density of B.8@&¢ in 6¢cm culture plates. The following day, cells

were treated with the indicated compounds at their designated dose for 48 or 72 hours.
Cells were lysed in 5% Sulfosalicylic Acid provided by the Reduced Glutathione (GSH)
Assay Kit (SigmaAldrich), supplemated with phosphatase and protease inhibiteier¢e

Chemical, Thermo Fisher ScientificThe assay was performed according to the
manufacturerds protocol . Absorbance values
by sample GSH was measutddetically at 450nM for 60 minutest room temperatuye

with 5-minute interval readings usingSgpectraMax M5 plate reader (Molecular Devices)

Rel ative GSH in each sample was calcul ated

plotted usingGraphPadPrism 9.
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Reactive Oxygen Species (ROS) Assay

Cells were seeded at a density of 23000 cells/well in a 9&vell clear plate. The

following day, cells were treated with the indicated compounds at their designated dose for

24, 48, or 72 hours. ROBas measured usingthe RGBS o E H202 Assay (Pr
according to the manuf act urlghadtise lopgesh hald c o |

life of all ROS in cultured cells, and various ROS are converted@» Within cells.
Luminescence values, reftae of the amount of k0. in each sample, was measured using

a SpectraMax M5 plate reader (Molecular Devicas)l plotted usingraphPad Prism 9.

Lipid Peroxidation Assay

Cells were seeded at a density of 2ide6-well culture plates. The following day, cells
were treated with the indicated compounds at their designated dose for 48 or 72 hours.
Lipid peroxidation was measured using the fluorescent repofier BODIPY from the
ImageiT® Lipid Peroxidation Kit (Molecular Probes). Upon oxidation in live cells,
fluorescence shifts from red to green of the phenylbutadiene segment of the fluorophore,
providing a ratiometric indication of lipid peroxidation. Absorbance was measured at
581nm/565nm in the red channeind 510nm/410nm in the green channel using a
SpectraMax M5 plate reader (Molecular Devices) or by flow cytometry uSiigk
Aurora (Cytek) and analyzed with FlowJo software (version 11.2, BD Biosciefi¢es)

datawasplotted usingsraphPad Prism 9.
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Cell Imaging by Microscopy

Cells were seeded in 6¢B.0€-8.0€) or 10cm {.5€-3.0€) culture plates and treated with

the indicated compounds at their designated dose(s) for various times. Cells were imaged
by brightfield microscopy using aEVOS M500 microscope (Invitrogenpetached,
floating cells, small, rounded celland reduced dlenumber are indicatrs of diminshed

cell viability.

Cell Death Imaging by Fluorescence Microscopy

Cells were seeded at a density of 2.Be6-well plates and treated with the indicated
compounds at their designated dose for 48 or 72 hours. The cells were subsequently stained
with Annexin V, DAPI, and Sytox Greenna imaged by fluorescence microscopyth

10-fields of view captured for ea treatment at each time point.

XenograftExperiments

For CDX models, B8-weekold athymic female mice were injected subcutaneacaistiie

flank regionwith 10 million cells together with matrigel (BD Biosciences). Indicated PDX
models werexpanded by the Memorial Sloan Kettering Cancer Center (MSKCC) Mouse
Core. Once the mean tumor volume reached approximatel3@An+, mice were
randomized and treated with either vehicle, RM29 (80mg/kg, once a day, 5 times per week,
oral gavage), RM6 (6gikg, once a week, intraperitoneal injectifirp.]), or the

combination of these drugs at the same monotherapy doses. Tumors were measured twice
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a week using calipers and their volumes were calculated as length % xvitith Body
weight was monitored tiwe a week[For the vitamin E study, mice were treated with
vehicle, RM6 (3mg/kg, i.p.), vitamin E (100mg/kg or 400mg/kg, oral gavage), or the
combination of these compounds at the same monotreatmentAlbaasnal experiments
were performed according the protocol approved by the MSKCC Animal Care and Use

Committee.

Densitometry

Signal intensity of immunoblots were quantified using ImageJ (Fiji).

StatisticalAnalysis

Data from flow cytometry is presented as meatandard deviation (SD), and the tumor
progression in ani mal s t y mdpectvelyStdentietesn s N s
(two tailed) or onevay ANOVA, followed by post hoc pairwise analysis tesgs

performed using GraphPad Prism 9 (GraphPad Software, La Jolla, CA, USA,
www.graphpad.com) as indicated in figure legendsialBe < 0.05 was considered

significant. The stars in the graphs indicate significance, as detailed in the figure legends.
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Table 2.1Antibodies

RAS/ERK and PI3K/AKT/mTOR Signaling Factors

Name Vendor Catalogue #
KRAS LSBio LS-C175665
PhospheMEK1/2 (Ser217/221) Cell Signaling Technologies 9154
Phosphep44/42 MAPK (ERK1/2) Cell Signaling Technologies 4370
p44/42 MAPK(ERK1/2) Cell Signaling Technologies 4696
PhospheAKT (Thr308) Cell Signaling Technologies 2965 L
PhospheAKT (Ser473) Cell Signaling Technologies 4060
AKT Cell Signaling Technologies 9272 S
PhosphedE-BP1 (Ser65) Cell SignalingTechnologies 9451
PhosphedE-BP1 (Thr37/46) Cell Signaling Technologies 9459
Phosphe4E-BP1 (Thr70) Cell Signaling Technologies 9455
4E-BP1 Cell Signaling Technologies 9452
Phosphep70 S6 Kinase (Thr389) Cell Signaling Technologies 9234
p70 S6Kinase Cell Signaling Technologies 9202L
E’Sh;)rséggelngggibosomal Protein Cell Signaling Technologies 4858L

Cell Cycle Regulators

Name Vendor Catalogue #
CyclinD1 Cell Signaling Technologies 55506
Cyclin D2 Cell SignalingTechnologies 3741S
Cyclin D3 Cell Signaling Technologies 2936S
PhospheRb (Ser807/811) Cell Signaling Technologies 9308S
Survivin Cell Signaling Technologies 2808S
Phosphep27 Kipl (Thr187) Thermo Fisher PA5-12651
p27 Kipl Cell SignalingTechnologies 2552S
Claspin Cell Signaling Technologies 2800S
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Intrinsic Apoptosis Factors

Name Vendor Catalogue #
Bcl-2 Cell Signaling Technologies 4223S
Bcl-xL Cell Signaling Technologies 2764S
Mcl-1 Cell Signaling Technologies 5453S
BID Cell Signaling Technologies 2002Ss
BIM Cell Signaling Technologies 2819S
BAX Cell Signaling Technologies 2772S
BAK Cell Signaling Technologies 3814S
Puma Cell Signaling Technologies 4976S
Noxa Cell Signaling Technologies 14766S
PhospheBad (Ser112) Cell Signaling Technologies 9291S
PhospheBad (Ser136) Cell Signaling Technologies 4366S
Caspas® Cell Signaling Technologies 9502S
Caspase Cell Signaling Technologies 9492S
Caspass Cell Signaling Technologies 9662S
Cleaved PARP (Asp214) Cell Signaling Technologies 9541S

Extrinsic Apoptosis Factors

Name Vendor Catalogue #
TNF-R1 Cell Signaling Technologies 3736S
Fas Cell Signaling Technologies 4233S
TRAIL R1/DR4 Cell Signaling Technologies 42533S
TRAIL R2/DR5 Cell Signaling Technologies 8074S

Ferroptosis Regulators

Name Vendor Catalogue #
Anti-SREBR1 SantaCruz sc13551
Anti-SCD1 abcam ab39969
GPX4 Cell Signaling Technologies 52455S
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NRF2 Cell Signaling Technologies 12721S
KEAP1 Cell Signaling Technologies 8047S
XCT/SLC7A11 Cell Signaling Technologies 12691S
ATF-4 Cell Signaling Technologies 11815S
ETS1 Cell Signaling Technologies 14069S
AIFM2/FSP1 Cell Signaling Technologies 24972S
NF-2 B Cell SignalingTechnologies 8242S
SQSTM1/p62 Cell Signaling Technologies 5114S
FTH1 Cell Signaling Technologies 4393S
CD71 Cell Signaling Technologies 13113S
Loading Controls and Misc.
Name Vendor Catalogue #
Vinculin Cell Signaling Technologies 13901S
b-Actin (13E5) Cell Signaling Technologies
HO-1 Cell Signaling Technologies 5853S
HIF-1 U Cell Signaling Technologies 3716S
F:;?%?GACEWI_COA Carboxylase Cell Signaling Technologies 36611
FKBP1A/FKBP1 Cell SignalingTechnologies 55104S
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Chapter 3: Characterization and Combination Effects of KRAS G12C and

MTORC1 Selective Inhibitors

Introduction

Activating KRAS alterations are predominantly observed in cancers of the
pancreasgolon, and lungOf the variant subtype§12C is the most comom, accounting
for 40% of all KRAS mutations, and demonstrating high prevaleneerismall cell lung
cancer NSCLO) (~11%) anccolorectal cancetQRC) (~3%) (Zuberi et al. 2020)Despite
its discovey in the 1960s, for decades little progress was made in the treatment of KRAS
mutant cancers, with RABngb el i eved t o be oO6undrugandbl ed c
picomolar affinity for GTP, making the design of both conventional allosteric and
orthosteric imibitors challengingHowever, n 2013, the seminal report of an unrecognized
pocket in the switchl region of KRAS G12C by Shokat and colleagues led to a paradigm
shiftin RAS targeting, anthe development of novel agents exploiting this refiastrem
et al. 2013, Zuberi et al. 2020)n May 2021, the United States Food and Drug
Administration (FDA) approved sotorasib (L
harboringa KRAS G12C mutation who have receivededst one prior systemic therapy.
Thus, sotorasib became the first Fapproved therapy to directly target the KRAS

oncoprotein in tumoreKwan et al. 2022)

Initial clinical data orsotorasib (AMG510) demonstrated an objective response rate
(ORR) of 32.2% (19/59 patients) in NSCLC, the most responsive patientt,caolib
diminishing ORRs achieved for CRC (7.1%, 3/42 patiesmsjother KRAS G12C mutant

tumor types(14.3%, 4/28 patienfs(Hong et al. 2020)A subsequentrial focused on
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NSCLC patientseported a ORRof 37.1%(46/126 patiendg Skoulidis et al. 2021While

this metric is a remarkable improvement over hisedrmodalities for treating KRAS
mutant lung cancer, the efficacy of tha@sbitors is underwhelming comparedtéwmgeted
therapies for NSCLC bearing otheriver alterations, such as EGFR mutations and ALK
translocations, wherein ORRs approach &89% (Kwan et al. 2022) This data is not
surprising though, as resistance to most targeted monotherapies, particularly against
oncogenic proteins, is a frequent occurrerndesn stemmingfrom the outgrowth of pre
existing resistant clones, and/or the acquisition of one or aft@rations that attenuate the

i nhi bi t o,radang othérimecbamisms that redieesensitivity of tumor cells to

the herapeutic pressufdiao and Yang 2020)

Resistance to KRAS G12C inhibitors have presented as development of secondary

KRAS mutationsamplification of the KRAS G12C allelencreased synthesis of ot

RAS isoforms (NRAS, HRAYS), activating mutations in NRAS and BRAE&gtivation of
RTKsthrough mutations and oncogenic fusidingt drive signaling of WT RAS proteins,

and epithelial to mesenchymal transition (EMJino and Yang 2020furthermore, unlike

BRAF driven melanoma and EGFR driven lung carbat rely on continued expression

of the oncogene to sustain their proliferation and suryiK&AS driven cancers exhibit
differential dependencies on KRAS signalisgmming fromco-occurring alterations
complex (epi)genetic abnormalities, and reliance on parallel signaling net{folkshi et

al. 2021). Hence, combination strategies are required to improve effisadyovercome

resistance mechanisms.

Targeting the PISK/AKT/mTOR pathwag conjunction with KRAS inhibitions

an attractive strategipr several reason§irst, PI3K is a well described effector of RAS,
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and can serve to enhance proliferation and survival capacity of KRAS mutant cells
(Simanshu et al. 2017pecond, there exists considerable interconnectivity between the
RAS/ERK and PI3K/AKT/mTOR signaling networks, whereby constituents of each axis
can positively and negatively regudatlements of the othg@athwaybased orvarying
stimulatory, inhibitory, and environmental conditions. Theeavorksalso demonstrate
convergent regulation of certain substsat@otably those involved in cell growth,
proliferation, and survivalMendoza et al. 2011)inally, @ncurrent activation of the
RAS/ERK and PI3K/AKT/mTOR pathways by separate atiers occurs in a significant
fraction of human cancefMillis et al. 2016) Prime examples include BRAF activating
mutationswith PTEN loss in melanom@l'sao et al. 2004)BRAF and PI3K activating
mutations in thyroid carcinom@. Liu et al. 2008)variant EGFR expression with PTEN
loss in glioblastomé@Mellinghoff et al. 2005)activating KRAS and PIK3CA mutations in
CRC (Simi et al. 2008)and activating KRAS mutations with STK11 alterations/LKB1

loss in NSCLQ(Cancer Genome Atlas Research Network 201Hheffler et al. 2019)

As predicted, dual targeting of RASRK inhibitors with PI3BK/AKT/mTOR
pathwaysuppressiohas demonstrated remarkable efficacy in preclinical mad&&AS
mutant cancers. For example, suppression of PI3K signaling aln@gktetive resistance
stemming from MAPK pathway inhibition in KRAS mutant canc@rsrke etal. 2012)
Moreover, the combination of the KRAS G12C inhibitor ARS1620 withpthe PISK
inhibitor GDC094lovercame resistante ARS1620 monotherapy in boih vitro andin
vivo models(Misale et al.2019) Hallin et al. demonstrated enhanced efficacy with the
combination of the KRAS G12C inhibitor MRTX849 with the padfOR inhibitor

Vistusertib (Hallin et al. 2020) While concurrent suppression of the RAS/ERK and
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PISK/AKT/mTOR networks is compelling in preclinical modetse clinical benefitof
suppressing PISK/AKT signalinggs been limited due to toxicity, feedback reactivation of
upstream signaling, and insufficient inhibition of the diarget(Hanker et al. 2019, Castel
et al. 2021) Regardingtoxicity, hyperglycemia is a commoon targetside effect of
PISK/AKT inhibition, resulting fromAKT suppression thaklievesfeedbacknhibition of
IGF1R signaling(Bendell et al. 2012, André et al. 2019)o address these issues, we
previously designed series omTORC1selectivenhibitors thatyield potent and durable
suppression of botmTOR substratesS6K and 4EBP1 while avoiding suppressiorof
AKT S473 phosphorylatim In breast cancer PDX models, thesgnpounds suppresd
tumor growth at doses thatichot precipitatehyperglycemidlLee et al. 2021 RMC-5552,

an improved version of these mTORC1 selecinhibitors, and its preclinicah vivo
compound RM@&6272, have likewise demonstrated remarkalplotent, sustained
suppression of S6K and 4EBP1, and suppression of tumor growth in predhnictb

andin vivomodels(Burnett et al. 2023)

MTORC1 controls cell size and ecdppendent mRNA translation via
phosphorylation of 4EBP1 and K6Phosphorylated 4EBP1 dissociates from elF4E
allowing elF4Eto form a complex with elF4A and elF4@eneratinghe 5 -@ap binding,
translation competenglF4F complex hat i ni ti at es -cgpped MRNA®T sy nt
(Saxton and Sabatini 2017nTORC1activation is regulated by both ERK and AKT
through phosphorylation of the TSC1/2 complex. While the phosphorylation sites
regulated by ERK and AKT differ, the result is the sé@rsappression of TSC1/2 complex
GAP activity towards RHEB5TPase, and subsequent activation of mTOR by RHEB

(Manning et al. 2002, Potter et al. 2002, Ma et al. 2005, Ma et al..ZB@Thermore, we
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previously demonstrated that 4EBP1 is a convergent targeheofRAS/ERK and
PISK/AKT/mTOR pathways integraing their function at the level ofranslatioml

regulation(She et al. 2010)

In light of previous work demonstratirgynergistic effects of dual suppression of
RAS/ERK and PISK/AKT/mTOR signaling in KRAS mutant cancers, and the
development of MTORCL1 selective inhibitors that potersthd durably suppresses
MTORC1 targets without inhibiting AKT S473 phosphorylation, megonalizedthat
concurrent treatment of KRAS G12C mutant cancer models with a KRAS G12C
inhibitor/mTORC1 inhibitor combination would y@kl similar synergistic effects
demonstrated by combinations of KRAS G12C inhibitors with conventional PI3K, AKT,
and mTOR inhibitorsbutwith the added benefit of a safer toxicity profilethis chapter,
we demonstrate thatuppression of mMTORCL1 signaling is a meaningful marker of
sensitivity to KRAS G12C GDP (OFF)/GTP (ON) inhibitors. Furthermore, we show that
MTORC1 selective inhibitors enhance KRAS G12C inhibitor mediated suppression of
Cyclin D1 and pRB S807/811suppressn of cell growth, induction of cell death, and

tumor regression in a panel of NSCLC and CRC models.

Results

pS6K and p4AEBPS®uppressiorCorrelate withSensitivity to KRAS G12C

Inhibitors
We first sought taletermine theffect ofthree KRAS G1265DP (OFF) inhibitors

(AZD8037, AMG510, MRTX849), and the KRAS G1Z&TP (ON) inhibitor RM18pn
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the growth ofKRAS G12Cmutant NSCLC (n=12) and CRC (n=rjodels Cells were
treated with escalating doses of AZD8037 (100N € M) A MMBL 0 ),
MRTX849 (0.1nM-1 € Mor RM18 (0.1nM-1 ¢ Mor 72 hours, andheir viability was
assessehZD8037 and AMG510 showed comparabl e
in both NSCLCand CRC models (data not shown). We defined cell lines demonstrating
less than 50% cell viabilitgt thisl ¢ M d oEeresitivé svhile those that demonstrated
75% or more cell viability at this dosgere designated agesistanh Cell lines with
viability in between this range were categorizedm@termediatedA similar approach was
used to define the sensitivitf the NSCLC panel to MRTX849 and RM1A&side from
H23, which demonstratigreatersensitivity to MRTX849 and RM18he NSCLC models
fell within the same sensitivity bracket across all four KRAS G12C inhib{feigure
3.1A). For our CRC modelsz106 and SW1463 demonstrated sensitivity to AZD8037,
while SNU1411andSW837were categorized as intermediate sensiiiigure 3.1B.

To gain insight into the sour(s potentially governing thidifferential sensitivity,
we evaluated signalinglynamicsin the RAS/ERK and PI3K/AKT/mTOR pathways
following treatment withAZD8037 over the course of 24 houn/e focused on our
NSCLC pane] asthe number o£RC models in our possession were inadequate to draw
meaningfuly broad conclusions from.We found thatphosphorylation of mTORC1
substrates S6K (T389) and 4EBP1 (S65) was significantly suppressed in sensitive models
compared to less sensitive cell lifégure 3.10). To clarify thisdatg for each modelve
guantified the intensity of the pPERR20, pAKT S473, pS6K T389, and p4EBP1 S65 bands
at the terminaR4-hourtime pointand compared each to the percent of cell viability at 72

hours. Interestingly, suppression of pS6K T389 and p4EBP5 S65 displayed high
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correlation to growth inhibition, wherep&RK inhibition was not significantly correlated
with this metric(Figure 3.1D). A similar correlation was also observed for the KRAS
GTP inhibitor RM18 (data not showrBurthermorePI3K pathway alterations themselves
were not predictive of sensitivitp tKRAS G12C inhibition fFigure 3.1E). These results
suggest thathe degree of suppreesi of PI3BK/AKT/mMTOR signaling in particular
MTORCL,in response to KRAS12Cinhibition can be predictive of drug sensitivitp.
agreementwith our finding, Corcoraret al previously demonstrated that mTORC1
suppression predicted responsiveness to RAF and MEK inhibition in BRAf&nt
melanomgCorcoran et al. 2013These findings were not observed in our CRC models,
wherein the induction of-PARP served as the lgmotable predictive marker of KRAS

G12C inhibibr sensitivityin this smaller data sédata not shown).
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Figure 3.1pS6K and p4EBP1 Suppression Correlate with Sensitivity to KRAS

Inhibitors

(A) A panel of KRAS G12C mutant NSCLC cell lines were treated with esce
doses of KRAS G12@GDP inhibitors (AZD8037, AMG510, MRTX849), or
KRAS G12GGTP inhibitor RM18. @Il viability was determined 72 hours
treatment. Each concentration was assessed in eight technical replicates
averages and SDs are shown.

(B) KRAS G12C mutant CRC cell lines were treated with escalating doses of
G12GGDP inhibitor AZD8037.Cell viability was determined 72 hours [
treatment. Each concentration was assessed in three biological replicat

five technical replicates per assay. The averages and SDs are shown.

(C)KRAS G12C mutant NSCLC cell lines were treated wtM1AZD8037 for the
indicated time points, and lysates were probed with the indicated antibod

(D) Scatter plot analysis showing positive correlation between p4EBP1 (S
p70S6K (T389), pAKT (S473), or pERK inhibition and corresponderiali
cell viability following treatment with &M AZD8037. The band intensities
p4EBP1 (S65), w70S6K (T389), pAKT (S473), and pERK against total pr

expression at the terminal, -Pbur time point were quantified from C

densitometry and are presented as relatiwantreated cells. The?Ralue of th

linear regression analysis is shown.

(E) PI3K pathway alterations harbored by KRAS G12C mutant NSCLC mode
corresponding Gb valuesafter 72hour treatment with M AZD8037. PI3k
pathway alterations were determintedm the cBioPortal, COSMIC databe

Expasy CellosaurugMahoney et al. 2009pnd(Kaufman et al. 2014)
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The KRAS G12C/mTOR@ihibitor Combination Demonstrates Enhanced

Cytotoxic Effectd\ssociated witlsynergistic Suppression 6fclin D1and pRB

Encouraged by these findings, we next soughtevaluate the efficacythe
combination of RM18 with mTORC1 selectivehibitors in our modelsRM6 is an
improved mTORCL1 selective inhibitshowingapproximately 16old greater potency of
phosphorylated 4EBP1 suppressi@mospho sites T346, S65, and T70¢ompared to
RM3. At these doses whereby phosphorylated 4EBP1 and S&igpeessed, AKT S473
phosphorylation is uninhibited. Rather, phosphorylation of AKT S473 is induced due to
relief of upstream feedback inhibition stemming from mMTORC1 suppre¢daia not
shown)(Lee et al. 2021)Notably, these mTORCL1 selective inhibitors achieve suppression
of pAEBP1 aipproximately 16old lower potency in the NSCLC models compared to the
CRC models. This variation may stem from inherent lineage differences, whereby CRC
cell lines receive greatempstreamsignaling inpus driving 4EBP1 phosphorylation
Indeed, CRC is largely characterized by increased EGFR signaling, which plays a pivotal
role in its pathogenesi¢Troiani et al. 2016) Analysis of basal RAS/ERK and
PISK/AKT/mTOR signaling across our models demonstragederallyhigher levels of
phosphorylated 4EBP1 (T34, S65, T70)n several of our CREell linescompared to
our NSCLCmodels (data not shown). However, given the sm@lRE€sample sizey e 6 r e
unable to drawmry firm conclusiors that resolve the differential respornsdfehese lineages
to mTORC1 selective inhibitors

The combination of RM18 with RM6 demonstrated profound growth suppression
across oulNSCLC models Figure 3.2A). We also investigated growttlynamics in

responseao additional PI3K, AKT, and mTOR inhibitors, alone and in combination with
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RM18. In our NSCLCmodels, the combination of RM18 with RM6 &apalinkl
achievedmorethan 50% growth inhibition after 72 hours in all cell lines, including those
harboring PIK3CA mutations, compared to the combination 3K inhibitor, AKT
inhibitor, orRapamycin(Figure 3.2B). In our CRC models, KRAS G12i@hibition with
AZDB8037 or MRTXL257in combination with PI3K, AKT, or mTORL1inhibition yielded
similar growthsuppressionKigure 3.20). Notably, the mTORCL1 inhibitor, RM3, was
used at a suboptimal dose in these experiments, so this may account for the comparable
growthinhibition. The improved growth suppression of the RM18/Riviigcombination

in our NSCLC modelss associated witlsyrergistic suppression @yclin D1 (Figure
3.2D), a transcriptional target of ERKNVeber et al. 1997)and translational target of
MTORC1(Averous et al. 2008)nvolved in theregulaton of cell cycle progressio(Qie

and Diehl 2016)In our CRC models, the MRTX849/RM3 combination demonstrated
synergistic suppression Gfyclin D1in the intermediate sensitive lines, while the sensitive
models exhibited strong suppressionQyfclin D1 comparedo KRAS G12C inhibition
alone Figure 3.2E). Collectively, the combination of mMTORC1 selective inhibitors with
KRAS G12GGDP or GTP inhibitors enhancedRAS G12C inhibitor mediated
suppression otell growth with this enhanced inhibition associated widductionof

Cyclin D1and pRB S807/81kevelsin our KRAS G12C mutant models
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Figure 3.2The KRAS G12C/mTORCL1 Inhibitor Combination Demonstrates Enh;
Cytotoxic EffectsAssociated wittSynergistic Suppression of Cyclin hd pRB

(A) KRAS G12C mutant NSCLC models were treated with 100nM RM18,
RM6, or the combination for 72 hours and cékbility was assessed. T
number of viable cells is presented as a percentage change from contr
treatment group was assessed in eight technical replicates, and the avel
SDs are shown. The status of genetiealteration in PIK3CA, STK11lpr
KEAP1 are shown for each cel |l I-test
*p < 0.05, **p < 0.01, ***p < 0.001.

(B)KRAS G12C mutant NSCLC models were treated wigtM1BYL719, 1eM
MK2206, 10nM Rapamycin, 1nM RM6, 10nM RapaLihk100nV MRTX84¢
(Adagrasib), 100nM RM18, or the indicated combinations for 72 hours al
viability was assessed. The number of viable cells is presented as a pe
change from control. Each treatment group was assessed in eight te
replicates, and the asges are shown.

(C)KRAS G12C mutant CRC models were treated wiiVi1AZD8037, 100nh
MRTX1257, 300nM GDC0941, 10nM RM3gM MK2206, or the indicate
combinations. Cell growth was assessed over 96 hours, with cell viability
terminal time point as a pexat of control depicted below each growth cu
Each treatment was assessed in three biological replicates, with five te
replicates per assay. The averages and SDs are shown.

(D)H1373 and H2122 were treated with 100nM RM18, 1nM RMS6, or
combinaton for the indicated time points, and lysates were probed wi
indicated antibodies.

(E) SW837, SNU1411, SW1463, and C106 were treated with 100nM MRTX
10nM RM3, or their combination for the indicated time points, and lysate:
probed with the ind&ted antibodies.
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TheKRAS G12C/mTORCL1 Inhibit@ombinationinducesCell Death and

Precipitates Tumor Regression withd@@dausingHyperglycemia

We also assessed the degree of cell death precipitated by the RM18fR{y16
combinationin two of our NSCLC models. In H2122ye observed thammTORC1
inhibition trended towardenhancment ofcell death induced by the KRAS G1Z&TP
inhibitor, while in H138B, KRASG12C inhibition alone was sufficient to induce a high
percentage of cell deafRigure 3.3A). Thesefindings led us to assess the combination of
the KRASGTP/mTORCL1 inhibitocombinationin vivo. RM29 is a structural analogue of
RM18 with improvedoral bioavailability forin vivo use demonstratingsimilar growth
inhibition to RM18 in KRASG12C mutant NSCLC model&lata not shown The
combination of RM29 with RM6 achieved synergistic tumor shrinkaganitd2122
xenografimodel(Figure 3.3B), andthe combination was well toleratehdicated by minor
fluctuations inmouse body weightetween treated and control subjgdata not shown
We also sought ttestthe effects of thenTORCL1 glectiveinhibitor on glucose tolerance
in this modelRM6, aswell as the combination with RM2Bad minimal effects on glucose
levels in mice over four weeks of treatmekilglire 3.30), similar to results observed for
other mMTORCL1 selective inhibitors evaluated in breast cancer maedelet al. 2021)

We expanded this combination therapy to varioBRAK G12C mutant lung cancer
PDX models harboring genetic -adterationsin TP53, STK11/LKB1, and KEAR1
representative of thalteredgenetic landscape commonly observed in NSQlafients
(Pikor et al. 2013)Remarkably, the combination oMR29 with RM6 achieved dramatic
tumor shrinkagefor these KRAS G12C mutamSCLC PDX models(Figure 3.3D-G).

Fluctuationsm body weight were minimal, demonstratiggod tolerancéFigure 3.3H).
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Moreover, the waterfall platf LX349 and LX36%eveal thatll tumors treated witlthe
drug combination regresd bythe end otreatmen{Figure 3.3I).

The striking difference of the combination to induce prominent tumor regrassion
vivo versus cell deatn vitro compared to KRAS G12C inhibition alomenotable. One
likely explanation for this may be the involvement of the immune system im thigo
setting promoting the efficacy of the KRAS G12C/mTORCL1 inhibitor combinfIBAS
mutations can promote an immunosuppressive environment, with KRAS G12C inhibitors
provoking positive immune responsgodho et al. 2017, Mugarza et al. 2028)TOR
plays an essential regulatory role in the differentiation fandtion of both innate and
adaptive immune celldience, suppressing mTORC1 would appear tocob@terintuitive
due tothe immunosuppressive properties mTOR inhibitors However,recent studies
have highlighted the complex role mT@Rwysin immune cell biologyThese studies have
revealed thamTOR inhibitors can promote or repress the immune response in a eontext
dependent manneandpre-clinical studies haveemonstratd tha these agentsave the
potential to increase the antitumor efficacy of immunotherafiieslage and Dormond
2021) Whi |l e specul ati ve, itdéds <conceivabl e
combination synergizes to promote a positive immune response within the tumor
microenvironment.

Collectively, thesedata suggest thahe KRAS G12GGTPmMTORC1 selective
inhibitor combination is a feasible therapeutic strategy for the treatment of KRAS G12C
mutant NSCLC andthat this treatment modality can potentiadlyminate the issue of
hyperglycemiawhich haslimitedthetoleranceand efficacyof conventional PISKAKT,

andmTOR inhibitorsin the clinicto date.
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Figure 3.3 The KRAS G12C/mTORC1 Inhibitor CombinatiemducesCell Death an
Precipitates Tumor Regression with@ausingHyperglycemia

(A)H2122 and H1373 were treated with 100nM RM18, 1nM RMS6, oir
combination for the indicated times, and cell death was determinéydar
blue exclusion viability assajfachtreatment was assessed in three biolo
replicates, and the averages and SDs are shown.

(B)H2122 xenografts were treated with vehicle (control), RM6 (6 mg/kg), f
(80 mg/kg), or the combination at the same monotherapy dose (n =5 ir
cohort). RM6 was administered once weekly by intraperitoneal injectiol
RM29 was administered once daily by oral gavage. Tumor volumes were
over time from the start of treatment (meaneMB. P values were calculated
St ud etest P s 0.05, **p <0.01, **p < 0.001.

(C)Tail snip blood samples in mice were collected at day 29 of treatment, fo
by glucose assessment with a glucometer. The data shown represent the
SD of fivesamples. P values were calculated by-aag ANOVA with posthoc
Tukeyods test. *p < 0.05, **p < O

(D)- (G) Four KRAS G12C mutant NSCLC PDX tumors were implanted into
mice. PDXs were treated with vehicle (control), RM6 (6 mg/kg), RM2¢
mg/kg), or th& combination at the same monotherapy doses (n =5 in each
for LX349 and LX699, n = 6 in each cohort for LX369 and LX337). RM6
administered once weekly by intraperitoneal injection, and RM29
administered once daily by oral\gage. Tumor volumes were plotted over 1
from the start of treatment ( meal
t-test. *p < 0.05, *p < 0.01, ***p < 0.001.

(H) Average body weights of LX349 and LX699 PDX mice treated with ve
(control), RM6 (6mg/kg), RM29 (80 mg/kg), or tirecombination at the sar
monotherapy dose are shown relative to starting body weight. Errc
represent (mean + SEM).

(I) Waterfall plot showing the percentage change in tumor volume (relative tc
volume) for individal LX349 (K) and LX369(L) tumors at the end in ee
treatment group. P values were calculated byweag ANOVA with posthoc
Tukeyds test used. *p < 0.05, **
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Chapter 4: Mechanism(s) Precipitating Cell Death and Tumor Regressiomduced

by the KRAS G12C/mTORCL1 Inhibitor Combination

Introduction

Regulated cell deathRCD) encompasses the set of genetically encoded
mechanisms for the targeted elimination of superfluousyemnsibly damaged, and/or
potentially harmful cellsRCD isinvolved in two diametrically opposed scenari®s one
hand RCD can occuin the absence of exogenous environmental perturlsabperating
as a buikin effector of physiological programs fdevelopment or tissue turnov&onradt
2009, Fuchs and Steller 201These completely physiolmgl forms of RCD are generally
referred to as programmed cell death (PCI).the other handRCD can originate from
perturbations of the intracellular or extracellular microenvironm&henthese insultare
too intense or prolonged for adaptative resas to cope witthestress and restore cellular
homeostasidgerminal cell death is carried o@urrently, over ten forms of RCD have been
described. While there exists considerable overlap in the underlying mechanisms
regulating these various modesRIED, variability remainsin the stimuli that drive their
initiation andthe effectors thaimediate theiterminalcompletion.The reliance of these
death mechanisms on dedicated molecularly machinery implies that they can be modulated
(i.e., accelerated or delayed) by pharmacologic or genetic interveliGatisizzi et al.

2018)

Apoptosis, also known as type | PCD, is a crucial process for maintaining tissue
homeostasis. dt €haracterized morphologically by cell shrinkage, membrane blebbing,

chromatin condensation, and nuclear fragmentation. In mammals, apoptosis is initiated by
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two pathwaysextrinsicand intrinsic. Extrinsic apoptosis is initiated by perturbations of

the exracellular microenvironment detected by plasma membrane death receptors,
propagated by caspase 8, and precipitated by executioner caspases, mainly caspases 3 and

7. Intrinsic apoptosis is initiated by cellular stress stimuli such as growth factor dieprivat

DNA damageoxidative stressand excessive oncogene acti ve:
MOMP, and precipitated by executioner caspases, chiefly caspases Jhadrnblecular

web of apoptosis is broadly regulated by the following three protigia&CL-2 family,

gatekeepers of deathvolved inthe intrinsic pathwaythe TNF death receptor family

involved inthe extrinsic pathwayand the tumor suppressor p53, guardian of the genome

(Bansal 2022)

The BCL-2 family plays a pivotal role in the regulation of intrinsic apoptosis by
controlling the balance of proand antiapoptotic proteins in response to internal
perturbationsWhen an appropriate level of BH#Bhly proteins is stimulated by cellular
stress, they suppress psarvival factors, promoting the oligeromization of BAX and
BAK. This results in MOMP, and the release of cytochrome c, which activates APAF1.
APAF1 in turn interacts with procaspase 9 to generate caspase 9, which subsequently
activaes effector caspases 3 and 7 to further propagate the signal towards cell death.
SMAC andHtRA2/Omi inhibit inhibitor of apoptosis proteins (IAPs) andliXxked IAP
(XIAP), respectively, which are endogenous suppressors of caspase fuBCioeA.pro
survival proteins hinder this pathway by sequestering-BrI$ proteins via binding to
their BH3 motik. They also inhibit BAX and BAKWhile Bcl-2 only inhibits BAX, the
higher protein stability oBcl-xL enables it to inhibit both BAX and BAK. 841 has a

short halflife, providing interim, rapidly inducible enhancement of cell viabilltyalso
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servesas acell cycle regulatqrinhibiting cell cycle progression through S phagleen
DNA is damagedand ensuring cell survival until repair is completédshkenazi et al.

2017, Bansal 2022)

The RAS/ERK and PI3K/AKT/mTOR pathwaplay a definitive role in regulating
apoptosisby the postranslational phosphorylation of apoptotic regulatory molecules,
including Bad, Bim, Mcl1, andcaspase 8Green and Llambi 2015AKT phosphorylates
Bad at S13§mouse)/S99 (humandttenuating apoptosis by raising the threshold at which
mitochondria release cytochromg@atta et al. 1997, del Peso et al. 1997, Datta et al.
2002) while S6K phosphorylates Badthe same phospho site, leading to its inactivation
(Harada et al. 2001ERK also phosphorylates Bad at S1a®use)/S7%human), likewise
leading to suppression of its activiBha et al. 1996, Fang et al. 1998)major mechanism
regulating Bimdependent apoptosis is control of its expressioanscripts derived from
Bim are alternatively spliced to create several Bim variéBdsiillet et al. 2001)BimEL
is encoded by sequences derived from exdr @hile dternative splicing can delete
sequences derived from exong@éneratind3imL, or exons 3 and,4yieldingBimS. These
alternatively spliced exons encode the major sites of Binsgitarylation ERK and its
substrate RSK phosphorylate Biin at S55, S65, and S73ites encoded by exon,3)
promoting its proteasommediated degradatiofLey et al. 2003, Hubner et al. 2008,
Dehan et al. 2009F0OX0O3apositively regulateshe transription of Bim (Dijkers et al.
2000, Gilley et al. 2003and PumgJeffers etal. 2003, Villunger et al. 2003, You et al.
2006, Ekoff et al. 2007)Activated AKT suppresses FOXO3a and, by extension, levels of
these preapoptotic factorsnTORC1 has been demonstrated to reguladranslation of

pro-survival factorMcl-1 (Mills et al. 2008, Anderson et al. 2016)yc, a target of ERK,
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positively regulatesthe transcription and protein stabilization of the proapoptotic factor
Noxa(Fernandez et al. 2005, Qin et al. 2005, Nikiforov et al. 2007, Allan 2BE6X also
phosphorylates caspaSeatT125in the region between its prodomain and large subunit

inhibiting its activation (Allan et al., 2009).

Death recefors are part of the TNF/nerve growth faeteceptor superfamily
T h e yclaraeterized by an intracellular death dontain aesséngial for transduction of
the apoptotic signal. This subfamily includeslFR1, FAS DR3, TRAIL RI/DR4, and
TRAIL R2/DR5. Death receptors are activated by thmagnateligands(death ligands
which are member s o FAStigarantiAps-2 ligamdliRAIY).In( TNF U,
the case of FAS, ligand bindigads toreceptortrimerization while TNFreceptors can
undergo clustering by ligand binding, particularly in the case of soluble trimeric ligands.
This results irsequential recruitment of adapfmoteins FADD/TRADD and precaspase
8, forming a deathinducing signaling complex (DISC). Induction of apoptosis
subsequently takgdace by one of two routegl) in type Icells,activation of caspase
and 10 issufficient for the rapid cleavage oéffector caspase3 and 7, which execute
apoptosis(2) In type Il cells, whereby activation of caspase 8/10 is inadequate (e.g., due
to low expression of death receptors, presence of IAP factors, Bi.)s cleaved by
caspase 8geneating truncated BIDtBID) which translocates to the mitochondaad
recruits the intrinsic pathwaygpwards cell deatliSchneideBrachert et al. 2013, Bansal
2022) RAS/ERK signaling potentiates activation of deatkceptors by increasing the
expression of death ligandsu ¢ h  a o eTaN FOO5and Fasl(Ulisse et al. 2000)as
well as death receptors such #&S{Tanaka et al. 2002, Cagnol et al. 2006, Tewatri et al.

2008) TRAIL R1/DR4, and TRAIL R2/DR5 (Nesterov et al. 2004, Drosopoulos et al.
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2005, Shenoy et al. 2009, Yao et al. 20 ERK activity also promotes the induction of

FADD (Cagnol et al. 2006, Tewari et al. 2008)

The tumor suppressor p53 functions as a transcriptional regulator influencing cell
cycle arrest through regulation of p21Waf1/Cip1, DNA repair, and apeptosesponse
to DNA damage through activation of BAX,0Ma and FAS, as well as p58ducible
genes. p53 is negatively regulated by MDM2, an E3 ligase that promotes nuclear and
proteasomal degradation of the p53 protein througtiguitinrdependent pathway. In
unstressed cells, p53 is highly unstable with a shorlifelkbf ~30 minutes owing to rapid
degradation mediated by MDMZ2. Cellular stresses lead to stabilization of p53 by blocking
its degradation (Mantovani et al. 2019, Bansal 2022)lhe RAS/ERK and
PISK/AKT/mTOR pathways also play a role in regulating this crucial faatot its
mediators Activated AKT increases the cytopl e
regulator MDM2, whileactivatedmTORCL1 regulatesthe translation ofp53 andits
stabilization following nucleolar localization and inactivation of MDA&tle etal. 2012,
Abraham and O'Neill 2014IRAS signaling selectively inactivates pB3ediated induction
of p21Cipl expression by inhibiting acetylation of specific lysine residues in the p53 DNA
binding domain(Drosten et al. 2014)ERK can also mediate p53 upregulation via
phosphorylation of S18ersons et al. 2000, She et al. 2000, Shih et al. 2002, Woessmann
et al. 2002, Brown and Benchimol 2006, Lin et al. 2008, J. Liu et al. 200&)h stabilizes
p53 protein and promotes its accumulation by inhibititsgassociation with NDM2.
Moreover,sustained ERKactivation inhibits MDM2 phosphorylation at S1@6phospho

siteassociated with its ubiquitin ligase activity toward p53
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Ferroptosisvascoined bythe Stockwell labin 2012,althoughthis form of RCD,
and elements like it, wediscovered much earlier by the saamel preceding investigators
Ferroptosisis an irondependent form oRCD distinct from othermodes of RCDike
apoptosis, necroptosis, and pyroptosis, in both mechanism amihoiogy(Dixon et al.
2012) While the effector molecules of ferroptosis remain to be identified (does not involve
the activity of caspases (apoptosis), MLKL (necroptosis), or gasdermin D6 (pyroptosis)),
iron accumulation, free radical production, fatty acid supply, and ppidxidation are
critical for its induction, with the accumulation of lipid peroxides widely accepted as the
lethal signal that triggers ferropto death Polyunsaturated fatty acid (PUFA)
phospholipids (PUFAPLS) are particularly susceptible to lipid pridation by both
enzymatic and noeenzymatic mechanisms owing tdheir bisallylic moieties. The
resultant PUFAPLs can disrupt thmtegrity of plasma and organelleembrane and, by

extension, cellular functiofLiu et al. 2020, Jiang et al. 2021)

Recent reports have indicated that ferroptosis serves as a natural barrier for tumor
development, mediating the repressive function of several tumor suppressainmcl
p53, BAP1, and KEAPXStockwell et al. 2020)Hence, cancer cells must implement
strategies tacounteractferroptotic mechanisms for tumor promotion and maintenance.
Several reports have demonstrated that cancer amds with ROS, a key mediator of
ferroptosis, through varied approaches that induce NRF2 expréBsibiicola et al. 2011,
Taguchi et al. 2012, Liang et al. 2019, Lim et al. 20MRF2 is a master regulator of the
antioxidant response, coordinating a series of genes involved in detoxification through
binding of their antioxidant response elements (AREboda et al. 2016MTORC1 has

been demonstrated to play several roles in regulating ferroptosis. Most notably is its
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upregulation of the transcriptional activity of SREBP#&jali promotede novasynthesis

of fatty acids and cholesteroEREBP1 also transcriptionally regulates SCD1, which
mediates the ferroptosgippressing activity of SREBP1 by producing monounsaturated
fatty acidstMUFAS) (Bertolio et al. 2019, dsfay et al. 2019, Yi et al. 2020) contrast to
PUFAs, MUFAs do not contain biallylic moieties, and hence are impervious to
peroxidation.Incorporation of MUFAs into PLs can displace PUFAs, thereby inhibiting
ferroptosis (Magtanong et al. 2019 mMTORC1 alsomediaes the synthesis othe
selenoproteinGPX4, a pivotal inhibitor of ferroptosis that reduces membrane lipid
hydroperoxides to netoxic/nonreactive lipid alcohols using GSH as a substrate

(Torrence et al. 2021)

Having establishethat theKRAS G12C/mTORCL1 inhibitor combination induces
cell deathin vitro, and tumor regression vivo, we next turned our attention to uncovering
the mechanism(s) of cell deatbsponsible fomediating these effect8Ve focused our
initial efforts on apoptosi and ferroptosis, given the definitive roles RAS/ERK and
PISK/AKT/mTOR signaling play in regulating these modes of R@Dthis chapter we
demonstrate that the KRAS G12C/mTORCL1 inhibitor combination induces caspase
dependent apoptosiand modulates prates involved in cell cycle regulation, intrinsic
apoptosis, and extrinsic apoptodi¢e further show that the drug combination suppresses
protective key factors of the ferroptosis regulatory network, resulting in suppression of
GSH, as well as induction &0S and lipid peroxidation. Despite thiroxstatinl, a
well-known ferroptosis inhibitor, fails to appreciably rescue cell death induced dyutpe
combination.We subsequentlyeveal that our NSCLC models are broadly resistant to

ferroptosis inducer . H o w-@ocapherol, alprimary constituent of vitamin E often
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employed in ferroptosis studies, almost completely rescues cell death mediatedring the

combination

Results

TheKRAS G12C/mTORC1 Inhibit@ombination Inducefpoptosis

To determine if apoptosis played a role in cell death induced by the RM18/RM6
drugcombination, wesvaluated apoptosis usititge annexin Woropidium iodide (Pl) assay
following treatment with RM18, RM6or their combination after 72 houra H1373
H2122 and HOP62. While RM6 induceda minimal fractionof apoptosisalone it
significantly enhanced the fraction of apoptotic cells induced by RFit@ire 4.1A). We
also evaluated the expression of cell death markers cleaved caspaSaspdse 3) and
cleaved PARP (PARP) in our panel of NSCLC models 48 hours postrimeat In half
of our modelsRM18 alone was sufficient to induce robust expression of these markers at
this time point, with RM6 potentiating RM18 mediated induction-Gfaspase 3 anat c-
PARP inthe remaining six cell lines, of which H1373, H2122, and HOP62 were amongst
(Figure 4.1B). To ascertairthe extent to which apoptosis contributed to overall cell death
we employed the pacaspase inhibitor XAD-FMK (Z-VAD). Z-VAD suppressed the
induction of ePARP andbr c-Caspase 3 precipitated by RM18 alone, and in combination
with RM6, at aminimald o s e o f ZAZPaM Hi3dat 48 and 72 hour@igure
4.1C). It should be noted that at trasid higherdoses, pERK and p4EBP Were slightly
suppresselly Z-VAD in the treatment setting.-¥YAD partially mitigatedtotal cell death

induced by the drug combinati@t 48 and 72 hours H2122 andonly at 48 hours in
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H1373 (Figure 4.1D), suggestingthat the combination indeed mediata degree of

apoptoticcell death, buthat other mechanisnoé RCDmightalso play a contributing role.
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Figure 4.1 The KRAS G12C/mTORCL1 Inhibitor Combination Induces Apoptosis

(A)H1373, H2122, and HOP62 were treated with 100nM RM18, 1nM RM6, o
combination for 72 hours, and analyzedfloyv cytometryto quantify Annexil
V positive cells. P values were calculated by-army ANOVA with posthoc
Tukeybds test. *p < 0.05, **p < 0

(B) KRAS G12C mutant NSCLC models were treated with 100nM RM18,
RM6, or their combination for 48 hours, and diess were probed with t
indicated antibodies.

(C)H2122 and H1373 were treated with the combination of RM18 (100nV
RM6 (1nM) with or without the pan caspase inhibiteW ZD -FMK, evaluate
at 5&M, 80eM, and 10@ M doses. Lysates were prepared 48 andoiZshpos
treatmentand probed with the indicated antibodies.

(D)H2122 and H1373 were treated with the combination of RM18 (100nk
RM6 (1nM) with or without ZVAD-FMK, and cell death was assessed 4¢
72 hours post treatment kypan blue exclusion viality assay. Each treatme
was assessed in three biological replicates, and the averages and SDs a
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The KRAS G12C/mTORC1 Inhibitor Combination Modulates Various Cell Cycle

Requlators, Extrinsic Apoptosis Factors, and Intrinsic Apoptosis Factors

To gain a better understanding of thelecularmechanisr{s) by which mTORC1
inhibition enhanced KRAS G12C inhibitor mediated cell death, we employed apoptosis
arrays for a broad, unbiasedsessmertf cell death regulatordifferentially modulated
betweensingle agents and the combinatidie utilized three proteme profilersi two
human apoptosis arrafyR&D Systems, RayBiotech) and a human apoptosis signaling
pathway array (RayBiotecl)to capture a widaange of total and phosphorylated proteins
involved in apoptotic cell death. H1373 (NSCLC) and SW837 (CR@) cell lines
demonstrating intermediate sensitivity to KRAS G12C inhibition alone, were used as
representatives. For each assay, cells were treated with MRTot83816 for 24 and/or
72 hoursbefore assessment. Across these assays, a number of factwsesttated
differential modulation (reduction or induction) in the drug combination setting compared
to KRAS G12C inhibition alon€Changes in expression were determined qualitatively, and
factors werebinned intosevencategoriesi no appreciable changslightly reduced,
reduced, greatly reduced, slightly induced, induced, or greatly ind&cpare 4.2A-K).
Among the factorshat werereduced or greatly reduceéd the combination compared to
single agent KRAS G12C inhibitiomere FAS, TRAIL R1/DR4, TRAIIR2/DR5H1 F 1 U,
claspin, survivin, livin, and p27/Kipdvhile targets induced or greatly induced included c

Caspase andcatalase.
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Reduced

104



MRTX849

RM6

(10nM)

(100nM)

— p— Tees e e
.o .e .
T e Taee
“s e we .o v
.. .. LR X “ . co e LI R R
.o srieessen o chi eriscesen
it - cewne ol . S S eresssns .
.sw . - o5 9 4 2 R -
Row Target MRTX849 (100nM; RM6 (10nM) | Combo | Combo Combo ot
- - Compared to ContrdiCompared to ContrdiCompared to Contrdl Compared to MRT| Compared to RM6| M
AL2 Positive Control No appreciable change
[A34 __|CD40 (TNFRSFS5) &t ot
A56  [IGFBP-1 Slightly induced
[A7.8___|TNF RII (TNFRSF1B)
B12 __|Positive Control Induced

B34 CD40 Ligand (TNFSFS5]
B5.6 IGFBP-2

B78  |TNF-alpha Slightly reduced
CL2 _ |Negative Control

C3.4 CIAP-2 RedUCEd
C5.6 IGFBP-3

C7.8  TNF-beta

D12 |Negative Control

D34 Cytochrome ¢

D5.6 IGFBP-4

D7.8  TRAIL R1 (TNFRSF104)

E1.2 Blank

E3.4 DR6 (TNFRSF21)

E5,6 IGFBP-5

E7,8  TRAIL R2 (TNFRSF108)

F1,2 Blank

F34 Fas (Apo-1)

F5.6 IGFBP-6

F7.8  TRAIL R3 (TNFRSF10¢)

G1.2 Bad

G3.4___|Fas Ligand (TNFSF6)

G5,6 IGF-1R

G7.8__|TRAIL R4 (TNFRSF100D) *
H1.2 Bax

H3.4 Blank

H5.6 Livin

H7.8 XIAP

11,2 Bcl-2

13.4 HSP27

[15.6 p21

17,8 Blank

510
334 |HSP60

35,6 |p27

J7.8 Blank
K1,2 BID
K34 HSP70

K56  |p53

K7.8 |Negative Control
L12 BIM

L3.4 HTRA2

L5.6 SMAC

L7.8 Negative Control
M1,2 Caspase-3

V34 [IGF-IR | ——
M56 __|Survivin

M7.8 Negative Control
N1,2 Caspase-8

N34 IGF-2
INS,6 ' TNF R1 (TNFRSF1A)

N7,8

|Positive Control

Each antibody is spotted in

duplicate vertically

A B C D E F G H
1
|| POS PoS NEG Akt ATM BAD Caspase-3 Caspase-7
2 (P-Ser473) (P-Ser1981) (P-Ser112) | (Cleaved Asp175) | (Cleaved Asp198)
1 ERK1
| CHK1 CHK2 elF-2a (P-T202/Y204) HsP27 IKBa INK NFKBP65
1 (P-Ser296) (P-Thr68) (P-Ser51) ERK2 (P-Ser82) {P-Ser32) |(P-Thr183/Tyr185) (P-Ser536)
(P-Y185/Y187)
i (;::::d p27 P38 P53 SMAD2 TAK1 NEG POS
6| Asp214/Gly215) (P-Thr198) |(P-Thr180/Tyr182)| (P-Ser15) |{P-Ser245/250/255)|(P-Sera12)

105



MRTX849

NT (100nM) RMS6 (10nM) Combo
" s0 e B &8 & ®e so0 0 ee o0 ..
e e 5 »0- ® e .o+ e ee s0sw
$e e * Nk o P ascons ® s ..
oo - $ous Beah oo Bems e
LRI . ceee . e e e e “ .. - .
DY . ™ s . - LRI . ‘. ” »
Row Target MRTX849 (100nM)| RM6 (10nM) Combo Combo Combo Qualitative Scale
- - Compared to ContrdiCompared to ContrdiCompared to Contrql Compared to MRT| Compared to RM6 No appreciable chang
Al,2 Positive Control 5 g
A4 CHKL (05296) Slightly induced
PARPL (Cleaved Induced
A56  |Asp214/Gly215) Greatly induced
B1,2 Positive Control Slightly reduced
B34 CHK2 (pT68) Reduced
B5,6 p27 (pT198)
C1,2 Negative Control
C34 elF-2a (pS51)
C5,6 P38 (pT180/Y182)
D1,2 AKT (pS473)
ERK1 (pT202/Y204); ER
D34 (pY185/y187)
D5,6 P53 (pS15)
E1,2 ATM (pS1981)
E34 HSP27 (pS82)
E5,6 SMAD?2 (pS245/250/255)
F1,2 BAD (pS112)
F3.4 IKBa (pS32)
F5,6 TAK1 (pS412)
Caspase 3 (Cleaved
G1,2 Aspl75)
G3.4 JNK (pT183/Y185)
G5,6 Negative Control
Caspase 7 (Cleaved
H1,2 Asp198)
H3.4 NFKBP65 (pS536)
H5,6 Positive Control
MRTX849
NT (100nM) RM6 (10nM) Combo
L “o e - c0 . © .. “ ..
B cosus “es e . .o
™ s oo o s @
» s e B owe .o - »
Row Target MRTX849 (100nM)  RM6 (10nM) Combo Combo Combo Qualitative Scale
- - Compared to ContrdiCompared to ContrdiCompared to Contrdl Compared to MRT| Compared to RM6 No appreciable chang
Al,2 Positive Control Slightly induced
A34 CHK1 (pS296)
PARP1 (Cleaved Indu.ced
AS6  |Asp214/Gly215) Greatly induced
B1,2 Positive Control Slightly reduced
B3,4 CHK2 (pT68) Reduced
B5,6 p27 (pT198)
C1.2 Negative Control
C34 elF-2a (pS51)
C5,6 P38 (pT180/Y182)
D1,2 AKT (pS473)
ERK1 (pT202/Y204); ER
D34 (pY185/y187)
D5,6 P53 (pS15)
E1,2 ATM (pS1981)
E34 HSP27 (pS82)
E5,6 SMAD?2 (pS245/250/255)
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Figure 4.2 The KRAS G12C/mTORC1 Inhibitor Combination Modulates Various
Cycleand Apoptosis Regulators (Apoptosis Array Data)

(A) R&D Biosystems Human Apoptosis Array Map

(B)- (E) H1373 and SW837 were treated with 100nM MRTX849, 10nM RNV
their combination for 24 and 72 hours, and cell lysates assessed by tF
Biosystems human apasis array according to the manufact@eprotocol
Treatment groups were qualitatively compared to control for changes in le
each factor. The drug combination was additionally compared to single
treatments. Qualitative assortment is tabulékelow each array map. (B) H13
24-hours post treatment. (C) H1373,-fi@urs post treatment. (D) SW837 .-
hours post treatment. (E) SW837;@urs post treatment.

(F) RayBiotech Human Apoptosis Antibody Array C1 Map

(G), (H) H1373 (G) and SW837 (H) weteeated with 100nM MRTX849, 10n
RM6, or their combination for 24 hours, and cell lysates assessed
RayBiotech human apoptosis antibody array C1 according to the manuf&
protocol. Treatment groups were qualitatively compared to control foigek
in levels of each factor. The drug combination was additionally compa
single agent treatments. Qualitative assortment is tabulated below eac
map.

(I) RayBiotech Human Apoptosis Signaling Pathway Array C1 Map

(J) , (K) H1373 (J) and SW837 (K) wertreated with 100nM MRTX849, 10r
RM6, or their combination for 24 hours, and cell lysates assessed
RayBiotech human apoptosis signaling pathway array C1 according
manufactureis protocol. Treatment groups were qualitatively compare
contol for changes in levels of each factor. The drug combinatior
additionally compared to single agent treatments. Qualitative assortn
tabulated below each array map.
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Validation of selectand additionaltargets in several of our NSCLC and CRC
models demonstrateslynergisticreductionof Cyclin D1, survivin, and pRB (S807/811)
(Figure 4.3A-C). Previously, we and others have demonstrated that inhibition of
RAS/ERK and PISK/AKTMTOR signaling cooperate to suppress translation through
inhibition of survivin(an inhibitor of apoptosisP-cyclins, and other regulators of growth
and survivalShe et al. 2010, Ye et al. 201®f note, phosphorylation ofRat S807/811
is required fortis association with BX, resulting in suppressed apoptosis due to BAX
sequestratiofAntonucci et al. 2014)suggesting thanhhibition of these phospho sites by
the combinatiortontributes tapoptosis.

p27/Kipl, an inhibitor of cell cycle progressiofSherr and Roberts 1999,
Razavipour et al. 2020)vas generally induced by KRAS G12@dmTORCL1 inhibition
(Figure 4.3D). ERK activity contributes to downregulation of p27 in late G1/S phase
through Skp2, an E3 ligaseegulating p27 levels via thebiquitinrmediated pathway
(Villanueva et al. 2007 MTORC1 likewise reduces p27 levels through Skp2 (Shapira et
al., 2006) Given that ERK and mTORGCsuppress p27 levels, and their suppression leads
to induction of this factor, one would expect duribition of RAS/ERK and mTORC1 to
synergize, further inducing@ levels. Instead, the combination demonstrated a dampening
of p27 protein expressionat later time points in most of the evaluated models. This
discrepancy might be explained by the reduced cell number, and tedlacellccontacs,
in the combination $8ng. Cellcell contactis aprimary regulator of p27increasing its
levels as a measure to suppress proliferation when space is no longer available to support
cell division (Polyak et al. 1994)While loss of contact inhibition is a hallmark of cancer

(Hanahan and Weinberg 2011 the context of treatment, the reduction in cell number in
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the drug combinaion compared to single agemsay account for the attenuation of p27
levels. Collectively, thge results suggest that the combination yields improved suppression
of cell growth, and induction of cell death, througiodulationof factors involved in
proliferation and survival.

We also evaluated factors involved in the extrinsic apoptosis pathetegteld in
our array dataln several of our model§,NFR1 wasnotabl reducedat later time points
in the drug combination compared to single agentsle FAS did not demonstrate any
striking differences between treatment gro(figure 4.3£-F). Levels of TRAL R1/DR4
and TRAIL R2/DR5 weréncreasinglydiminished in the drug combination by later time
points (Figure 4.3G-H). RAS/ERK signaling potentiates the level of certain death
receptors and their cognate death ligands, such aaRé8othTRAIL receptorgCagnol
and Chambard 2010kuggesting that inhibition of RAS/ERK signaling couié a
contributing factor in the reduced levels. However, diminidbeelsmightalsoarisefrom
receptormediatedendocytosisand subsequent lysosome mediated degradation and/or
recycling, which typically occurs upon ligand binding. Depending on the receptor,
endocytosis can either propagate the apoptotic signal downstream of ligand binding, or
attenuate apoptotic signaling thigh these channe(SchneideBrachert et al. 2013)n
the case of TNFR1, prapoptotic signaling emanates from intracellular vesjcknd
requires receptor internalization. Additionally, this internalization terminates TNFR
mediated NF& pro-inflammatory, presurvival signaling, favoring DISC assembly and
subsequent caspase activat{@chneideiBrachert et al. 2004, SchneielBrachert et al.

2006, Liao et al. 2008)
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Regarding FAS, although DISC formation is initiated at the plasma membrane,
assembly ofadditional componentsand subsequerdctivation of caspase8, occurs
predomirantly in FAScontaining intracellular compartmentsHence, mduction of
apoptosis by FASs critically depenént on its internalization (Parlato et al. 2000,
AlgecirasSchimnich et al. 2002, Lee et al. 2006, Feig et al. 200RAIL R1/DR4 and
TRAIL R2/DR5 require death domaintependent recruitment of FADD and caspase 8. In
contrast to TNFR1 and FAS, these TRAIL receptors exhibit robust DISC formation at the
plasma membrane, thereby readily triggering-ggpoptotic signaling. Internalization of
TRAIL R1/DR4 and TRAIL R2/DRS5 is a critical determinant of signaling outcome, and
it 6s -typeslependentl Inh typecells,activation at the plasma membrane is sufficient
for apoptotic signaling, with internalization ultimately dampening these effebite in
type-ll cells, receptor internalization is critical for apoptotic signaliagstin et al. 2006,
Kohlhaas et al. 2007 ancer cells are predominantly characterized asltyptence,in
our models,the lower levels of these receptors in the drug combination could reflect
internalization towards apoptotic signalinglowever, more refinedexperiments are
required to determine the degree of expression and/or internalization contributing to the
reduced levebf thesedeathreceptors, anthe nature ofvhatthese effects mean in the
context of apoptotic signaling.

We also evaluated levels ofaspin, a checkpoint mediator of the cell cycle that
arrests cells in response to inhibition of DNA replication drADdamagg Tsimaratou et
al. 2007, Azenha et al. 2019) a n d aHnastet tégator of cellular and systemic
homeostatic response to hypoxia that activates transcription of genes involved in energy

metabolism, angiogenesis, apoptosis, and giheressesowards facilitating metabolic
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adaptation to hypoxi@_ee et al., 2010 In theassessed modeldaspin wasynergistically
suppressed by the drug combinati@figure 4.3), suggesting that DNA repair was
perturbed by dual inhibition of KRAS G12C and mTORC1. Notably, claspin
overexpression is associated wihemotherapyesistance and poor prognosis in some
cancers, such as prostate and renal clear cell carci(®B812), serving to protect cancer
cells from replication stress in a checkpoint dependent méiHaas et al. 2018, Bianco et
al. 2019, Kobayashi et &2020, Babasaki etal. 20251 F1U was di fficult
evaluated NSCLC cell lines, but in the CRC modetere detection was feasible,] F 1 U
expression did not exhibit any strikingdifferences between single agents and the
combination(data not shown)

Assessmentfathe intrinsic apoptosis BGR family was less striking, and more
variable, among the evaluated modelsl-Bwas lowly expressed and difficult to detect in
all of our modelgdata not shownBcl-xL was synergistically suppressed in H1373 and
H2122, most prominently at later time poifEgure 4.3J). In most of the assessed cell
lines, Mcl-1 demonstrated improved suppression in the mTORC1 single agent setting,
owing to the induction of M-1 by the KRAS G12&5DP inhibitor that persisted in the
combination(Figure 4.3K). Where assessedpxa Puma, BAX, BID, and phosphorylated
BAD (S136/99, S112/75)id not demonstrate any striking differences between single
agents and the combination (data not shown). Expectedly, KRAS G12C inhibition resulted
in BIM induction to varying degrees across our modElgure 4.3.). This induction
prevailed in the combination, albeit partially attenuatedame cases by the mTORC1

inhibitor.
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We also evaluated levels of heme oxygenas¢M@X-1/HO-1), a factor that was
greatly induced by KRAS G12C inhibition iour apoptosis arrayata Notably, ths
induction of HO1 was attenuated to varying degrees by the addition of the mTORC1
inhibitor (Figure 4.3V1). HO-1 (HSP32) is one of the most sensitaed reliable indicators
of cellular oxidative stress. Normally HOD is difficult to detect in cells other than
macrophages, but itéds strongly induced
including heat shock, heme and hemin, cytokines, LPS, graestbrs, oxidative stress,
hydrogen peroxide, hypoxia, CO, and iron starvation-Hagtivity decreases the levels of
heme, the most potent catalyst for lipid peroxidation and oxygen radical formatidn
providesprotection to cells via multiple avenué@s;luding the induction of ferritin to store
redoxactive iron, the antioxidant actions of biliverdin and bilirubin, and the- anti

inflammatory and antapoptotic effects of CO.

The HO1 genecontainng an ARE isregultedin a cell typespecific and inducer
specific fashiorby AP-1, AP-2, HSF1, HIF1, Egrl, N F k GREB, and RF2 (Loboda
et al. 2016, Ryter 2021HO-1 has been demonstrated to confer resistance to apoptosis
induced by a variety of biological (e.g., serum deprivation) and pharmacoldegigal
TNFU, cy c |Istntuleikseveral tyge3 of normal and méastic cellyPetrache et
al. 2000, Inguaggiato et al. 2001, Chen et al. 2004, Liu et al. 2004, Lang et al. 2005,
Busserollesteal. 2006, Banerjee et al. 2011, Hu et al. 2013, Vanella et al. 2013, Zhu et al.
2015, Fan et al. 2019)hereforei t 6 s p o0 s slisérlegto dtténaate sdm@ degree
of apoptosis induced by KRAS G12C inhibitiowhile mMTORC1 suppressiomay

potentially mitigate, at least in part, this protection through dampeninglHévels
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Regulatory signaling factors pERK, BBP1 T37/46, pS6K T389, pAKT S473, and the

loading control Vinculin are shown Figure 4.3NR.

While collectively these data suggest that the KRAS G12C/mTORC1 inhibitor
combination mediates cell growth suppression and apoptosis through modulating a
multiplicity of factors involved in regulating these processes, additional experiments are
required to definitively resolve the contribution, necessity, and sufficiencyosegiays

in provoking these effects.
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Figure 4.3The KRAS G12C/mTORC1 Inhibitor Combination Modulates Various
Cycle Regulators, Extrinsic Apoptosis Factors, and Intrinsic Apoptosis Factors

(A)- (R) Representative NSCLC models H1373, H2122, and SW1573, ani
models SW837, SNU1411, and SW146&e treated with MRTX849 (100nN
RM6 (1nMfor NSCLC, 10nM for CR(; or their combination for the indical
time points, and lysates were probed with the indicated antibodies.
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TheKRAS G12C/mTORC1 Inhibit@ombinationSuppresses Protective

FerroptosisRequlators ad GSH Levels, while also Inducii®ROS and Lipid

Peroxidation

Our interest in pursuing ferroptosis as a potential mechanism of cell death mediated
by the KRAS G12C/mTORC1 inhibitor combination was piquedchibgdevents The first
was hepublication by Yi et al. demonstrating that activating PI3K mutations or PTEN loss
confer resistance to ferroptosis inductrough constitutive mTORCL1 activation. This
increase in MTORCL1 signaling inducBREBP1activation which, in turn, activatats
downstream target SCDISCD1 subsequently promotegnthesisof MUFAs, which
inhibit ferroptosis(Yi et al. 2020) The second was our HQ data. While HGL has
demonstrated roles in conferring resistanc
ferroptotic cell death imesponse to pharmacologic agentseneral contextéerris et al.
1999, Kwon et al. 2015, Chang et al. 201B)e third vasthe publication by Hu et al.
denonstrating that oncogenic KRAS alterations greatly increase cysteine and glutathione
biosynthesis, essential regulators of ferroptosislung adenocarcinomdurthermorg
geneticdepletionor pharmacalgic inhibition of XxCT (SLC7A11, systemc) resulted in
selective killing across a panel of KRAButantcancer cellsn vitro and tumor growth
inhibition in vivo (Hu et al. 202Q)Previously, Lim et alhaddemonstrated that RAS/ERK
signaling promotes the transcription of XCT mediated by its transcription factor(Eif%1
et al. 2019) Zhang et al.later establishedhat MTORC1 couples cysteine/cystine
availability with GPX4 protein synthediZhang et al. 2021 Wwhile Torrence et al. reported
that mTORCL1 stimulates cellular cystine uptake and glutathione synthesis through ATF4,

another transcription factor of xQTorrence et al. 2021)
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With a potent, mMTORCL1 selective inhibitior handthat readily lends itself to the
possibility of promoting ferroptosis by nature of its target, in addition to the KRAS G12C
inhibitor, which likewise might contribute to ferroptosis through suppression of xCT,
compounded by its induction of potentiallyrfgptcsispromoting HO-1, we were
motivated to evaluate ferroptosis aspeomising mechanism by which the KRAS

G12C/mTORC1 inhibitocombinationcouldinduce cell death.

We evaluatedthe expression of key ferroptosis regulators such as SREBP1 and
XCT, andinterrogated levels of GSHROS,and lipid peroxidationn response to single
agent andcombinationtreatment with our KRAS G12C and mTORGhibitors We
began by assessing levels of SREBP1 and SCDL1 in response to mTORC1 inhibition
mediated by RM6. Aexpected, these factors were suppressed by RM6 in a time dependent
manner in H23 and H1378Bigure 4.4A). While suppression was durable in H23, rebound
was observed in H1373 at 24 and 48 hours. This was not caused by a reduction in activity
ofthe inhibita,asp 4 EBP1 remai ned suppressed througho
next evaluated levels of XCT in response to KRAS G12C inhibition mediated by RM18. In
H23 and H1373, RM18 suppressed x€xpressiorat 24 and 48 hour&igure 4.4B). The
combination also suppressed mRNA levels of ETS1, ATF4, and xCT in HB%8urs
post treatmengdata not shown)Levels of xCT, SREBP1, and SCD1 were also assessed
48 hours post treatment with RM18, RM6, oritlemmbination in H1373 and H23. Aside
from improved suppression of XxCT by the combination in H1373, KRAS G12C inhibition
contributed the most to suppression of XCT, while mTORCL1 inhibition was largely

responsible for the suppression of SREBP1 and SEiglre 4.4C).
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We subsequentlyevaluated levelsof GSH, the major cellular antioxidant
predominantly regulated by xCT. H1373, H2030, and H23 were treated with RM18, RM6,
or thar combinationfor 48 hours. While the combination demonstrated the lowest levels
of GSH inH1373 and H2030synergy mediatedybsingle agents was only observed in
H1373,congruous withour signaling data whereby the drug combination demonstrated
greater suppression of XCT at this time pomnpared to single agenta H2030 reduced
GSH levels in the combinaticalignedcloselywith RM6 (discrepanbetweensignaling
data not shown)andin H23 levels of GSH were similar to those obtained lRM18

(concordant with signaling datéyigure 4.4D).

We next evaluateltvels of RCBin representative NSCLC models H13H2122,
and HD30. Cells were treated with RM18, RM6, or theombinationand ROS assessed
48 and 72 hours post treatment. In H1373 and H2030, RM6 greatly contribthiedewels
of ROS induced by the drug combination, whiteH2122, single agents synergized to
demonstratably induc®OS in the combination(Figure 4.4E). H2122 exhibited the
highest levels o0ROS compared to H1373 and H23@8fferences in mutation status of
KEAPL a negative regulator of NRF®2y STK11 leading to LKB1 lossa negative
regulator of mMTORC Igould notdefinitively account for thiglifference as H2030 likewise
harbors these alterations. However, the nature of the KEAP1 mutation, and its functional
implications, are undetermingsb we cannot ascribe significance of the mutation status to

the induction of ROS levels

Finally, we assessedhe degree ofipid peroxidationin response to single agents
and the combinatio(Figure 4.4F). In these assays, lipid peroxidation wasasured by a

plate readewusing a 24well plate with samples assayed in triplicafEhese multwell
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plates can be subject to signal interference caused by stray light dnoitteslirrounding
wells. To clarify the contribution of KRAS G12C inhibition and mTORC1 inhibition to
levels of lipid peroxidation induced by the combination, ¥8e anplemented imaging and
flow cytometry for the readout in H23 and H1373. Cumene hydroperoxide, a strong
oxidizing agent, was included as a positive contwhile the overall levels of lipid
peroxidation were consistent between both readouts, singldsagemonstrated clearer

synergy when assessed qualitatively anéldoy cytometry(Figure 4.4G, H).
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Figure 4.4 The KRAS G12C/mTORCL1 Inhibitor Combination Suppresses Prot:
Ferroptosis Regulators and GSH, while also Inducing ROS and Lipid Peroxidati

(A)H23 and H1373 were treated with 1nM RM6 for the indicated time point
lysates probed with the indicatadtibodies.

(B)yH23 and H1373 were treated with 100nM RM18 for the indicated time
and lysates probed with the indicated antibodies.

(C)H23 and H1373 were treated with 100nM RM18, 1nM RM6, or
combination for 48 hours, and lysates probed with theated antibodies.

(D)H1373, H2030, and H23 were treated with 100nM RM18, 1nM RMS6, or
combination for 48 hours, and levels of GSH were evaluated. Each tre
group was assessed in 3 technical replicates. H1373 and H2030 were as
an additionaR biological replicates, and the averages and SDs are show!
is presented as percentage of relative GSH normalized to control.

(E)H1373, H2122, and H2030 were treated with 100nM RM18, 1nM RM6, o
combination for 48 and 72 hours, and levels of ROSewevaluated. Ea
treatment group was assessed-bt8chnical replicates. H1373 and H2030 \
assessed in an additionaBadiological replicates, and the averages and SL
shown. Data is presented as percentage of ROS luminescence normg
control.

(F) H1373, H23, H2030, and Lu99 were treated with 2100nM RM18, 1nM RN\
their combination for 48 hours, and lipid peroxidation of the fluorescent re
C-11 BODIPY was evaluated. Each treatment group was assessed in 3 t
replicates. H1373 vwgmassessed in an additional biological replicate, an
averages and SDs are shown. Data is presented as relative lipid RQ
BODIPY.

(G), (H) H23 and H1373 were treated with 100nM RM18, 1nM RM®6, or
combination for 48 hours, and lipid peroxidatiohthe fluorescent reporter-
11 BODIPY was evaluated qualitatively by imaging (G), and quantitative
flow cytometry(H). Upon oxidation, fluorescence shifts from the red to ¢
channel, providing a ratiometric indication of lipid peroxidation. Cur
hydroperoxide, a strong oxidizing agent, was used as a positivelc@dta i
presented as relative lipid ROS1Q BODIPY. Each treatment group v
assessed in 3 technical replicates, and the averages and SDs are shown
wer e cal cul a ttestd*p H0O05,Sp 0@, i tp & 6.001.
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Liproxstatinl, a Potent Ferroptosis Inhibitol/ariably Rescus Cell Death

Induced by the KRAS G12C/mTORC1 Inhibitor Combination

The cumulative results dfigure 4.4led us to believe that ferroptosis could@e
mechanism of death mediated by the drug combination in our models. Currently, there is
no specific biomarketo detect ferroptosis. Instead, ferroptosis is usually confirmed by
assessing whether cell death can be rescued by specific ferroptosis inhibitors (e.qg.,
ferrostatinl, liproxstatinl) and by measuring lipid peroxidation in céllsu et al. 2020)

Having satisfied the latter requirement, we next sough to determine if a potent ferroptosis
inhibitor, liproxstatinl (Friedmann Angeli et al. 2014¢ould rescue cell death mediated

by the drug combination. H2122 and H1373 were treated with RM18, RM6, ior the
combinatiorwith or withoutl.67¢ M o f | i-1qlipel)k and callleath was evaluated

at 48 and 72 hourd.ip-1 demonstrated only modest rescue of cell death induced by the
combinationn H2122and H1373 at 72 hou(Eigure 4.5A). In parallel, we also assessed
Lip-1 with Z-VAD across treatment groups, rationalizing tlifapoptosis and ferroptosis
were playing a rolén mediating cell death induction by the combinatittren utilizing
suppressors of botmight conceivablyrescue more cell death, whilesalenabling us to
discern the degree of cell death attributed bgheaechanism However, we did not

observe synergy of death rescie(re 4.5B).

The underwhelming redts of the cell death rescue experiment led us to question if
Lip-1was effectivéy abatingthe primaryindicator of ferroptosidipid peroxidationjn our
models. To address thige treatedH1373, H2122, and H2®ith the RM18/RM6 drug
combinationwith or withoutLip-1 and asessedipid peroxidatior48 hours post treatment

We also treated cell s wit hasdpodifiveadntrot. R&3 f er r
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inhibits the activity of GPX4andi t réadily blockedby Lip-1 (Friedmann Angeli et al.
2014, Yiet al. 2020, Fan et al. 202l) H1373 and H23ipid peroxidationinduced by the
combination was modestly suppressed byLiwvhilelipid peroxidationnduced by RSL3
was more robustly suppresseBligure 4.5C). RSL3 only modestly inded lipid

peroxidationin H2122, with very slight rescue by Lt whilelipid peroxidationinduced

by the drug combination was not suppressed to any degreey Lip

The relatively modest rescue of lipid peroxidation in 2/3 models next led us to
guestionf a higher dose of Ll would promote greater suppression of lipid peroxidation
induced by the combination and, in turn, enhance rescue of cell death. To this end, H1373
was treated with the RM18/RMBugcombinatiorwith or withoutescalating doses of Lip
1, and lipid peroxidation assessed. Surprisingly, these higher doses did not promote greater
rescue of lipid peroxidation induced by the combination, with several dost=ad
compounding this metrifFigure 4.9D). Nevertheless, w proceeded with assessing the
4 ¢ M dblLipd in a subsequent cell death rescue experiment, as it demonstrated the
greatest rescue, relatively speaking, among the evaluated doses. H1373 was treated with
RM18, RM6, or the combinatiowith or without4 ¢ Mip-1, and cell death assessed at 48
and 72 hours. This higher dosé Lip-1 did not rescue cell death amongst afythe

treatment group (Figure 4.5E).

Collectively, these results suggest that ferroptosis may not be a mechanism of cell
death mediatedybthe combination. However, it is difficult to say with certainty if this is
the case, as liproxstatihwas simply unable to effectively rescue the primary indicator of
ferroptosisi lipid peroxidationi in our modelsSince iron also plays a crucial rale

regulating ferroptosis, and is upstream of lipid peroxidation, we asked whether suppressing
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reactive iron would serve as a better suppressor of ferroptosis in the context of our drug
combination. To address this, H2122 and H1373 were treated with R, or their
combinationwith or without Deferoxamine mesylatéDFO), an iron chelating agent
utilized in ferroptosis studies as a means to inhibit the prqd@sset al. 2019)In both

our models, DFO failed to rescue cd#ath mediated by the combinatian48 and 72

hours Rather,the dose ofDFO usedappeared to be toxic, substantially increasing cell
death in the control and various treatment settifggute 4.5). These collective results

led us to question thiatrinsic sensitivity of our models to the mechanism of ferroptosis

itself.
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