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Chapter |

Introduction

Work presented in this section is published in Oncogene.

Overview

Cancer is a disease characterized by its hallmarks (1), including uncontrolled cell
proliferation, increased cell survival, evasion of anti-tumor immunity, aberrant angiogenesis, and
acquisition of metabolic events unique to cancers. Importantly, activation of Mechanistic Target
of Rapamycin (mTOR) signaling is associated with each of these oncogenic cellular processes,
making the mTOR signaling node a promising target for treating multiple hallmarks of the cancer
phenotype. mTOR is a serine/threonine kinase that was discovered in the early 1990s as the
target of the anti-fungal drug rapamycin (2,3). mTOR acts in two distinct complexes (MTORC1
and mTORC?2) and both nodes integrate a variety of environmental and intracellular cues to
coordinate downstream cellular processes. Efforts to sequence and identify targetable
oncogenic alterations, led to the discovery several mutations that activate mTORC2, such as
loss of PTEN, activation of PIK3CA, and amplification of RICTOR. While the importance of
MTORC2 as a mediator of tumor progression is well-known, an mTORC2-specific inhibitor does
not yet exist. Herein, we describe the requirement of mLST8, a shared mTOR co-factor, for
MTORC?2 integrity and function alone by acting as a molecular bridge between the mTOR
kinase and regulatory co-factor Sinl in mTORC2, but not in mTORCL1. Using CRISPR-Cas9
technology, we provide evidence that loss of mLST8 in mTORC2-dependent cancers can inhibit
MTORC?2 signaling and tumor cell proliferation in both in vitro cell culture and mouse xenograft
models. These results suggest targeting mLST8 or the mLST8-mTOR interface could effectively
block mTORC2 signaling and could be used for targeted therapy in mTORC2-dependent

cancers. We also report herein, a mechanism for RICTOR-amplification mediated mTORC2



activation and lung tumor growth. We use the CRISPR Synergistic Activation Mediator (SAM)
system to overexpress Rictor and show increased formation and activity of mMTORC?2 at the
expense of MTORCL1. Overexpression of Rictor leads to increased mMTORC2 downstream
signaling, tumor cell proliferation, and ultimately tumor xenograft growth. We also show that
tumor growth of RICTOR-amplified tumors can be inhibited by targeting mLST8 to specifically

inhibit mMTORC2.

Lung Cancer

Lung cancer is the leading cause of cancer-related deaths world-wide, causing
approximately 1.6 million deaths each year. In 2020, an estimated 228,820 new cases of lung
cancer will be diagnosed in the United States and 135,720 patients are expected to succumb to
the disease(4). Despite significant advances in therapies, the five-year survival rate for lung
cancer remains low, at approximately 19%(4). Lung cancer is defined by its histological subtype:
non-small cell lung cancer (NSCLC), which accounts for 80-85% of cases, and small cell lung
cancer (SCLC) which accounts for 10-15% of cases. Other subtypes such as lung carcinoid
tumors also exist, but account for less than 5% of cases. NSCLC is further defined by its cell of
origin into three categories: adenocarcinoma, occurring in the mucus-secreting cells at the
periphery of the lung; squamous cell carcinoma, which occurs in the squamous cell lining the
airways of the lungs; and large cell carcinoma, which occurs throughout the lung and can
originate from neuroendocrine cells. Tobacco smoking, a well-known cause of lung cancer, is
most commonly associated with SCLC and squamous cell carcinoma, while never smokers tend
to present with adenocarcinoma histology. The course of treatment for lung cancer patients is
determined by the stage, or extent of disease, at diagnosis. Early stage cancers are often
treated through surgical resection which can be followed by adjuvant chemotherapy and/or
radiotherapy. Later stage and metastatic lung cancer are often treated with the

surgery/chemotherapy/radiation therapy with additional targeted therapies or immunotherapy.



The advent of genomic screening technologies has led to further classification of lung cancer by
molecular subtype, identifying unique genetic alterations that promote tumor growth. The most
common NSCLC mutations are displayed in Figure 1.1. Despite knowledge of multiple subtypes
of NSCLC, treatment options for all patients remained similar with a combination of

chemotherapy, radiotherapy, and/or surgical resection until the late 1990s to early 2000s(5).

Targeted Therapy

Treatment strategies for NSCLC underwent a dramatic paradigm shift with the discovery
of distinct driver alterations in individual tumors, even within the same histological subtype. The
“addiction” of tumors to these oncogenic signaling pathways revealed unique vulnerabilities that

could be targeted for therapeutic intervention.

The best example of targeted therapy developed for treatment of NSCLC is the EGFR
tyrosine kinase inhibitor (TKI). EGFR, or epidermal growth factor receptor, is a receptor tyrosine
kinase upstream of several signaling cascades including the MAPK and PI3K/mTOR pathways.
Exon 19 deletion and L858R at exon 21 were identified as the most common EGFR mutations
and occur near the ATP-binding pocket leading to constitutive activation and ligand
independence(6). These mutations have been targeted with first-generation EGFR inhibitors
which act through reversible ATP binding competition(7,8) on EGFR or second-generation
inhibitors that irreversibly bind to the ATP binding pocket of EGFR, HER2, and HER4. Despite
significant initial responses and higher progression free survival, patients treated with these
inhibitors inevitably develop resistance. Sequencing of resistant tumors revealed a T790M
mutation in EGFR resulting in steric hindrance of the inhibitor or increased ATP affinity to the
receptor(9). Third-generation inhibitors designed to combat these resistance mutations have
been developed, this time covalently binding to the cysteine at 797 and reducing the increased

ATP binding affinity caused by the T790M mutation(10). Interestingly, the third-generation TKI



displayed superior performance to the first-generation inhibitors in untreated patients, leading to
its use as a first-line therapy(11). However, as is with almost all targeted therapies, resistance to
the third-generation inhibitor is eventually conferred with the development of a C797S
mutation(12,13). Multiple strategies are being used to develop fourth-generation TKIs including

allosteric inhibition of the receptor and combined therapies with EGFR antibodies(14,15).

It is also important to note that other mechanisms can confer resistance to EGFR TKiIs,
most often through increased reliance on bypass signaling pathways to maintain rapid cell
proliferation and increased cell survival(16,17). Some of these mechanisms include
amplification of HER2, mutations in MET, BRAF and PIK3CA, and overexpression of

EPHA2(16,18). Co-occurring mutations in KRAS can also facilitate resistance to EGFR TKIs(19).

After the discovery of precision medicine for EGFR mutations, other oncogenic
alterations, including the ALK tyrosine kinase, have been targeted for cancer therapies. Unlike
the mutations within the EGFR locus that lead to constitutive activation, oncogenic ALK is
activated through gene rearrangements. Typically, an intact tyrosine kinase domain is fused to
an N-terminal partner with a promoter that is constitutively expressed and has an
oligomerization domain leading to constitutive transactivation of the ALK kinase(20). Some
common ALK fusion partners in NSCLC include EML4, TFG, and KIF5B. Crizotinib was the first
ALK TKI shown to be successful in treating ALK-positive NSCLC(21). As with other TKiIs,
resistance either through mutations within the ALK kinase or through bypass signaling
pathways(22), has led to development of second and third-generation ALK TKIs that continue to

be used in the clinic(23).
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Figure 1.1 Most common mutations in NSCLC adapted from mycancergenome.org(24,25)



Unlike mutations in EGFR and ALK tyrosine kinases, KRAS mutations, which occur in
more than 20% of NSCLC cases, have been considered undruggable due to the extremely high
affinity for its co-factor, GTP(26). KRAS is one of 3 isoforms of RAS, a GTPase that when
bound to GTP, can activate a variety of downstream signaling pathways. Oncogenic RAS
mutations are thought to inhibit GTP hydrolysis, locking RAS in its active form and resulting in
constitutive downstream signaling. In NSCLC, KRAS missense mutations are most often occur
at codon 12, although mutations can also occur at codon 13 and 61(27). The success of
targeted therapies led many to hypothesize that, hyperactivated signaling pathways
downstream of KRAS, such as the MAPK pathway, could be targeted to inhibit tumor growth.
Trametinib and Selumetinib, both MEK inhibitors, saw some success in clinical trials, but neither
have been approved for use in treating KRAS-mutant NSCLC(28). Other strategies to target
KRAS mutations have included activating the KRAS GEF, SOS1, to inhibit GTP exchange or

blocking proper KRAS subcellular localization through inhibition of membrane-association(29).

In the last decade, a significant breakthrough occurred with the development of a
KRAS®2€ inhibitor. KRAS®'2¢ mutations comprise more than 40% of the KRAS mutations
NSCLC, making it the most common KRAS mutation(27). The novel inhibitor covalently
interacts with the cysteine at codon 12 in the GDP bound form, sterically hindering the binding
of GTP and inhibiting KRAS activation(30,31). The discovery of this molecule also suggests that
nucleotide signaling does indeed occur with mutant forms of KRAS, bringing into question the
original model of oncogenic KRAS thought to be locked into its active state. Additionally, the
specificity of this inhibitor to KRAS®'2¢ suggests that individual mutations may need to be
targeted with distinct inhibitors and a pan-KRAS inhibitor may not be feasible. KRAS®2¢
inhibitors have since been optimized for in vivo and clinical use and have shown efficacy in pre-
clinical NSCLC mouse models(32,33). Clinical trials with these inhibitors in NSCLC are currently

ongoing and preliminary results are promising, with two patients having a partial response and



two patients presenting with stable disease(33). While there is great hope that KRAS inhibitors
will be successful as a first-line therapy, a study has already demonstrated that resistance to the

targeted therapy is inevitable(34,35).

Immunotherapy

Resistance to targeted therapy and continued low survival rates for NSCLC have
stimulated research into other treatment strategies. A recent resurgence of interest in
immunotherapy has dramatically altered cancer treatment and several studies have been
published suggesting this strategy will be very beneficial to NSCLC patients. Cancer cells often
increase the expression of immune checkpoints which suppress the host immune response,
allowing the tumor to grow unchecked by the host immune system. Immune checkpoint
blockade (ICB) blocks the activity of these checkpoint molecules, releasing the brakes on the
immune system and restoring anti-tumor immunity. ICBs have proven remarkably successful in
the clinic, often extending progression-free survival by several months and in many cases,
eliminating disease and extending survival long-term. NSCLC might be particularly sensitive to
ICB due to its high mutational burden, which aids in the creation of neoantigens that can be

recognized by an activated immune system Killed through increased cytotoxic T-cells(36).

The first ICB approved for cancer therapy was ipilumumab, an anti-CTLA-4 monoclonal
antibody(37,38). Since, ICBs targeting the PD-1/PD-L1 axis have been developed including
nivolumab and pembrolizumab, antibodies against PD-1, and atezolizumab, durvalumab, and

avelumab, antibodies against PD-L1(5,39-41).

Pembrolizumab has been approved as a single agent first-line treatment for patients with
stage Il NSCLC who are not candidates for surgical resection or chemoradiation, or metastatic
NSCLC whose tumors express PD-L1 (Tumor Proportion Score >= 1%) with no EGFR or ALK

mutation(42). Pembrolizumab can also be used in combination with pemetrexed and platinum



chemotherapy as a first-line treatment for patients with non-squamous NSCLC, with no EGFR
or ALK mutations(43). For patients with metastatic squamous NSCLC, pembrolizumab can be

used in combination with carboplatin and paclitaxel as a first-line treatment(44).

For progressive disease after chemotherapy or targeted therapies, nivolumab,
atezolizumab, and durvalumab are FDA approved depending on PD-L1 expression and type of
initial chemotherapy(45). Additionally, ongoing clinical trials are testing PD-1 or PD-L1 therapy
in combination with CTLA-4 therapy or chemotherapy both as a first-line treatment or for

progressive disease.

Many factors impact the efficacy of ICB therapy including the expression of immune
checkpoints, effective presentation of neoantigens, and sufficient infiltration of active anti-tumor
immune cell populations. Without proper characteristics, tumors are considered “cold” and are
unlikely to respond to ICBs. Currently, expression of targeted immune checkpoints is required
before receiving ICB therapy. However, many other aspects of the tumor microenvironment can
affect neoantigen presentation and immune infiltration. Chemotherapy, for example, is
hypothesized to increase the mutational burden of tumors, potentially increasing the number of
neoantigens and the efficacy of ICBs(46). Chemotherapy may also increase the ratio of
infiltrating immune cells to tumor cells, leading to an increase in both the overall number of T-
cells and the availability of metabolites required for T-cell activity which could potentiate a
stronger immune response when chemotherapy is used in combination with ICBs(46,47). The
vascularization of tumors affects the amount and types of immune cells capable of infiltrating a
tumor. Tumor angiogenesis has been shown to increase the number of immunosuppressive
cells, so strategies combining anti-angiogenic or vessel-normalizing drugs with ICBs are being
explored(48). Recent evidence also suggests the epigenetic state of immune cells is important
for maintaining their activity, suggesting epigenetic therapy in combination with ICB will also be

an important frontier to explore(49).



While not yet FDA approved for treatment of NSCLC, other strategies to reactivate the
immune system as a method of cancer therapy are currently being explored. Adoptive cell
transfer (ACT) of T-cell receptor (TCR)-modified or chimeric antigen receptor (CAR) T-cells
utilize genetically re-engineered autologous T-cells to target tumor antigens presented by MHC
molecules or on the cell surface, respectively. The ability to design an immunotherapy
specifically targeting a tumor antigen is a major benefit of ACT. CAR T-cell therapies targeting
CD-19 have already been FDA-approved for treating patients with lymphoma or leukemia, but
NSCLC-specific antigens need to be discovered before these therapies can be approved for
NSCLC. In addition to ACT, cancer vaccines are also under development. Therapeutic cancer
vaccines typically deliver immunogenic tumor antigens that mount a T-cell response directed at
the tumor(50). Clinical trials for a cancer vaccine in NSCLC are currently underway, although
the approach for this vaccine is different. Delivery of the CIMAvax-EGF vaccine leads to an
antibody response against self EGF, thus preventing the engagement of EGFR on tumor cells

and blocking tumor growth(51).

As with other molecularly targeted therapy, many patients develop resistance to
immunotherapy. Thus far, mechanisms of acquired resistance to include loss of HLA, loss of
tumor antigen expression, and escape mutations in IFNy signaling(52). Better understanding of
inherent and acquired resistance to immunotherapy will be necessary to expand the number of

patients that will benefit from this promising treatment option.

The mTOR Complexes

Although rapamycin was originally defined as an anti-fungal agent, it was soon realized
that rapamycin possesses broad anti-proliferative, cytostatic effects in a wide variety of cells,
including cancer cells. Subsequent molecular analyses revealed that rapamycin binds to

FKBP12, and in doing so, blocks some (but not all) mTOR activity. In searching for the



molecular underpinnings of why rapamycin produced only partial mTOR inhibition, it was
discovered that mTOR acts in two functionally distinct complexes (53,54), one that is relatively
sensitive to rapamycin (nTOR complex 1, or mTORC1), and one that is relatively rapamycin
resistant (IMTORC2) (55). Both mTORC1 and mTORC2 harbor several common components:
the mTOR kinase, which acts as the central catalytic component, the scaffolding protein mLSTS8,
MTOR regulatory subunit DEPTOR, and the Ttil/Tel2 complex, which is important for mMTOR
complex assembly and stability. Additionally, each complex harbors distinct subunits (Figure
1.2) that contribute to substrate specificity, subcellular localization, and complex specific
regulation. mTORCL1 is defined by its association with Raptor, a scaffolding protein important for
MTORC1 assembly, stability, substrate specificity, and regulation, and PRAS40, a factor that
blocks MTORC1 activity until growth factor receptor signaling relieves PRAS40-mediated
MTORCL1 inhibition. The recently solved structure of mMTORC1 shows that it acts as a lozenge
shaped dimer with the kinase domains coming in close proximity to one another in the center of

the structure and Raptor and mLST8 binding on the periphery (56,57).
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mTORCH1 mTORC2

— TOR-KI —i @

Rapamycin

Figure 1.1 Schematic representation of mMTOR complexes. mTORCL1 consists of the mTOR
kinase, mLST8, DEPTOR, Tti/Tel2, Raptor and PRAS40. mTORC2 also shares the mTOR
kinase, mLST8, Tti/Tel2 and DEPTOR, but contains unique components Rictor and Sinl.
Rapamycin is a known allosteric inhibitor of mMTORC1, whereas TOR kinase inhibitors (TOR-KIs)
inhibit the activities of both complexes.

Rictor and Sinl are subunits specific to mTORC2. Genetic engineering of cells deficient
for Rictor demonstrate that Rictor is required for mTORC2 assembly, stability, substrate
identification, and subcellular localization of mMTORC2 to the appropriate sites of action (53).
Sinl is also required for subcellular localization of mMTORC2 to the plasma membrane (58).
Importantly, Sinl is a key negative regulator of mMTORC2 kinase activity, until growth factor
receptor-derived signaling through the phosphatidylinositol-3-kinase (PI3K) recruits
Sin1/mTORC2 to the plasma membrane, where Sinl-mediated mTORC2 inhibition is relieved.
Although the structure of mammalian mMTORC2 has yet to be resolved, cross-linking mass
spectrometry and electron microscopy have been used to determine the architecture of TORC2
in yeast (59). The structure of TORC2 looks similar to that of TORC1, although TORC2 specific
components bind to different locations along the TOR kinase. Since yeast has separate TOR
kinases for each complex, solving the structure of mammalian mMTORC2 is still an important

goal that will lead to further understanding of mTORC2 function.
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The differing components and structures of mTORC1 and mTORC2 allow for
independent regulation through subcellular localization. For example, active mTORC2
associates closely with the plasma membrane, and has been detected in association with
ribosomal membranes (60), where it can interact with its key substrates, the AGC kinases
including AKT1-3, serum glucose kinase (SGK) isoforms, and protein kinase C (PKC) family
members. In contrast, mMTORCL1 appears to be affiliated with endosomal and lysosomal
membranes, where it interacts with its effectors 4EBP1 and S6K1 (Figure 1.3). The unique
composition of each complex followed by distinct downstream effectors allows each complex to

regulate a variety of different downstream cellular processes (Figure 1.4).
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Figure 1.2 Overview of the mTOR signaling pathway. mTOR signaling is activated by a
variety of environmental cues including growth factors, high cellular energy and amino acids.
Growth factors activate both mTORC1 and mTORC?2, through binding of receptor tyrosine
kinases (RTKSs) or G-protein coupled receptors (GPCRs) and activation of PI3K or Ras-MAPK
signaling cascades. PI3K phosphorylates PIP2 to increase the amount of PIP3 in the membrane,
allowing colocalization of AKT, PDK1, and mTORC2. PDK1 phosphorylates AKT at T308, while
MTORC2 phosphorylates AKT at S473 for complete activation. AKT in turn activates mTORCL1
by inhibiting TSC2, a GAP for RHEB, an activator of mTORC1. AKT phosphorylation of PRAS40
promotes its dissociation from mTORCL1 for full activation. ERK and RSK, both part of the Ras-
MAPK signaling pathway, can also inhibit TSC2 to activate mTORCL1 or activate mTORCL1
directly through phosphorylation of PRAS40. High ATP levels in the cell inhibit AMPK, an
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activator of TSC2, thereby increasing the activities of RHEB and mTORCZ1. Intralysosomal
arginine and cytoplasmic leucine stimulate Rag-dependent localization of mMTORCL1 to the
lysosome where RHEB can activate mTORC1. Cytoplasmic glutamine triggers lysosomal
localization of mTORCL1 through a Rag-independent mechanism. Downstream targets of
MTORCL1 include S6K1 and 4EBP1, while downstream targets of mMTORC2 include AKT, PKC
and SGK. S6K1 inhibits PI3K, completing a negative feedback loop on AKT signaling.

mTORC1 Signaling

The PI3K pathway is frequently activated in response to oncogenic growth factor
receptor signaling. PIK3CA activating mutations, RAS mutations, or PTEN loss result in
increased production of the second messenger phosphatidylinositol (3,4,5)-triphosphate (PIP3)
(61). Although PIP3 directly recruits and activates mTORC2, PI3K signaling also indirectly
activates mMTORC1, primarily through AKT. Activation of AKT occurs through phosphorylation at
Ser473 mediated by mTORC2, and at T308 mediated by PDK1, another serine-threonine
kinase recruited to the plasma membrane by PIP3. Once activated, AKT phosphorylates
tuberous sclerosis complex 2 (TSC2), blocking its association with TSC1 (62—64). Since TSC1/2
is a negative regulator of the mTORC1 activator RHEB, AKT-mediated TSC2 phosphorylation
allows GTP-loaded RHEB to bind and activate mTORC1 (65,66). AKT also phosphorylates the
MTORCL1 inhibitor PRAS40, causing PRAS40 to dissociate from Raptor, permitting mTORC1

activation (67-70).

In addition to the PI3K pathway, the Ras-MAPK signaling cascade can activate
MTORCL1. Similar to AKT-mediated phosphorylation of TSC2, ERK and RSK also phosphorylate
TSC2 (71,72), albeit at different residues, to inhibit the TSC1/2 complex and trigger RHEB-
mediated activation of mMTORC1. Similarly, RSK can also phosphorylate PRAS40 (73), leading

to dissociation from Raptor and promoting mTORC1 activation.
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Although growth factor signaling through the PISK/AKT and Ras-MAPK cascades is a
key trigger for cellular proliferation, it is important that cells do not proceed with proliferation if
the necessary nutrients, energy, and macromolecules are not available to support the high
demands of cellular replication. Consistent with this notion, mTORCL is highly responsive to
intracellular ATP, glucose, and certain amino acids, including leucine, arginine and glutamine.
Low ATP/high AMP levels activate AMP kinase (AMPK), an indirect mTORC1 inhibitor which
functions by promoting TSC1/2 complex formation (74). Thus, AMP accumulation would
override growth factor signals and block cellular proliferation in the absence of a sufficient
energy supply. Similarly, a lack of amino acids would prevent localization of mMTORCL1 to
lysosomal surfaces where RHEB activates mTORC1, overriding growth factor receptor-derived
proliferation signals (75,76), and blocking mTORC1-dependent proliferation in the absence of
the needed supply of amino acids. Interestingly, the intracellular location and type of amino acid
can be sensed by the cell to determine the mechanism by which mTORC1 lysosomal
localization is regulated (77). For example, intralysosomal arginine (78) or cytoplasmic leucine
(79-81) activates RAG-GTPases which associate with Raptor directly to localize mTORCL1 to
lysosomal membranes (82). Meanwhile, cytoplasmic glutamine regulates mTORCL1 localization

through RAG-independent mechanisms (83,84).

Once activated, mTORCL1 phosphorylates substrates, including elongation initiation
factor (EIF)-4E binding protein 1 (4EBP1) and ribosomal protein S6 kinase 1 (S6K1), two
proteins that are key regulators of both cap-dependent and cap-independent translation.
Interestingly, increased cap-dependent translation caused by aberrant mMTORCL1 activation
results in increases in cell size (85) and proliferation (86), two common traits of cancer. 4EBP1
and S6K1 bind to elF-4E and elF-3, respectively, inhibiting formation of the translation initiating
complex. mTORC1-mediated phosphorylation of 4EBP1 and S6K1 liberates their respective

binding partners, facilitating preinitiation complex formation (87). S6K1 phosphorylates elF-4B
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and S6 ribosomal protein (S6RP), initiating translation (88). S6K1 also plays a key role in
translational elongation, phosphorylating eukaryotic elongation factor 2 kinase (eEF2K),

allowing eEF2 to continue translational elongation (89). Interestingly, mTORC1 does not affect
all transcripts equally. For instance, prostate cancer studies showed that the most common
targets of increased translation were those involved in invasion, metastasis, and protein
synthesis, highlighting the role of mMTORC1 in oncogenic translation (90). Increased translation
of protein synthesis genes, consisting mostly of genes involved in ribosomal biogenesis (91-93),
is a well-known phenomenon related to mTORC1 hyper-activation. This is a logical target for
mTORC1-mediated oncogenic translation since sufficient ribosome levels are required to

maintain the increased translation of other genes important for transformation.

MTORC1 in Cancer

Direct evidence for mTORCL1 activity in tumorigenesis comes from Tuberous Sclerosis, a
disease caused by loss of TSC1 or TSC2, consequently hyper-activating mTORC1, and
resulting in widespread but benign tumor formation. The limited progression of these tumors
may be due to mMTORC1-mediated negative feedback on insulin receptor substrate (IRS)-1,
potently downregulating PI3K signaling downstream of most receptor tyrosine kinases (RTKs)
(94-96). Also, mTORCL1 directly phosphorylates Grb10, an adaptor that directly binds RTKs
(97,98), although Grb10 phosphorylation is reported to have the capacity to stimulate and block
PI3K activation, perhaps in isoform-specific fashions. Regardless, tuberous sclerosis patients
demonstrate that mMTORCL1 signaling as a single molecular aberration is a potent driver of
cellular proliferation. In the context of added genetic and molecular alterations, mTORC1
signaling potentiates the severity of tumor progression through numerous molecular

mechanisms.
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Transformed cells display metabolic reprogramming, a requirement that may enable
cancer to surmount the demands of rapid proliferation. For example, many tumors display
aerobic glycolysis, in which glycolysis occurs in the presence of oxygen, perhaps not as a main
source of ATP, but rather as a generator of building blocks that can be shunted to alternative
anabolic pathways to generate molecules needed for proliferation, including lipids, amino acids,
and nucleotides. There is evidence that mMTORCL1 regulates aerobic glycolysis through
increased translation of hypoxia inducible factor (HIF)-1a (99), a transcription factor that drives
expression of several glycolytic enzymes (100). mTORCL1 upregulates the synthesis of lipids
from glycolysis-derived intermediates through phosphorylation of Lipinl and S6K1, thus
activating the transcription factor sterol regulatory element binding factor (SREBP)-1, driving
transcription of genes involved in lipogenesis (101,102). Loss of mTORC1-mediated activation
of SREBPL in breast cancer cells blocked lipogenesis, interfering with cellular proliferation and
tumor growth (103). Shunting of glycolytic intermediates into nucleotide synthesis is also
controlled in part by mTORC1. mTORC1-mediated phosphorylation of S6K1 stimulates both
purine and pyrimidine synthesis, which is necessary for cancer cells to rapidly duplicate their

DNA (104-106).

These studies would suggest that targeted inhibition of glycolysis would be a feasible
approach to blocking cell growth, despite mTORC1 activation. However, phase | clinical trials of
the glycolysis inhibitor 2DG yielded disappointing results, with disease progression in the
majority of cases, although a few showed stable disease or partial responses (107). Ovarian
cancer cells cultured in 2DG to select for glycolysis resistance had upregulated mTORC1
activity as well as increased lipogenesis and nucleotide synthesis (108). These findings suggest
that mMTORC1-mediated glycolysis may support cancer cells, but that in the absence of

glycolysis, other mTORC1-mediated anabolic pathways still support cell proliferation. However,
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how these tumor cells are supplied with the necessary intermediates for shunting into alternative

metabolic pathways, but in the absence of glycolysis, is a question that remains.

Answers may be found in the ability of cells to upregulate macropinocytosis, the process
used by cells to obtain macro-nutrients from the extracellular environment. mMTORC1 negatively
regulates lysosomal degradation of extracellular protein taken up by macropinocytosis.
Experiments in which tumor cells were starved of amino acids in culture and in tumors that were
poorly vascularized in vivo, demonstrated that mMTORCL1 inhibition provided a growth advantage,
through upregulation of macropinocytosis and catabolism of engulfed proteins (109). The dual
roles of mMTORCL1 in tumor metabolism and growth will need further consideration, particularly in

patients treated with mTOR inhibitors.

Aside from regulating cell growth and metabolism, mTORC1 also controls autophagy, an
intracellular process that allows orderly degradation and recycling of cellular components.
mMTORCL1 negatively regulates autophagy by phosphorylation of ULK to block initiation of
autophagy, VPS34 to block autophagosome formation (110). Autophagy is sometimes
considered a tumor suppressor (111), since blockade of autophagy, through deletion of Beclinl
for example, promotes tumor formation (112,113). However, there is abundant evidence to
support that autophagy can be harnessed by tumor cells to drive survival under conditions of
metabolic duress (114). In this scenario, inhibition of MTORC1 might enhance autophagy, and
in doing so, may allow cells to generate nutrients and molecular building blocks to support tumor

cell survival to a greater extent than if mMTORC1 signaling was left intact.
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Figure 1.4 Downstream cellular processes for mTORC1 and mTORC2. Each mTOR
complex regulates distinct downstream cellular processes including metabolism, cell growth,
translation, and autophagy for mTORCL1, and cytoskeletal reorganization, proliferation, and
metabolism for mTORC2.

mTORC2 Signaling

Unlike mTORC1, the upstream regulation of mTORC2 is not well defined, although
growth factor stimulation and ribosome association are both known mTORC2 activators
(60,115). Importantly, mTORC2 localization at the cell membrane through the Sinl subunit
places mTORC2 in close proximity to its substrates AKT, SGK, and PKC. Thus localization at
the plasma membrane is a key aspect of mTORC2 regulation (58). An oncogenic mutation in
the PH domain of Sinl that blocks Sinl-mediated mTOR inhibition leading to constitutive
mMTORC2-AKT signaling has been identified in an ovarian cancer patient (58). Direct
phosphorylation of Sinl at T86 by AKT may also regulate mTORC2, leading to a positive
feedback loop that sustains mMTORC2-AKT signaling, while Sinl phosphorylation by S6K1 at
this same site may inhibit mMTORC2 activity as a feedback mechanism downstream of mMTORC1
(116-118). Recent studies have identified another function for Sinl in mTORC2 regulation. The
PH domain of Sinl can also bind to phosphorylated cytoplasmic Rb through to inhibit mMTORC2
complex formation and reduce AKT signaling (119). Regulation of mMTORC2 by Sinl may be
cell-type and/or context dependent. Clarification of these feedback mechanisms will be

important for complete understanding of mTORC2 activation and signaling in cancer.
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AKT, a key substrate of mTORC2, is among the most commonly hyper-activated
proteins in cancer. AKT integrates signals from PI3K/mTORC2 and from PI3K/PDK1 to promote
cell growth and survival. Like mTORC2, AKT localization to the plasma membrane is regulated
by PIP3. In PTEN null prostate cancer, loss of mMTORC2 activity inhibits tumorigenesis,
illustrating the importance of mMTORC2 signaling downstream of PIP3 (120). Interestingly, PTEN
null glioma patients exhibit mMTORC2-mediated chemotherapy resistance in an AKT
independent manner (121), suggesting that inhibition of mMTORC2 may be useful in treatment of
patients with PTEN or PI3K mutations. mTORC2 also regulates cancer cells’ preferential use of
glycolysis for energy production through the AKT-independent acetylation of FoxO1/3 (122),
demonstrating a mMTORC2-mediated role in cancer metabolism. In addition to its activation by
mMTORC2, AKT activates mTORCL1 signaling (62,70), adding another layer of complexity to this

signaling pathway.

MTORC?2 also phosphorylates SGK and PKC family members. Activation of SGK3 is
implicated in cancer particularly because of its ability to reinforce PI3K signaling through
INPP4B (123). Importantly, SGK1 promotes resistance to chemotherapy (124) and AKT
inhibitors (125). Substrates of SGK include both NDRG1 and FoxO family transcription factors,
two factors that are not growth promoting under oxygen and/or nutrient replete conditions, but
which can promote survival in response to oxygen or nutrient deprivation, or in response to PI3K
inhibition (124,126). NDRGL1 is a potent suppressor of tumor cell invasion and metastasis and is

degraded in response to SGK-mediated phosphorylation.

PKC, which exists in several isoforms, is also known to be involved in tumorigenesis,
although the exact role of each isoform has yet to be defined. Studies have shown that each
isoform may work in a cell-type specific manner. In the mouse mammary gland, genetic
disruption of Rictor blocked mTORC2-dependent ductal branching, and reduced motility,

invasion, and survival of mammary epithelial cells. Importantly this was rescued upon
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reactivation of PKCa and its downstream effector, Racl (127). Although studied in the
developmental setting, all of these phenotypes are known to be important in breast cancer

metastasis, suggesting a role for the mTORC2/PKCa signaling axis in breast cancer as well.

MTORC2 in Cancer

While mTORC1 is extensively studied in cancer, recent reports also demonstrate a
distinct role for mTORC?2 in prostate, breast, and lung cancer, glioblastoma, and T-cell acute
lymphoblastic leukemia (T-ALL) (120,128). Amplification of RICTOR was observed in hon-small
cell lung cancer patients (129), breast cancer (130), and in residual disease of triple-negative
breast cancers treated with neoadjuvant chemotherapy (131), reinforcing the importance of
MTORC2 signaling in cancer and as a potential target for inhibition. Rictor overexpression was
also previously noted in gliomas, in which about 70% of patients have increased AKT activity
(132). In HER2-positive breast cancer, enriched Rictor expression leads to hyper-activation of
AKT and tumor progression. Knockdown of Rictor (but not Raptor) or treatment with mTORC1/2
dual kinase inhibitors (but not mTORC1-specific rapalogs) decreased AKT-mediated tumor cell
survival and increased therapeutic tumor cell killing in cells treated with the HER2/EGFR
tyrosine kinase inhibitor, lapatinib (130). Collectively, these data suggest a distinct role for

mMTORC2 in cancer.

MTOR Inhibitors for Cancer Therapy

Rapamycin was the original mTOR inhibitor, which allosterically inhibits mMTORC1
(Figure 1.1), but not mMTORC2. The yeast structure of TORC2 suggests the Rictor analog Avo3
may block FKBP12-rapamycin complex binding to the mTOR kinase, granting rapamycin
insensitivity, although the lack of mammalian mTORC2 structure prevents confirmation of this
mechanism in humans (59). Interestingly, prolonged treatment with rapamycin inhibits mTORC2

in certain cell types, suggesting a cell-type specific mechanism of regulation of mMTORC2 (133).
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Rapamycin analogs (“rapalogs”) have been developed (Table 1.1) with enhanced

pharmacokinetic properties for more effective treatment of patients (134). The first rapalog,

temsirolimus, was approved by the FDA in 2007 after it was shown to be effective in treating

advanced renal cell carcinoma (135). Since then, everolimus, another rapalog, has been

approved for treatment of several other cancers including breast, pancreatic, lung, and

subependymal giant cell astrocytoma. Rapalogs most often cause disease stabilization rather

than regression, consistent with the idea that mTORC1 is a driver of cellular proliferation, but

not cell survival.

Drug Date of Cancer Type Therapeutic | Marketed
approval Condition By
Rapamycin/Sirolimus | 5.29.2015 | Lymphangioleiomyomatosis | Monotherapy | Pfizer
(Rapamune) (Wyeth)
Temsirolimus 5.30.2007 | Renal Cell Carcinoma Monotherapy | Pfizer
(Torisel) (Wyeth)
Everolimus (Afinitor) | 5.30.2009 | Advanced Renal Cell Monotherapy | Novartis
Carcinoma
10.29.2010 | Subependymal Giant Cell Monotherapy
Astrocytoma (SEGA)
associated with Tuberous
Sclerosis Complex (TSC)
5.5.2011 Progressive Monotherapy
Neuroendocrine Tumors of
Pancreatic Origin
7.20.2012 | Hormone Receptor Positive, | In
HER2 Negative Breast combination
Cancer with
Exemestane
8.29.2012 | Pediatric and Adult SEGA Monotherapy
associated with TSC
2.26.2016 | Neuroendocrine Tumors of | Monotherapy
Gastrointestinal or Lung
Origin
4.10.2018 | TSC-associated partial- Monotherapy

onset seizures

Table 1.1 mTOR inhibitors approved by the FDA for cancer treatment
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There are several potential reasons for the limited efficacy of rapalogs in treating cancer.
First, inhibition of mMTORC1 action on its substrates is incomplete. Inhibition of MTORC1 by
rapamycin completely blocks the phosphorylation of S6K1, but phosphorylation of 4EBP1 is
often only modestly inhibited (136). Since 4EBP1 regulates cap-dependent translation, it is
possible that 4EBP1 is still able to translate proteins important in tumorigenesis. Additionally,
inhibition of MTORC1 will release mMTORC1-mediated restraints on PISBK/mTORC2/AKT
signaling, resulting in resurgent AKT signaling, increased growth, and heightened cell survival
(137,138). mTORCL1 inhibition may also cause increased cell proliferation within vascularly
compromised tumor regions due to elevated micropinocytosis (109) of extracellular proteins or

increased cell survival through enhanced autophagy (114).

Recent advances have been realized in ATP-competitive mTOR kinase inhibitors (TOR-
Kls), which block mTOR catalytic activity, whether embedded within mMTORC1 or mTORC2
(Figure 1.1) (136). Preclinical testing of these inhibitors has shown complete 4EBP1 inhibition,
with sustained repression of mMTORC2-mediated AKT phosphorylation, resulting in superior
tumor cell killing and growth inhibition as compared to rapalogs (89). mTOR kinase inhibitors
are currently in Phase Il clinical trials, after promising results in Phase | trials (Table 1.2)
(140,141). While partial responses and stable disease have been reported, toxicity and adverse

side effects are still a concern.

Pre-clinical studies have identified mutations in both the kinase domain and FRB domain
of mTOR that prevent binding of either rapalogs or ATP-competitive mTOR kinase inhibitors,
leading to loss of efficacy and eventual resistance. Most recently, a third generation mTOR
inhibitor has been developed to overcome resistance to currently available inhibitors. This third-
generation inhibitor has a bivalent structure consisting of a rapamycin-FRB binding element
linked to a TOR-KI (142), so that when at least one half the ligand binds, the other half is in

close proximity to the second binding site, overcoming point mutations that prevent binding of
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either drug alone. Even with development of third generation mTOR inhibitors, concerns about
toxicity remain. Additionally, mTORCL1 inhibition, even within the context of mTORC2 inhibition,
may promote tumor cell proliferation under nutrient-stressed conditions, as evidenced by the
mutant KRAS pancreatic ductal carcinoma tumor model (109). Therefore, it will be important to
investigate the impact of TOR-KIs on macropinocytosis and autophagy in distinct tumor types

under both nutrient replete and deprived conditions.

Small molecular weight kinase inhibitors capable of simultaneous blockade of mMTOR
and PI3K have also been developed (Table 1.2). As expected, these inhibitors overcome the
limitations of rapalogs and inhibit mMTORC2-independent activation of AKT, while providing
superior blockade of resurgent PI3K activity. Unfortunately, Phase | clinical trials using
PI3K/mTOR dual kinase inhibitors revealed significant dose-limiting on-target toxicities
(143,144), consistent with the important roles these enzymes fulfill in homeostasis of healthy

tissues and systemic metabolism.

There is significant interest in developing mTORC2 specific inhibitors that will leave the
activities of mMTORC1 intact. Selectively targeting the mTORC2 branch may avoid feedback loop
inhibition caused by rapalogs and may be particularly effective in vascularly compromised
tumors under metabolic stress. As an added and important benefit, toxicities related to
mMTORCL1 inhibition, including lesions within the oral mucosa, rash, and immune suppression,
may also be reduced. Notably, genomic aberrations in Rictor and Sinl have been identified in
several tumor types (58,129,130,132) and patients with these genetic alterations may benefit

from an mTORC2 specific inhibitor.
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Drug Drug Name | Published Cancer Type Referen | Active | Combination
Target Clinical ces Clinical Therapy
Trial Trials
mTOR | OSI-027 Phase | Advanced solid (145)
kinase tumors
inhibitor | AZD2014 Phase I/ll | Advanced solid (141,14 | 18 -Paclitaxel
tumors, clear cell | 6) -AZD5363
renal cancer -Selumetinib
-Palbociclib
-fulvestrant
-rituximab
-anastrozole
-olaparib
AZD8055 Phase | Advanced solid (140)
tumors,
lymphoma
CcC223 Phase | Advanced solid (147) 2 -CC122 or
tumors, multiple CC292 +/-
myeloma Rituxumab
MLNO0128 None 10 -Paclitaxel
available -Bevacizumab
-MLN1117
-Alisertib or
Paclitaxel or
Cetuximab or
Irenotecan
-Exemestane
or Fulvestrant
PI3K/mT | BEZ235 Phase I/ll | Advanced solid (148- 1
OR dual tumors, 150)
inhibitor transitional cell
carcinoma,
pancreatic
neuroendocrine
tumors
XL765/SAR | Phase | Advanced solid (144,15
254409 tumors, high- 1-153)
grade glioma,
lymphoma
GDC0980 Phase I/l Advanced solid (154,15 |2 -Fulvestrant
tumors, 5) -Abiraterone
metastatic renal Acetate
cell carcinoma
PKI1587 Phase | Advanced solid (156) 3 -Carboplatin

tumors

and paclitaxel
-Docetaxel or
Cisplatin or
Dacomitinib
-Palbociclib
and Faslodex
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GSK21264 | Phase | Advanced solid (157)

58 tumors

PF0469150 | Phase I/l Advanced solid (143,15

2 tumors, 8)
endometrial
cancer

SF1126 Phase | Advanced solid (159) 1
tumors, B-cell
malignancies

BGT226 Phase | Advanced solid (160)
tumors

Table 1.2 mTOR inhibitors in clinical trials as of July 2015

mTOR in Vasculature

In addition to its essential role in tumor cells, mTOR signaling is critical in the tumor
microenvironment (TME) (Table 1.3). For example, mTOR is key for tumor angiogenesis
(161,162), a well-studied hallmark of cancer. In response to oxygen and/or nutrient deprivation,
tumor cells secrete factors that recruit new vessel formation to support the growing tumor.
Blockade of tumor angiogenesis would effectively limit tumor growth. Additionally, tumor vessels
provide a route for tumor cells to disseminate to distant sites; as such, blockade of tumor

angiogenesis could be harnessed to prevent tumor metastasis.

Hypoxia in the tumor stimulates angiogenesis via HIF transcription factors. In some
cases, oncogenic mTOR signaling can actively promote cap-dependent translation of HIF-1a
(163,164). HIF-1a activates expression of proangiogenic factors that are secreted by the tumor
cell, including vascular endothelial growth factor (VEGF). VEGF binds to the VEGF receptors on
the surface of vascular endothelial cells, to promote angiogenesis. Interestingly, loss of the
MTORCL1 negative regulator TSC1 from vascular endothelial cells drives proliferative lesions
resembling lymphangiosarcoma, suggesting that mTORCL1 is a dominant driver of endothelial
cell proliferation(165), although evidence suggests mMTORC2 could also play a role in

endothelial cell proliferation through downstream effector PKCa (166). TSC1-deficient

26




lymphangiosarcoma formation was suppressed not only by rapamycin, but also was by

inhibitors of VEGF, defining a mTORC1-VEGF feed-forward loop in the angiogenic process that

drives endothelial cell proliferation, survival, and vascular assembly (165). Rapalogs have been

successful in treating highly vascularized tumors like Kaposi’'s sarcoma and renal cancer.

Tumor Cell Endothelial Cell
mMTORC1
Cell Size and Proliferation Refs. 36,37 Autocrine VEGF signaling Refs.
through HIF-1a translation 100,109,110
Metabolic Reprogramming: Refs. 50-57, | Vessel Permeability Ref. 101
glycolysis, glutaminolysis, 59
nucleotide synthesis,
lipogenesis
Stimulation of Angiogenesis Refs. 97-99, | Cell Proliferation Ref. 96,100
126-128
MTORC2
Cell Survival Ref.71 Vessel Morphology and Refs.
Permeability 101,105
Metabolic reprogramming: Refs. 73,77 Cell Proliferation and Vascular | Ref. 101
glycolysis, hypoxic response Assembly
Chemotherapy Resistance Refs. 75 Metabolic Activity Ref.106-108

Table 1.3 Function of mMTORC1 and mTORC2 in tumor and endothelial cells
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Interest in mMTORC?2 activity in the tumor vasculature was initiated with the observation
that mMTORC2 loss from endothelial cells causes deficiencies in physiological vascular
development (173). Importantly, mTORC2 signaling has been implicated in sprouting
angiogenesis stimulated by VEGF (174) and CXCL12 (175), both factors secreted by tumor
cells to promote a more favorable microenvironment. Downstream of mTORC2, aberrant AKT
signaling within the vascular endothelium promotes the tortuous and leaky vascular structures
often associated with tumors (172). AKT has also been shown to primarily regulate vascular
endothelial cell assembly (166). FoxO1, a substrate of the mTORC2 effectors AKT and SGK,
has also been implicated in endothelial cell viability (176), growth (177), and metabolism (178).
Since AKT can also activate mTORC1], it is possible that mMTORC2 may have regulatory

functions in the autocrine VEGF signaling within the vascular endothelium (165,167,168).

The use of mTOR inhibitors in treating cancers has provided insight into the effects of
these inhibitors on the tumor vasculature. Everolimus, like VEGF inhibitors, decreased the
tumor vasculature associated with a variety of solid tumor cell lines. While VEGF inhibitors were
more potent at blocking formation of new vessels, everolimus was effective at reducing the
viability of existing vessels (179). Consistent with the ability of everolimus to impair the integrity
of existing tumor vasculature, radiation therapy caused excess damage to vascular endothelial

cells upon mTOR kinase inhibition (180,181).

MTOR in Tumor Immunity

Along with the tumor vasculature, the immune system is another facet of the TME that
supports tumor initiation, progression, and metastasis, as tumor cells must actively evade
immune surveillance to prevent eradication by the host. Tumors often express
immunosuppressive ‘checkpoint’ markers such as CTLA-4 and PD-L1/PD-L2, that anergize

CD8+ T-cells that would otherwise mount a cytotoxic attack (182). Inhibiting these immune
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checkpoints allows cytotoxic CD8+ T-cell activation and anti-tumor immune responses. Anti-PD-
1/PD-L1 therapy has been extraordinarily successful in the treatment of melanoma patients and

is currently in clinical trials for many other types of cancer.

A recent study in non-small cell lung cancer cells demonstrated that hyperactivated AKT-
MTOR signaling directly increases PD-L1 expression (183). Interestingly, melanoma tumors
grown in immunocompromised mice still respond to anti-PD1 therapy, suggesting a tumor
intrinsic role for these immune checkpoint molecules (184). Further investigation showed that
PD-1/PD-L1 interaction on tumor cells signals through mTORC1 to promote tumor cell
proliferation. Together, these data suggest combination of checkpoint inhibitors and mTOR

inhibition may be more efficacious than either therapy alone.

mMTOR signaling within the immune cells themselves also deserves scrutiny, since
rapamycin was first used in the clinic as an immune suppressant in organ transplant patients.
The role of MTOR signaling in determining the fates of helper T cells has been relatively well
defined. mMTORC1 activity is predominately associated with Th1 differentiation and anti-tumor
immunity (185). Inhibition of mMTORCL1 using rapalogs or rapamycin encourages engraftment in
organ transplant patients through inhibition of cytotoxic immunity, particularly through expansion
of CD4+regulatory T cells (Treg) (186). In contrast to mTORC1, mTORC2 activity is often
associated with immune suppressive Th2 phenotypes (185,187). This is regulated by mTORC2
downstream effector, SGK, which when depleted, limits differentiation of Th2 CD4+ T-cells

(188).

In addition to CD4+ T-cells, mTOR signaling also regulates CD8+ T-cell effector function
and differentiation, both important processes for mounting an immune response towards tumor
cells. The role of MTORC1 as a regulator of CD8+ T-cell effector function has been well-defined

by genetic deletion of the mTORC1 suppressor TSC2 in T-lymphocytes which resulted in
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mMTORCL1 upregulation and profound CD8+ T-cell effector function (189). Conversely, the role of
MTOR signaling in establishing CD8+ memory T-cells has yet to be clearly defined. Rapamycin
treatment reduced mTORCL1 activity and increased CD8+ memory T-cell formation (190).
Contrarily, other reports suggest that memory T-cell formation is predominately regulated by the
MTORC?2 pathway, as demonstrated by an increase in memory T-cell formation upon genetic
deletion of Rictor in T-lymphocytes (189,191). This discrepancy may be explained by the ability
for rapamycin to inhibit mMTORC2 in certain cell types, which would confirm the role of mMTORC2

as the predominant regulator of memory T-cell differentiation.

While the role of T-cells is currently most well-studied in terms of mTOR signaling and
tumor immunity, there is also evidence that mTOR signaling plays a role in other immune cells
that could be important in the tumor microenvironment. TSC2 deletion in myeloid lineages
increased MTORC1 signaling and blocked differentiation of macrophages towards an M2
phenotype, the phenotype most closely correlating to pro-malignant and immune suppressive
tumor-associated macrophages (TAMs) (192). Although the roles played by B cells in tumor
immunity is less understood, it is known B-cells can promote inflammation and carcinogenesis,
as well as regulate anti-tumor T-cell responses. mTOR signaling is implicated in physiological B
cell maturation, survival and proliferation, suggesting a possible role for mTOR in antibody-

mediated regulation of tumor immunity (193).

Summary and Thesis Projects

Increasing investigations of MTOR signaling in cancer cells and throughout the complex
TME has provided the platforms from which new studies will reveal a more refined
understanding of mTOR within each tumor compartment, the distinct and intertwining roles of
MTORC1 and mTORC2, and how this knowledge can be applied towards novel therapeutic

strategies that will safely and effectively eradicate cancers. The following three chapters of this
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dissertation aim to answer some of these questions. The first chapter examines the role of
mLST8, a shared mTOR co-factor, as a molecular scaffold required for integrity and function of
MTORC2, but not mTORCL1. We knocked out mLST8 using CRISPR-Cas9 genome editing
technology in a panel of cancer and “normal” cell lines and showed that mLST8 was only
required for mTORC2, not mTORC1, integrity and downstream signaling as judged by co-
immunoprecipitation of the mTOR complex components and immunoblotting for phosphorylation
of downstream targets. This was phenocopied by mLST8 mutants lacking the ability to bind to
MTOR. We also expressed a series of Sinl truncation mutants and determined that the N-
terminal domain of Sinl interacts with mLST8 in mTORC2. These data suggest the mechanism
for the mTORC2-specific requirement of mMLST8 comes from its role as a scaffold bridging the
MTOR kinase and mTORC2-specific component Sinl. Mutation of the mTOR-binding interface
on mLST8 in PTEN-null prostate cancer cells inhibited tumor growth in mouse xenograft models.
This demonstrated that mLST8 is a novel target for mTORC2-specific inhibition, and this
strategy may be useful in targeting mTORC2-dependent cancers. The second chapter
examines the mechanism by which RICTOR amplification can drive mTORC2 activity and
promote lung tumor growth. We used both traditional CRISPR-Cas9 and CRISPR Synergistic
Activation Mediator techniques to knockout or overexpress Rictor in NSCLC cells, respectively.
When Rictor expression levels were altered in either direction, we saw corresponding changes
in levels in mTORC2 through both proximity ligation assays and co-immunoprecipitation
experiments. However, mTORC1 levels were always inversely correlated suggesting a
competitive relationship between mTORC1 and mTORC?2 for shared co-factors. We also
demonstrate the overexpression of Rictor can promote NSCLC proliferation in vitro and in vivo.
Taking from the observations in Chapter Il, we knocked mLST8 to inhibit mMTORC2 in RICTOR-
amplified NSCLC in vivo, and showed that tumor size and proliferation were reduced, again
demonstrating mLST8 can be targeted to inhibit mMTORC2 and be used as a therapeutic in
MTORC2-dependent cancers. Finally, the third chapter of this dissertation summarizes our
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findings and discusses remaining questions regarding mTOR signaling in the tumor and

surrounding tumor microenvironment.
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Chapter Il

Disruption of the scaffolding function of mLST8 selectively inhibits mTORC2 assembly

and function and suppresses mTORC2-dependent tumor growth in vivo

The work presented in this section is published in Cancer Research.

Abstract

Mechanistic target of rapamycin (nTOR) is a serine/threonine kinase that acts in two
distinct complexes, mTORC1 and mTORC2, and is dysregulated in many diseases including
cancer. mLST8 is a shared component of both mTORC1 and mTORC2, yet little is known
regarding how mLST8 contributes to assembly and activity of the mTOR complexes. Here we
assessed mLST8 loss in a panel of normal and cancer cells and observed little to no impact on
assembly or activity of mTORCL1. However, mLST8 loss blocked mTOR association with
MTORC?2 cofactors RICTOR and SIN1, thus abrogating mTORC2 activity. Similarly, a single
pair of mutations on mLST8 with a corresponding mutation on mTOR interfered with mTORC2
assembly and activity without affecting mMTORC1. We also discovered a direct interaction
between mLST8 and the NHz-terminal domain of the mTORC2 co-factor SIN1. In PTEN-null
prostate cancer xenografts, mLST8 mutations disrupting the mTOR interaction motif inhibited
AKT S473 phosphorylation and decreased tumor cell proliferation and tumor growth in vivo.
Together these data suggest that the scaffolding function of mLST8 is critical for assembly and
activity of mTORC2, but not mTORC1, an observation which could enable therapeutic

MTORC2-selective inhibition as a therapeutic strategy.

Significance
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Findings show that mLST8 functions as a scaffold to maintain mTORC2 integrity and

kinase activity, unveiling a new avenue for development of mTORC2-specific inhibitors.

Introduction

Mechanistic target of rapamycin (mTOR) is a serine/threonine kinase controlling multiple
cellular processes including cell growth, survival, metabolism, and cytoskeletal reorganization
(194,195). mTOR functions in two distinct complexes, mMTORC1 and mTORC2, both of which
share the mTOR kinase and mLST8, but also contain components unique to each complex
(Raptor for mTORC1; Rictor and SIN1 for mTORC2). While tremendous progress has been
made in understanding the regulation and function of mMTORC1/2, the specific role of mLST8 in
each complex is less well defined. Although originally identified as an mTORCL1 subunit (196),
increasing evidence suggests that mLST8 is dispensable for mMTORC1, but indispensable for
MTORC?2 activity (173,197). However, the molecular mechanisms underlying the requirement

for mLST8 in mTORC2 activation remain unclear.

In this report, we identify interaction points between mLST8 and mTOR, which when
disrupted, specifically impair mTORC2 assembly and activity without affecting mTORCL.
Furthermore, we found a direct interaction between mLST8 and SIN1 and further identified the
region of the SIN1 NH»-terminal domain that interacts with mLST8. We found that prostate
cancer xenografts expressing the mLST8 mutant incapable of mTOR interaction displayed
impaired mTORC2 signaling in vivo and reduced tumor growth, suggesting that targeted
disruption of mMLST8-mTOR interactions could be employed as a therapeutic strategy to

selectively target mMTORC2, while sparing the activity of mTORC1.

Materials and Methods

Cell lines and cell culture
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Human embryonic kidney 293T (HEK293T) cells, BT-549, DU159, and PC3 cells were obtained
from ATCC and maintained in Dulbecco’s Modified Eagle’s Medium (DMEM) containing 10 %
fetal bovine serum (FBS). HEK293FT were obtained from Thermo Scientific and maintained in
DMEM containing 10% FBS. Primary and immortalized human bronchial epithelial cells BEAS
2B cells were maintained in RPMI media containing 10% FBS. Normal human dermal fibroblast
(NHDF) were obtained from Lonza. NHDF cells were cultured according to the manufacturer’'s
protocol using the FGM-2 Bullet kit. All cells were cultured in a humidified incubator with 5%
CO; at 37°C. Cell lines were used between passages 1 and 50 after thaw. Cell lines from ATCC
were authenticated using short tandem repeat profiling. Mycoplasma testing was performed

every 6 months, most recently in January 2019, using the PlasmoTest kit from Invivogen.

Generation of the mTOR E2285A knock-in cell line by CRISPR-Cas9 technology

The mTOR E2285A knock-in under MLST8 knockout background cell line was generated using
the CRISPR/Cas9 technology. The sgRNA targeting the genomic sequence close to the codon
of the 2285 glutamate residue on mTOR was designed using the CRISPR design tool

(http://crispr.mit.edu) and cloned into pSpCas9(BB)-2A-GFP vector. Single-stranded

oligodeoxynucleotides (ssODNSs) were used as the template for the E2285A mutation and a
synonymous change to the PAM site. For ease of genotyping, a Sphl site near the target was
mutated synonymously. The Cas9/sgRNA construct and the ssODNs were co-transfected into
MLST8 KO HEK293T cells. 48 hours post-transfection, transfected cells were seeded into a 96-
well plate by limited dilution. The genomic DNA of individual clones was extracted to amplify the
DNA fragment containing the E2285 site. PCR products were digested by Sphl-HF to screen for
correct clones. Knock-in mutations were verified by the Sanger sequencing of cloned genomic

PCR. sgRNA oligos, primers for genomic PCR and ssODN are listed in Table 2.1.

Xenograft Assay
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5 x 10° cells suspended in 100 uL of Matrigel and PBS (1:1) were injected into the hind flanks of
6-week old athymic nude mice (Foxnl1™; Envigo). Tumor measurements were started 10 days
after injection and were monitored for 3 weeks. Tumors were measured every 2-3 days with
digital calipers and tumor volume calculated according to the formula (V=4/311(1/2)(h/2)(w/2)).
Data are presented as mean + SEM (n=10). Two-way ANOVA with Bonferroni’s Correction was
used for statistical analysis. Experiments with mice were pre-approved by the Vanderbilt
Institutional Animal Care and Use Committee and followed all state and federal rules and
regulations.

Plasmids

CRISPR-Cas9 backbone vectors were obtained from Addgene and guide RNA sequences were
cloned into the vector according to depositor's instructions. Guide RNA primers are listed in
Table 2.1. Guide RNA resistant wild-type and mutant mLST8 ORF were synthesized and cloned
into lentiviral expression vector plentiCMV-Blast using the Gibson assembly kit. Full-length
MTOR expression vector was obtained from Addgene and mutated by Q5 site-directed
mutagenesis kit. Full-length SIN1 ORF was cloned into TagGFP2 vector from Evrogene and
deletion mutants were mutated using the Q5 site-directed mutagenesis Kit. All constructs are

available at Addgene.

Lentivirus production and transduction

CRISPR-Cas9 knock-out and stable expression cell lines were established using the lentiviral
delivery system. Briefly, lentiviruses were packaged in HEK293FT cells by transfecting cells with
CRISPR or expression plasmids together with psPAX2 (lentiviral packaging) and pCMV-VSV-G
(envelope) plasmids at 1:1:1 molar ratio using the Lipofectamine 2000 Reagent. Media was
changed after 6 hrs of transfection and virus was collected after 48~72 hrs. Indicated cells were

infected with virus in the presence of 8 ug/ml Polybrene for 24 hr and selected with 1~2 ug/mi
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Puromycin or 20~40 ug/ml Blasticidin for about one week to establish stable cell lines before

being used for experiments.

Western Blot and Co-immunoprecipitation (Co-IP)

Cultured cells or tumor tissue were lysed with CHAPS lysis buffer (40 mM Tris, pH 7.5, 120 mM
NaCl, 1 mM EDTA, 0.3% CHAPS) and RIPA buffer, respectively supplemented with protease
inhibitors and phosphatase inhibitors (Complete Mini and PhosStop inhibitor cocktail, Roche).
Protein concentration of each sample was determined by Pierce BCA Protein Assay kit. Equal
amounts of protein extracts were mixed with 4x Laemmli sample buffer and separated by
electrophoresis on 10% or 4%—-20% SDS-PAGE Gel, and then transferred onto nitrocellulose
membranes. Membranes were blocked with 5% skim milk in TBS/T buffer and incubated with
corresponding primary antibodies and IRdye-conjugated secondary antibodies.
Immunoreactivity was detected using the Odyssey scanner (Li-cor Biosciences). To perform
immunoprecipitation, equal amounts of input lysates (2~4 mg) were incubated with the primary
antibodies (1~2 ug) for 2 hrs to overnight at 4°C. Protein G Dynabeads were added and lysates
were incubated for 1 hr and washed four times with CHAPS lysis buffer. For western blot
analysis, 2~5% of input lysate or immunoprecipitate was separated by SDS—PAGE and probed

with indicated antibodies.

In Vitro Kinase Assay

Cells were lysed as described above using CHAPS lysis buffer and lysates were subjected to IP
using anti-mTOR for mTORC2 kinase assay and anti-Raptor for mTORCL1 kinase assay at 4°C
overnight. Immunoprecipitated mTOR complexes were washed once with kinase reaction buffer
(25 mM HEPES pH 7.4, 50 mM KCI, 10 mM MgCl,). Kinase assays were carried out by
incubating immunoprecipitated mTOR complexes, recombinant AKT1 or S6K1 in 20 pl of kinase
reaction buffer together with 50 uM cold ATP and 10 uCi [y-32P] ATP for 30 min at 30°C. GST-
S6K1 was purified from HA-GST PreScission-p70S6K1 (Addgene #15511) transfected
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HEK293FT cells with GSTrap FF glutathione column and eluent was desalted and adjusted to

0.2 yg/ul. Reactions were terminated by adding 4x Laemmli sample buffer, separated by SDS-

PAGE and transferred onto nitrocellulose membranes. Radioactivity was determined by

autoradiography on X-ray film and complex components and substrate proteins were probed

with indicated antibodies.

Names Sequence (5’—3’) Remark/Reference
sgRNA oligos for cloning (guide RNA sequences are capitalized)
SsgMLSTS #1 caccgCTGCAGGCTACGACCACACC
aaacGGTGTGGTCGTAGCCTGCAGC
SgMLST8 #2 cacCcgCTGGATGTACACGGGCGGCG
a2aacCGCCGCCCGTGTACATCCAGc (198,199)
sgMLSTS #3 caccgCAACAAGAACATCGCGTCTG ’
aaacCAGACGCGATGTTCTTGTTGc
sgMLSTS #4 caccgGCTATGTCTGGAATCTGACG
aaacCGTCAGATTCCAGACATAGCc
sgMLST8 #1- caccgTGGAGTTGAGATCATACATG
Mm aaacCATGTATGATCTCAACTCCAcC
sgMLST8 #2- caccgTATGTCTGGAACCTGACAGG
Mm aaacCCTGTCAGGTTCCAGACATAC
SgMTOR_exon caccgGACTCTGATGCAGAAGGTGG
49 aaacCCACCTTCTGCATCAGAGTCc This study
SgMAPKAP1 caccgTGACACGGGAATGTGTGAGA
(SIN1) #1 aaacTCTCACACATTCCCGTGTCAC
SgMAPKAP1 caccgTGAGGTAATATCGACTGACT
#2 aaaCcAGTCAGTCGATATTACCTCAc
SgMAPKAP1 caccgTGCTGGCAGTATACAAGCGA
#3 2aacTCGCTTGTATACTGCCAGCAc
Genomic PCR Primers
MLST8 Ex7-F ggcatccttccctgtgtctc 153 bp
MLST8 Ex7-R cgtgtgggcagggatcttag
SIN1 Ex2-F gaccagtgatgacacgggaa 531 bp
SIN1 Ex2-R ccattcgcagtcgcagagat
MTOR Ex49-F ctctcatctgcacagaaggcct 485 bp
MTOR Ex49-R cgctgtgtgcacatgaacagat
ssODN
cagtggcctacctcggagctggggcttttcagccacagcagcttgg
mTOg OE §r2 85A ccaggtcgtccccagctgtattattgacggcatg TtcaaacacAG This study
ccaccttctgcatcagagtcaagtggtcatagtccggagc
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Table 2.1. DNA oligonucleotide sequences used in Chapter Il.
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Results

mLST8 is required for mTORC2, but not mTORC1, integrity and function

We generated 293T cells carrying loss of function indel mutations in the MLST8 gene by
CRISPR/Cas9-mediated genome editing, using multiple sgRNAs targeting human MLST8 exon
2,4, or 7 (Figure 2.2A) and confirmed loss of mLST8 protein expression (Figure 2.1A). mLST8
loss impaired co-precipitation of mMTOR with the mTORC2 cofactors RICTOR and SIN1, without
affecting the mTORCL1 cofactor, RAPTOR. Consistent with the idea that mLST8 loss impairs
mTORC2, mLST8-deficient cells displayed decreased pAKTS®“"3 the mTORC2 phosphorylation
site, under steady-state growth conditions (Figure 2.1A), or in response to amino acid or serum
induction (Figure 2.1B). Phosphorylation of other mTORC2 downstream effectors such as PKC
and NDRG1 were also reduced (Figure 2.1A) with no impact on phosphorylation of the
mTORC1 substrate S6K1™48° or mTORC1 effector S6RP. In vitro kinase assays performed
using mMTOR immunoprecipitates (IPs) from 293T cells lacking mLST8 showed strongly
diminished phosphorylation of 6His-Akt (Figure 2.1C). In contrast, RAPTOR IPs from cells
lacking mLST8 phosphorylated GST-S6K1 in vitro at similar levels to those from control cells
expressing mLST8 (Figure 2.2B). These findings agree with recent data demonstrating that
mLST8 is important for mTORC2 activity, but is dispensable for mTORCL1 signaling, despite
being a component of the mMTORC1 holoenzyme. Importantly, restoration of mLST8 expression
in several individually selected mLST8-deficient 293T cell clones (293T-sgMLST8) rescued co-
precipitation of RICTOR and SIN1 with mTOR, as well as pAKTS®"3 (Figure 2.1D). We

confirmed our findings in a panel of human and murine cell lines. (Figure 2.2C&D).
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Figure 2.1. mLST8 is required for assembly and activity of mTORC2. (A) mTOR IPs or cell
lysates from sgControl or sgMLST8 293T cells were assessed by western analysis. (B)
sgControl or sgMLST8 293T cells were leucine or serum starved overnight, pulsed with L-
leucine or 10% serum, and cell lysates were assessed by western analysis. (C)
Immunoprecipitated mTOR complexes were incubated with purified 6His-AKT1 and *?P-y
labeled ATP. Kinase activity was detected by autoradiography. (D) Wildtype mLST8 was re-
expressed in a 293T-mLST8 knockout cell clone (sgRNA #4). mTOR IPs or cell lysates were

assessed by western analysis.
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Figure 2.2. Supplemental figure related to Figure 2.1 (A) Schematic Representation of the
human MLSTS8 locus with guideRNAs and genotyping primer locations. (B) Cell lysates from
293T cells expressing Cas9 with either sgControl or sgMLST8 were immunoprecipitated for
Raptor and incubated with purified GST-S6K1 and 32P-y labeled ATP. Kinase activity was
detected by autoradiography and IP and whole cell lysates were assessed using the indicated
antibodies. (C&D) Whole cell lysates from DU145, PC3, BEAS-2B, BT549, NHDF, and NIH-3T3
cells expressing Cas9 and either sgControl or sgMLST8 were assessed by western analysis
using indicated antibodies.
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mLST8 mutations that uncouple binding to LBE domain of mTOR disrupt mTORC2

complex formation and signaling

Previous analyses of the mLST8-mTOR kinase crystal structure identified structural
areas of mTOR and mLST8 that might interact through formation of hydrogen bonds(56). In
mLST8, the interaction points may occur across six of seven WD40 repeat domains that
cooperate to form a beta-propeller structure(56). We introduced mLST8 point mutations at
evolutionarily conserved residues predicted to be involved in hydrogen bonds, where important
interactions with mTOR would most likely occur (Figure 2.4A). These mutations included
mMLST8-Q44E/N46L (mLST8M), and mLST8-W272F/W274F (mLST8M2, Figure 2.3A and
Figure 2.4A). mLST8YT, mLST8M, and mLST8M"? were expressed in an mLST8-deficient
293T-sgMLSTS8 cell clone, as was mLST8M"2 harboring Q44E, N46L, W272F, and W274F
mutations. Expression of each mLST8 species was confirmed by western analysis (Figure
2.3B). Co-precipitation of mTOR with RICTOR and SIN1 was seen in cells expressing mLST8WT,
mLST8M and mLST8M2, but not in cells expressing mLST8M2. RAPTOR co-precipitation
with mTOR was not affected by any mutation in mLST8 (Figure 2.3B), consistent with the idea
that mLST8 is not necessary for mTORC1 assembly. Notably, cells expressing mLSTgM /2
exhibited far less pAKTS®#"3 as compared to cells expressing mLST8WT, mLST8M " or
mLST8M2 (Figure 2.3B). This was confirmed by in vitro kinase assays (Figure 2.4B).

A reciprocal approach was used to confirm these results, by introducing mutations into mTOR at
the predicted site of its interaction with mLST8 amino acids 272/274 (Figure 2.3A), and thus
was expected to mimic the effects of mLST8M2, Transfection of 293T cells with mTOR
expression constructs confirmed that mTORE228%A produced a functional mTOR protein capable
of co-precipitation with mTORC2 components, including wild-type mLST8 (Figure 2.3C). The
mTORE?285A mutation was knocked-in to the endogenous mTOR gene in a 293T-sgMLST8 cell

clone, which was confirmed by sequencing of genomic DNA (Figure 2.4C). Expression of
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mTORE228%A with wild-type mLST8 was permissive for mTORC2 assembly, as assessed by co-
precipitation of RICTOR with mTOR (Figure 2.3D). However, a combination of mTORE2285A
knock-in with mLST8M! expression completely abolished mTORC2 assembly, and blocked
pAKTSe3 These data indicate that compromised mTORC?2 integrity with mLST8M2 were not
due to disruption of overall conformation of mLST8 by introducing the mutations but caused by

elimination of the interaction with mTOR.
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Figure 2.3. Mutations disrupting mTOR-mLST8 interface affect mMTORC2 assembly and
function. (A) The structure of the mTOR-mLST8 interface generated from the mTORAN-mLST8
crystal structure (PDB ID: 4JSN; Yang et al., 2013) using PyMol software. Conserved residues
proposed as hydrogen bonding sites between mTOR (blue) and mLST8 (brown) are shown. (B)
MTOR IPs, Flag IPs, and cell lysates from 293T-sgMLST8 cells (SgRNA #4) expressing wild-
type or mutant mLST8 were assessed by western analysis. (C) Western analysis of Flag IPs
and cell lysates from 293T cells expressing mTORWT or mTORE#2854, (D) Western analysis of
mTOR IPs, Flag IPs, and cell lysates from 293T-sgMLST8 cells, with or without the mTORE?285A
knock in, expressing wild-type or mutant mLST8.
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mMLST8 serves as a molecular bridge between mTOR and SIN1

Recent Cryo-EM structural analyses of yeast TORC2 revealed that LST8 is sandwiched
between Avol (the yeast SIN1 homologue) and TOR kinase(59,200). In contrast, cryo-EM
studies of human mTORC1 show that mLST8 is not sandwiched or embedded within mMTORC1,
but rather protrudes from the structure core, leaving mLST8 highly exposed(56). This does not
rule out a potential role of mMLST8 in mTORC1 regulation but may explain why mLST8 is critical
for assembly and function distinctly of mMTORC2. We directly tested this hypothesis by

mutational analysis of SIN1 and co-immunoprecipitation of mMTORC2 components.

To determine if MLST8 is a molecular bridge between mTOR and SIN1 in human
MTORC?2, we first assessed mLST8-SIN1 interactions by co-IP. 293T cell clones deficient for
SIN1 (293T-sgSIN1) were generated by CRISPR/Cas9 gene editing of the SIN1-encoding gene,
MAPKAP1 (Figure 2.6A). Phosphorylation of AKTS®"3 was completely abolished in SIN1-
deficient cells (Figure 2.6B). Next, SIN1 expression was reconstituted in 293T-sgSIN1 cells
using expression of a SIN1-green fluorescent protein (GFP) fusion construct bearing wild-type
SIN1 (SIN1IYT), or a SIN1 mutant bearing deletions of the NH,-terminal 136 amino acids (SIN12"
136) conserved CRIM region (SIN12CRM) or the PH domain (SIN12PH) (Figure 2.6C). mTOR and
RICTOR each co-precipitated with GFP in cells expressing SIN1WT, SIN1ACRM and SIN12PH, but
not in cells expressing SIN12'1%¢ (Figure 2.5A), suggesting that the SIN1 NH,-terminal domain
is key for interaction with mTORC2 co-factors. Further, cells expressing SIN12¢RM or SIN1A1-136
showed decreased pAKTS®“"3 consistent with decreased mTORC?2 signaling. Notably, the
CRIM domain of SIN1 has a known interaction site with AKT and other AGC kinases(201),

explaining the reduced pAKT in these cells (Figure 2.5A).

Examination of the SIN1 NH.-terminus revealed that expression of a SIN1 fragment

comprised solely of aal-136 was sufficient for co-precipitation of mMTOR with SIN1 in cells
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otherwise deficient for SIN1, presumably through a direct interaction between SIN1 and mLST8
(Figure 2.5B). Further characterization of the NH, terminal domain by expression of sequential
deletion mutants (Figure 2.6C) in 293T cell clones lacking SIN1 expression identified aa97-127,
as the required region for mLST8 binding (Figure 2.5C). Importantly, cells expressing
mLST8M"2 retain a level of co-precipitation with SIN1 (Figure 2.5D), despite the fact that
mLST8M2 does not support complex formation between mTOR and SIN1. Interestingly, SIN1
co-precipitation of RICTOR was not affected by disruption of mTOR-mLST8 binding (Figure
2.5D), suggesting mLST8 brings SIN1 and RICTOR together with mTOR to build the mTORC2
complex. These data are in agreement with previous studies in yeast describing potential sites
of interaction between Avol and LST8 within the aa98-136 region of LST8 (Figure 2.6D)(59).
Collectively, these data support the hypothesis that mLST8 is the key molecular bridge between

mTOR and the mMTORC2-specific component, SIN1.
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Figure 2.5. SIN1 NHz-terminal domain binds to mLST8. (A-D) 293T-sgSIN1 cells (Sinl KO),
and 293T-sgMLST8/sgSIN1 cells (Sinl and mLST8 duel KO), were generated by
CRISPR/Cas9-mediated gene editing (sSgRNA #4) and reconstituted with GFP-SIN1 (A-D)
and/or Flag-tagged mLST8 (D). GFP IPs or whole cell lysates were assessed by western
analysis.
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Figure 2.6. Supplemental figure related to Figure 2.5. (A) Schematic representation of the
human MAPKAP1 locus (encoding SIN1) with guide RNA locations. (B) Western blot analysis
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mLST8 point mutations that block mLST8-mTOR interactions impair mTORC2 signaling

and tumor growth in vivo.

Given that mLST8 is required for mTORC2 signaling yet remains dispensable for
MTORCL signaling, it is possible that therapeutic approaches aimed at targeted disruption of
mLST8-mTOR interactions might be used for selective targeting of mMTORC2 in the setting of
cancer. Notably, PTEN-null PC3 human prostate tumor cells require PI3BK-mTORC2 signaling
for cell survival(120), making these an ideal model in which to test this potential strategy for

selective mTORC2 inhibition.

We generated mLST8-deficient PC3 cell clones (PC3-sgMLST8), which were confirmed
by western analysis to lack mLST8 expression, mTORC2 assembly, and pAKTS®“"3 (Figure
2.7A). A PC3-sgMLST8 cell clone was reconstituted with mLST8VT or with mLST8M""2 the
mLST8 mutant lacking specific mTOR-interaction points (Figure 2.3). Ectopic mLST8"T, but not
mLST8MY2 co-precipitated with mTOR in PC3-sgMLST8 cells, and rescued pAKTS®™“73 (Figure
2.7A), confirming that this approach successfully blocked mTORC2 signaling within the setting
of increased PI3K activity driven by PTEN-loss. Compared to parental PC3 cells, PC3-sgMLST8
cells grew at a markedly reduced rate (Figure 2.7B). Although expression of mLST8"T restored
the growth rate of PC3-sgMLST8 cells, mLST8""2 did not. The reduction in cell growth caused
by loss of mMLST8 was mimicked by loss of SIN1, suggesting that mLST8 is an mTORC2-
specific regulatory cofactor (Figures 2.8A&B). Further, PC3-sgMLST8 cells reconstituted with
mLST8M2 generated tumors that were nearly 5 times smaller in volume and with a 2.5-fold
decrease in final tumor weight (Figure 2.7C). pAKT®®""3 was markedly diminished in PC3-
sgMLST8 tumors expressing mLST8MU2 consistent with inhibition of MTORC2 signaling in vivo,
although pS6K1 was similar in both (Figure 2.7D). Tumor cell proliferation, measured by Ki-67
staining, was significantly decreased in tumors expressing mLST8M“V2 while tumor cell death,

as measured by cleaved Caspase-3 staining, was modestly elevated (Figure 2.8C). Collectively,
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these results show that disruption of the mLST8-mTOR interaction can be used for selective

inhibition of MTORC2 in cancer.
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Figure 2.7. mLST8-mTOR uncoupling mutations inhibit PTEN-null prostate cancer growth.
(A-D) PC3-sgMLSTS cells were generated by CRISPR/Cas9-mediated gene editing using
sgRNA #1 and reconstituted with mLST8"T or mLST8M"2, (A) mTOR IPs or whole cell lysates
were assessed by western analysis. (B) Cell viability was measured by MTT assay (N=3
biological replicates). (C-D) PC3-sgMLST8 xenografts expressing mLST8WT or mLST8MY2 were
generated in contralateral flanks of male athymic mice. (C) Tumor volume and mass was
measured. Data are presented as average + SEM (n=10/group). (D) Tumor lysates from
matched pairs of contralateral tumors were assessed by western analysis.
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Representative images are shown. Quantitation of staining was performed blindly on N=6
tumors, using 3 random 400x fields per tumor.
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Discussion

Recent structural analyses of the mTOR complexes revealed several intricacies of
MTOR complex stability, substrate accessibility and sensitivity to Rapamycin(56,57,59,202—-204).
However, the role of mLST8 in assembly of the mTORC2 complex has not yet been clearly
defined. Here we provide experimental evidence that distinct interaction points within mLST8
contact mTOR, and at the same time, mLST8 binds with the SIN1-RICTOR complex to generate
MTORC2. This agrees with previous reports showing that mLST8 does not bind directly to
RICTOR(203), but interacts strongly with SIN1, such that SIN1 deficiency abolished mTOR-
Rictor interactions(205). We found that mLST8 loss, or even disruption of the mLST8
sequences required for mTOR binding, completely impaired mTORC2 assembly and function in
multiple untransformed and cancer cell lines. We propose that mLST8 is the scaffold upon
which the molecular components of MTORC2 assemble. As SIN1 is a key regulator of mTORC2
activity(58,117,118), the stabilizing effect of mMLST8 on mTOR and SIN1 becomes critical for

mMTORC2 function.

Identification of the selective role of mLST8 in mTORC2 has broad implications.
MTORC?2 has recently been identified as a new effector for oncogenic mutant Ras(206).
RICTOR is also amplified in several types of human cancer(130,207). Because several
oncogenic mechanisms converge to activate PI3K, including growth factor overexpression, RTK
activation or amplification, PIK3CA mutation, or PTEN-loss, mTORC?2 is frequently activated
across many cancers(58). A growing body of evidence suggests that PI3K-dependent tumors
cannot develop in the absence of mMTORC2 signaling(120,121,130). We have shown herein
that targeting mLST8 recapitulates mTORC2-selective inhibition seen in previous studies
targeting RICTOR and have identified the discrete interaction points between mTOR and
mLST8 that completely abolish mTORC2 signaling when disrupted. Thus, it is possible that drug

design strategies aimed at disrupting mTOR-mLSTS8 interactions would be an effective
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approach at selective mTORC2 targeting in cancer. Further, currently available mTORCL1
inhibitors relieve the potent negative feedback upon the PI3K signaling pathway, thus reviving
PI3K signaling and activity of its many downstream effectors that promote tumor cell survival.
There is no currently approved mTORC2-selective inhibitor, despite the significant interest in
their development. The discoveries herein unveil a new approach for mTORC2-specific inhibitor

design, which may hold an impact for patients with mutant Ras and/or PI3K-active cancers.
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Chapter lli

Rictor promotes NSCLC cell proliferation through formation and activation of mTORC?2 at

the expense of mMTORC1

Abstract

Non-small cell lung cancer (NSCLC) is a disease typically characterized by genomic
alterations, yet a targetable mutation has not been discovered in nearly half of all patients.
Recent studies have identified amplification of RICTOR, an mTORC2-specific cofactor, as a
novel actionable target in NSCLC. mTORC?2 is one of two distinct complexes that the mTOR
serine/threonine kinase acts in to sense environmental cues and regulate a variety of cellular
processes including cell growth, proliferation, and metabolism, all of which promote
tumorigenesis when aberrantly regulated. Interestingly, other components of mMTORC2 are not
co-amplified with RICTOR in human lung cancer, raising the question as to whether RICTOR
amplification-induced changes are dependent on mTORC2 function. To model RICTOR
amplification, we overexpressed Rictor using the Cas9 Synergistic Activator system.
Overexpression of Rictor increased mTORC?2 integrity and signaling, but at the expense of
mMTORC1, suggesting that overexpressed Rictor recruits common components away from
mTORCL1. Additionally, Rictor overexpression increases proliferation and growth of NSCLC 3D
cultures and tumors in vivo. Conversely, knockout of RICTOR by CRISPR-Cas9-mediated
genome editing leads to decreased mTORC2 formation and activity, but increased mTORC1
function. Because Rictor has mTOR-dependent and independent functions, we also knocked
out mLST8, a shared mTOR co-factor but is specifically required for mTORC2 function.
Inducible loss of MLST8 in RICTOR-amplified NSCLC cells inhibited mTORC2 integrity and

57



signaling, tumor cell proliferation, and tumor growth. Collectively, these data identify a
mechanism for Rictor-driven tumor progression and provide further rationale for development of

an mTORC2-specific inhibitor.

Introduction

Lung cancer is the leading cause of cancer-related deaths worldwide, despite significant
advances in therapeutic options for these patients. Lung cancer is divided into two subtypes,
non-small cell lung cancer (NSCLC) and small cell lung cancer (SCLC) which account for
approximately 85% and 15% of cases, respectively. NSCLC is a disease typically characterized
by its genomic alterations, although nearly half of all patients lack a known targetable alteration
(208). Recent advances in tumor sequencing technologies have identified amplification of
MTORC2-specific component RICTOR as potential targetable alteration in several types of
cancer including non-small cell lung cancer (NSCLC), small cell lung cancer (SCLC), breast

cancer, and gastric cancer (130,207,209,210).

The mechanistic target of Rapamycin (mTOR) is a serine/threonine kinase that acts in
two distinct complexes, rapamycin-sensitive mMTORC1 and rapamycin-insensitive mTORC2.
Both complexes share the mTOR kinase and scaffolding protein mLST8, while mTORC1
contains scaffolding protein Raptor and mTORC2 contains Raptor-analogous scaffolding protein
Rictor and regulatory component Sinl (194,195). Growth factors, amino acids, and cellular
energy activate mTORC1 which has well-characterized functions including regulation of cell
growth, protein translation, metabolism, and autophagy (194,195). Although less well-
understood, mMTORC2 is activated by growth factors and the PI3K pathway, primarily through
binding of PIP3 in the plasma membrane via the PH domain of co-factor Sinl (58). Once
localized to the membrane, mMTORC2 can phosphorylate (S473) and activate its downstream

effector AKT (115), also situated at the membrane. In addition to AKT, mTORC2 targets include
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PKCa and SGK (54,211). mTORC2 and its downstream effectors act together to regulate cell

proliferation, metabolism, and cytoskeletal organization (194,195).

Aberrant signaling of both mTOR complexes has been implicated in many types of
cancer, although most studies have focused on mMTORC1. mTORC2’s role in cancer has also
been reported- for example, mMTORC2 is required for tumor formation in PTEN-null prostate
cancer (120,212) and drives tumor progression and resistance in HER2-positive breast cancer
(130,213). Additionally, the recent identification of RICTOR amplification as a potential
actionable target in several cancer types suggests an additional subtype of cancer may rely on
mTORC2 signaling for tumorigenesis (130,207,209,210). However, the mechanism by which
amplification of a single scaffolding component within mTORC2 drives its oncogenic function

remains unknown.

In this report, we investigate the roles of Rictor amplification as a driver of mMTORC2
formation and promoter of NSCLC tumor growth. Using the Cas9 synergistic activation mediator
(SAM) system (214) to increase expression of Rictor or the CRISPR-Cas9 system to knock out
Rictor, we show that alterations in Rictor lead to corresponding changes in not only mTORC2
formation, but also mTORCL1. Further, overexpression of Rictor in NSCLC cells leads to
increased growth of 3D cultures and in vivo tumor xenografts. We also found that RICTOR-
amplified NSCLC is sensitive to loss of mLST8, an mTOR co-factor specifically required for
mMTORC2 function (212), both in vitro and in vivo. Collectively, these data show that Rictor
promotes NSCLC through mTORC2 formation and could potentially be targeted with an

MTORC2-specific inhibitor.

Results

RICTOR is amplified and overexpressed in non-small cell lung cancer
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Amplification of RICTOR has been identified in several different types of cancer
including breast, gastric, small cell lung cancer, and non-small cell lung cancer (NSCLC)
(130,207,209,210). Analysis of the TCGA PanCancer Atlas identified RICTOR amplification in
12% of total NSCLC cases, and 15% of squamous cell carcinoma and 11% of adenocarcinoma
cases, with amplification being the most frequent alteration of RICTOR (Figure 3.1A). RICTOR
is located on the 5p chromosome, a site of frequent copy number gain in NSCLC (215). In
addition to the overall 5p gain, copy number segment and GISTIC analysis reveals a focal
amplification of the chromosomal locus surrounding the RICTOR gene (Figure 3.2A&B).
Interestingly, no other components of the mTOR complexes were co-altered with RICTOR
amplification (Figure 3.1B). Further analysis of adenocarcinoma cases, which accounts for the
majority of NSCLC cases, showed a positive correlation between copy-number and mRNA
expression of RICTOR, suggesting amplification does indeed lead to an increase in Rictor

expression in NSCLC cases (Figure 3.1C).

In order to examine how amplification of a single mTOR complex component might drive
tumorigenesis, we used the Cas9 Synergistic Activation Mediator Complex system (SAM) to
upregulate expression of RICTOR (214). This system utilizes a nucleolytically inactive Cas9
(dCas9) fused to VP64, co-expressed with MS2-P65-HSF1 activation helper proteins. A small
guide RNA (sgRNA) with two MS2 aptamers targeting the promoter region of the gene of
interest is also expressed, such that all components of the system co-localize and activate
transcription of the targeted gene. Multiple sgRNAs targeting the promoter region of RICTOR
(Figure 3.1D) were tested in a panel of non-tumorigenic, immortalized lung epithelial (BEAS-2B)
and NSCLC (H1975, H358, H460, H2030) cell lines, all of which have lower copy number
values compared to the H23 cell line (Figure 3.1E), a NSCLC cell with a verified amplification of
RICTOR (207). Western blot analysis of these cell lines at baseline demonstrated Rictor protein

levels that largely correlate with copy number values (Figure 3.1F). In all lines, SAM Rictor cells
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exhibited increased mRNA (Figure 3.1G) and protein (Figure 3.1H) levels of Rictor compared
to SAM empty vector (EV) control cells. Across all cell lines analyzed, RICTOR mRNA was
upregulated approximately 2 to 4-fold with the CRISPR SAM system (Figure 3.1G). Analysis of
MRNA expression in RICTOR-amplified samples compared diploid samples of TCGA Lung
Adenocarcinoma samples (Figure 3.1C) showed a ~2.25 fold increase in Rictor expression.
This correlates well with the expression changes in Rictor when using the CRISPR SAM system

in Figure 3.1G.
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Figure 3.1. CRISPR Synergistic Activation Mediator (SAM) system can be used to model
RICTOR amplification in NSCLC. (A-C) Patient data from the TCGA Pan-Lung Cancer Atlas
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was analyzed using the online platform at cbioportal.org. (A) Alteration frequencies of RICTOR
in non-small cell lung cancer, squamous cell carcinoma, and adenocarcinoma. (B) Alterations in
MTOR complex components in patient-matched samples. (C) Correlation of RICTOR mRNA
levels with copy number values in Lung Adenocarcinoma. Red, amplified samples based on
GISTIC scoring. (D-H) CRISPR SAM (214) was used to target the promoter region of Rictor 100
bp (R5) and 121 bp (R6) upstream of the transcription start site (D) in a panel of transformed
lung epithelium and NSCLC cell lines. (E) RICTOR copy number values of utilized cell lines
according to CCLE database. (F) Western blot analysis of Rictor protein levels in parental cell
lines. mRNA relative to Actin (G) and protein levels of Rictor (H) were measured by qRT-PCR or
Western blotting, respectively.
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Figure 3.2. Copy number analysis of TCGA NSCLC samples with RICTOR-amplification.
(A) Copy number segment levels across chromosome 5 in primary tumor samples with putative
RICTOR-amplifications from the TCGA Pan-Lung Cancer database. Adapted from
cbioportal.org (B) Proportion of copy number gains or losses across chromosome 5 with
putative RICTOR-amplified tumor samples from the TCGA Pan-Lung Cancer database. Copy
number loss cut-off = -0.3; gain cut-off = 0.3.
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Alterations in Rictor expression lead to corresponding changes in mTORC2 and

MmTORC1

We hypothesized that amplification of RICTOR could promote tumorigenesis by driving
formation of mMTORC2. To test this hypothesis, we used the proximity ligation assay (PLA) to
guantitate the interactions between mTOR and either Rictor (InTORC2) or Raptor (NTORC1).
The same rabbit antibody against mTOR was used in all PLA experiments, while mouse anti-
Rictor or anti-Raptor were used to differentiate between the two complexes (Table 3.2).
Compared to SAM EV cells, SAM Rictor cells exhibited increased fluorescent foci indicating an
increase in mTOR-Rictor interactions (Figure 2A), thereby suggesting an increase in the
formation of mMTORC2. In contrast, mTOR-Raptor interactions were decreased in Rictor-
overexpressing cells, consistent with a previous report showing an increase in mTOR-Rictor
precipitation when mTORC1 was inhibited (53). To complement the PLA studies, we also
immunoprecipitated for mTOR and found that Rictor and Sinl binding to mTOR was increased
in SAM Rictor cells compared to control, while binding of Raptor to mTOR was reduced (Figure
3.3B). Furthermore, this Rictor-driven increase in mTORC2 formation increased downstream
phosphorylation of AKT (S473) in Rictor overexpressing cells compared to control (Figure 3.3C),

suggesting the increased mTORC2 was indeed functional.

In order to assess the effect of Rictor overexpression on mTORC1 activity while
excluding the effects of crosstalk between the mTOR complexes, we stimulated SAM Rictor or
EV cells with glutamine, a known activator of mMTORC1, but not mMTORC2 (216). SAM Rictor
cells showed a reduction in phosphorylation of S6K1, a direct substrate of mMTORC1, compared
to SAM EV cells in response to glutamine stimulation (Figure 3.3D), confirming a reduction in
MTORCL1 activity caused by a loss of mMTORC1 upon Rictor overexpression. These data
suggest amplification of Rictor in NSCLC promotes formation and activity of mTORC?2 at the

expense of MTORCL.
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To complement overexpression experiments, we used CRISPR-Cas9 mediated genome
editing (199,217,218) to target RICTOR for loss-of-function in H23 cells, a cell line with verified
RICTOR amplification (Figure 3.1E) (207). Rictor-deficient H23 cells showed a reduction in
mTOR-Rictor interactions and an increase in mMTOR-Raptor interactions compared to sgLacZ
control cells when assessed by PLA (Figure 3.3E). Additionally, immunoprecipitation of mTOR
in sgRictor cells showed a loss of Rictor and Sinl binding to mTOR while Raptor binding was
increased (Figure 3.3F). As expected with a loss of mMTORC2, phosphorylation of AKT (S473)
was reduced in H23 sgRictor compared to sgLacZ control cells in response to serum stimulation
(Figure 3.3G). Glutamine stimulation, however, increased the levels of p-S6RP (S235/236) in
Rictor deficient cells (Figure 3.3H), suggesting mTORC1 activity was increased. Together,
these results demonstrate that changes in cellular Rictor alter the amount of mMTORC?2,

consequently increasing or decreasing the amount of mMTORCL in the opposite direction.
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Figure 3.3. Rictor alterations promote corresponding changes in mTORC2 and mTORC1.
(A) Proximity Ligation Assays (PLA) were used to assess mTOR-Rictor or mTOR-Raptor
interactions in SAM Rictor or EV H1975 cells. Data presented as Mean + S.D. (B) Interactions
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among components of MTOR complexes were measured by co-immunoprecipitation followed
by western blot analysis in SAM Rictor overexpressing or EV control H1975 cells with the
indicated antibodies. Densitometry quantifications of the co-IP relative to mTOR pulldown, then
SAM EV cells are displayed below (n=3). (C&D) SAM Rictor or SAM EV control H1975 or H358
whole cell lysates were assessed by western blot analysis using the indicated antibodies.
Quantification of phospho/total AKT or S6K1 normalized to tubulin is plotted below. (C) Cells
were serum starved overnight then stimulated with serum for 15 minutes. (D) Cells were starved
of glutamine overnight followed by stimulation with 4mM glutamine for 3 hrs. (E) PLAs were
used to assess mTOR-Rictor or mTOR-Raptor interactions in sgLacZ control or sgRictor
knockout H23 cells. Data presented as Mean + S.D. (F) Interactions among components of
MTOR complexes were measured by co-immunoprecipitation followed by western blot analysis
in H23 sgRictor knockout or sgLacZ control cells with the indicated antibodies. Densitometry
guantifications of the co-IP are normalized to mTOR pulldown then sglLacZ are indicated below
each blot. Quantification of whole cell lysate relative to tubulin levels, then normalized to sgLacZ
cells are indicated below each blot. (G&H) sgLacZ control or sgRictor knockout H23 whole cell
lysates were assessed by western blot analysis using the indicated antibodies. Quantification of
phospho/total AKT or S6RP normalized to tubulin is plotted below. (G) Cells were serum starved
overnight followed by stimulation with serum for 15 minutes. (H) Cells were starved of glutamine
overnight followed by stimulated with 4mM glutamine for 3 hrs. * = p<0.05; **** = p<0.0001

Rictor promotes proliferation of NSCLC cells

MTORC?2 is a known regulator of cell proliferation and promoter of tumorigenesis
(194,195). To determine if Rictor-driven mTORC2 provides a growth advantage to NSCLC cells,
control or Rictor overexpressing H1975 or H358 cells were grown as Matrigel-embedded 3D
cultures for 20 days. Imaging of cultures on the final day showed the area of SAM Rictor
cultures was significantly larger than SAM EV cultures (Figure 3.4A), suggesting that Rictor

overexpression promotes growth of NSCLC.

Conversely, loss of Rictor in H23 Rictor-amplified cells significantly reduced cell viability
compared to control when measured by MTT assay (Figure 3.4B). The loss of cell viability in
Rictor-deficient cells was due to a reduction in cell proliferation, as judged by BrdU incorporation
(Figure 3.4C). These results are consistent with the possibility that Rictor-driven mTORC2

formation promotes cell proliferation of NSCLC tumor cells.
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Increased Rictor expression promotes NSCLC tumor growth in vivo

Next, we investigated whether the growth advantage conferred by Rictor overexpression
would result in faster growing tumors in vivo. SAM Rictor #5 or EV control H1975 cells were
injected into the hind flanks of Rag1-null immunodeficient mice and tumor growth was monitored
for approximately 1 month. Rictor overexpression significantly increased tumor volume
compared to control in the xenograft model (Figure 3.4D). Tumors were harvested and weighed
upon removal. The mass of SAM Rictor tumors was significantly larger than control tumors
(Figure 3.4E). Western blot analysis of tumor lysates showed that SAM R5 tumors retained the
increased expression of Rictor throughout the course of tumor development and exhibited
increased levels of p-AKT, a readout of mMTORC2 activity (Figure 3.4F). Furthermore, SAM
RICTOR tumors had an increase in Ki-67 staining (Figure 3.4G), consistent with studies

showing mTORC2 activity drives cell proliferation.
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Figure 3.4. Rictor promotes NSCLC proliferation and tumor growth. (A) SAM Rictor or EV
H1975 or H358 cells were grown as Matrigel-embedded 3D cultures supplemented with 5ng/mL
of EGF. Representative images of cultures after 20 days are shown. Each point indicates an
individual colony, with mean and SEM denoted. (B) Cell viability of sgLacZ control and sgRictor
H23 knockout cells was assessed by MTT assay. (C) Proliferation of sgLacZ control and
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sgRictor knockout H23 cells was measured by BrdU uptake. Representative images are shown.
Data presented as mean + S.D. (D-G) 2.5x10° SAM Rictor #5 or EV control H1975 cells were
generated as xenografts in hind flanks of Rag1-null immunodeficient mice. Tumor volume (D)
and tumor mass (E) were measured. Data presented as mean = SEM (n=9/group). (F) Tumor
lysates from 2 individual tumors per group were analyzed by western blotting using the indicated
antibodies. (G) Proliferation of tumors was assessed by immunohistochemical staining of Ki-67.
Representative images are shown, and quantification is presented as mean + SEM. *, p<0.05; **,
p<0.01; **** p<0.0001

Targeting mTORC2 for loss-of-function inhibits tumor growth of RICTOR-amplified

NSCLC

Increased proliferation of Rictor overexpressing tumors suggested that mTORC2
inhibition might be beneficial for treatment of RICTOR-amplified tumors. However, an mTORC2
specific small molecule is not currently available. A previous study from our lab identified
mLST8, a co-factor associated with both complexes, to be selectively required for mTORC2
integrity and function, but not mTORC1 (212), thus targeting of mLST8 could be used to
specifically inhibit mMTORC2. As shown in Figure 3.5A, CRISPR-Cas9 mediated targeting of
mLST8 in H23 cells inhibited co-immunoprecipitation of mMTORC?2 specific components Rictor
and Sinl with the mTOR kinase, while Raptor co-immunoprecipitation increased (Figure 3.5A).
Western blot analysis of downstream signaling also confirmed that p-AKT was decreased upon
mLST8 knockout (Figure 3.5A). Consistent with Rictor knockout in Figure 3.4, mLST8 knockout
also reduced cell viability and inhibited cell proliferation as measured by MTT assays and BrdU

uptake assays, respectively (Figure 3.5B&C).

To achieve equal cell numbers between WT and mLST8 cells for implantation in vivo, we
utilized a doxycycline inducible Cas9 system co-expressed with a sgRNA targeting mLST8
(219). In vitro experiments showed that a single dose of doxycycline was enough to induce

Cas9-mediated LOF of mLST8, although continuous treatment was required for sustained
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expression of Cas9 (Figure 3.5D). Inducible knockout of mLST8 in H23 resulted in a reduction
in colony formation after a single dose of doxycycline in sgMLST8 cells compared to sgLacZ

(Figure 3.5E).

For xenograft studies, H23 cells expressing a doxycycline inducible Cas9 and either
sgLacZ control or sgMLST8 were injected into the hind flanks of athymic nude mice.
Doxycycline was given for 10 days to induce Cas9 expression and mLST8 LOF and tumor
growth was measured every 2-4 days for 2 months. At the end of the study, tumors were
removed, weighed, and subjected to further analysis by immunohistochemistry. Tumor volume
and weight of sgMLST8 tumors were significantly reduced compared to sgLacZ (Figure
3.5F&G). Western blot analysis of tumor lysates showed sustained reduction of mLST8 in
tumors expressing sgMLST8 (Figure 3.5H). Additionally, immunohistochemistry staining of Ki-
67 was reduced in sgMLST8 tumors compared to sgLacZ tumors (Figure 3.51), recapitulating

the in vitro results of loss of cell proliferation caused by inhibition of mMTORC2 activity.
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Figure 3.5. mLST8 loss-of-function inhibits growth of RICTOR-amplified tumors in vivo.
(A-C) sgControl or sgMLST8 knockout H23 cells were generated. (A) Interactions among
components of MTOR complexes were measured by co-immunoprecipitation followed by
western blot analysis with the indicated antibodies. (B) Cell viability was measured by MTT
assay. (C) Proliferation was measured by BrdU uptake assay. Representative images are
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shown. Data presented as mean = SEM. (D-l) H23 cells were generated to express a
doxycycline-inducible Cas9 and either sgLacZ or sgMLST8 #2. (D) Western blot analysis of
cells treated with doxycycline (1pg/mL) the indicated number of times over 10 days. (E) Colony
formation assay of 2000 cells treated with doxycycline for 72 hours, then cultured for 2 weeks.
Data presented as mean + SEM. (F-I) 5x108cells were implanted in the hind flanks of athymic
nude mice that were fed doxycycline food for 10 days. (F) Tumor volume was monitored 3 times
a week. Data presented as mean = SEM. (G) Tumor mass was measured after tumors were
removed 5 weeks after implantation. Data presented as mean + SEM. (H) Western blot analysis
of mLST8 expression 3 pairs of tumor lysates. (I) Tumor sections were analyzed by
immunohistochemistry for proliferation and apoptosis by Ki-67. *, p<0.05 **, p<0.01

Discussion

Amplification of RICTOR has been identified as an actionable target in NSCLC, yet no
other mTORC2 component is co-amplified with RICTOR in human lung cancer datasets (Figure
3.1). Because Rictor was shown to have mTOR-independent functions (220), the mechanism by
which amplification of RICTOR could drive oncogenesis has not been clearly defined. We
hypothesized that overexpression of Rictor would suppress Raptor-mTOR interactions and
increase Rictor-mTOR interactions, driving activity of mTORC2, a known activator of AKT and
cell proliferation. Here we show that overexpression of Rictor in NSCLC increases the amount
of mMTORC2 at the expense of mMTORC1, thereby increasing mTORC2 downstream signaling

and facilitating tumor cell proliferation.

Aberrant mMTORC?2 signaling has been identified as an important mediator of
tumorigenesis in the context of other cancer-causing mutations such as loss of PTEN or
activation of PI3K (120,221). Amplification of RICTOR in NSCLC also co-occurs with common
oncogenic driver mutations including KRAS and EGFR (129). In this study, we performed all
experiments with both KRAS (H358 and H23) and EGFR (H1975) mutant cell lines. In H358 or
H1975 cells harboring these mutations, overexpression of Rictor increased 3D culture growth,
yet 3D cultures of immortalized, non-tumorigenic lung epithelial cells (BEAS2B) were

unchanged in response to overexpression of Rictor (data not shown). Conversely, in H23
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RICTOR-amplified and KRAS mutant NSCLC, loss of mMTORC2 inhibited tumor growth,
suggesting that mTORC2 activity can promote tumor cell proliferation but may not be sufficient
to cause cellular transformation on its own. In addition to proliferation, mMTORC2 has known
roles in regulation of metabolism and cytoskeletal organization. Additional studies focused on
understanding the impact of RICTOR amplification on these other aspects of tumor biology are

warranted.

Our study shows that increased mTORC2 formation occurs at the expense of mMTORCL1
formation, a finding that seems counter to the large body of work demonstrating the importance
of mMTORCL in promoting tumor growth. It is important to note that the increased proliferative
effect of Rictor overexpression was observed in 3D culture experiments, a condition that more
closely mimics the nutrient gradients present in the in vivo tumor microenvironment. A recent
study has suggested mTORC1 may inhibit tumor growth in nutrient starved conditions, offering
a potential explanation to how reduced mTORCZ1 could still promote tumor growth (109). Thus,
further investigation of nutrient availability in 3D or in vivo tumor settings is required to better

understand how mTORC2 upregulation impacts tumor cell proliferation.

RICTOR is located on the p arm of chromosome 5 (5p13.1), a common site of copy
number gain in lung cancer and other diseases (215). Recent studies, including our own
analysis, show that in addition to this overall copy number gain, the loci surrounding the
RICTOR gene is a site of focal amplification (Supplemental Figure 1, (129)). Amplification of
RICTOR often co-occurs with amplification or copy number gain of several other genes along
the 5p chromosome, including SKP2 and GOLPHS3, both of which have been implicated in
cancer progression and modulating the PISK-mTOR-AKT signaling axis (222—224). Other co-
amplified genes with known tumorigenic properties include OSMR and LIFR, also located at the
5p13.1 cytoband (225-227). While we were able to show that overexpression of Rictor alone

was able to increase the proliferative capacity of lung cancer cell lines, further studies exploring
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the interaction between RICTOR and its co-altered genes in cancer are necessary to fully

understand the oncogenic effects of amplification occurring at the 5p chromosome.

The identification of Rictor overexpression as a driver of mMTORC2 formation and tumor
progression suggests that specific inhibition of mMTORC2 would be a logical therapeutic strategy
for patients with RICTOR-amplified cancers. However, only mTORC1-specific inhibitors
(rapamycin analogs) or mTOR kinase inhibitors that block the activity of both complexes are
available (228). Our data suggests that increased mTORC2 formation can reduce the levels of
MTORC1], thus inhibition of both mTOR complexes may not be necessary for treatment of
RICTOR-amplified cancers. Additionally, inhibition of mTORCL1 releases a negative feedback
loop on PI3K/AKT signaling (137,138), which could potentially lead to an unwanted upregulation
of MTORC2 signaling. In our study, we target mLST8 to specifically inhibit mMTORC2 and show
that tumor growth of RICTOR-amplified H23 NSCLC cells is reduced, suggesting inhibition of
the mTOR-mLST8 interaction (212) may be an efficacious way to specifically inhibit mMTORC2

and treat RICTOR-amplified NSCLC.

Materials and Methods

Cell lines and cell culture

H1975, H358, H23, and H1703 cells were obtained from ATCC and maintained in RPMI-1640
media containing 10 % fetal bovine serum (FBS) and 1% Penicillin/Streptomycin. BEAS-2B and
H460 cells were obtained from the Vanderbilt-ingram Cancer Center Core Facility and
maintained in the same conditions. 293T cells were obtained from ATCC and maintained in
DMEM containing 10% FBS. All cells were cultured in a humidified incubator with 5% CO; at
37 °C. Cell lines were used between passages 1 and 50 after thaw. Cell lines from ATCC were
authenticated using short tandem repeat profiling. Mycoplasma testing was performed every 6

months, most recently in January 2019, using the PlasmoTest kit (Invitrogen).

76



Plasmids and sgRNA sequences

CRISPR-Cas9 backbone vectors were obtained from Addgene and guide RNA sequences were
cloned into the vector according to depositor's instructions. Plasmids and guide RNA primers

are listed in Table 3.1.

Lentivirus production and transduction

CRISPR SAM, knockout, and inducible Cas9 cell lines were established using the lentiviral
delivery system. Briefly, lentiviruses were packaged in HEK293T cells by transfecting cells with
CRISPR or expression plasmids together with psPAX2 (lentiviral packaging) and pCMV-VSV-G
(envelope) plasmids at a 1:1:1 molar ratio using the Lipofectamine 2000 Reagent. Media was
changed after 16hrs of transfection and virus was collected after 24-48hrs. Indicated cells were
transduced with 1:1 virus and complete growth media with polybrene (8 pg/mL) for 24hr and
selected with puromycin (1-2 pg/mL), blasticidin (10 ug/mL), or hygromycin (40-50 ug/ml) for at

least 48hrs to establish stable cell lines before being used for experiments.

Xenograft Assay

2.5 x 1068 cells suspended in 100 uL of Matrigel and PBS (1:1) were injected into the hind flanks
of 6-week old athymic nude (Foxn1™; Envigo) or Ragl’” C57BL/6J mice. For xenograft
experiments using an inducible Cas9, doxycycline feed (Envigo #TD.00426) was given for 10
days. Tumor measurements were started 10 days after injection and measured for 30-60 days
post injection. Tumors were measured every 2-3 days with digital calipers and tumor volume
calculated according to the formula (V=4/31(1/2)(h/2)(w/2)). Data are presented as mean + SEM.
Two-way ANOVA with Bonferroni’'s Correction was used for statistical analysis. Experiments
with mice were pre-approved by the Vanderbilt Institutional Animal Care and Use Committee

and followed all state and federal rules and regulations.
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Western Blot and Co-immunoprecipitation (Co-IP)

Cell lysates for western blotting only were collected in RIPA buffer. Tumor lysates were
collected in Triton-X lysis buffer (1% Triton X-100, 0.5mM EDTA, 50mM Tris-Cl). All lysis buffers
were supplemented with protease inhibitors and phosphatase inhibitors (Complete Mini and
PhosStop inhibitor cocktail, Roche). Protein concentration was determined by Pierce BCA
Protein Assay kit and equal amounts of protein extracts were mixed with 4x Laemmli sample
buffer and separated by electrophoresis on an SDS-PAGE gel, and then transferred onto
nitrocellulose membranes. Membranes were blocked with 5% milk in TBST buffer and incubated
with corresponding primary antibodies and IRdye-conjugated or HRP-conjugated secondary
antibodies. Immunoreactivity was detected using the Odyssey scanner (Li-cor Biosciences) or
enhanced chemiluminescence. To perform immunoprecipitation, equal amounts of input lysates
(500 ug) collected in CHAPS buffer (40 mM Tris, pH 7.5, 120 mM NaCl, 1 mM EDTA, 0.3%
CHAPS), were incubated with the primary antibodies (1-2 pg) for 2 hrs to overnight at 4°C.
Protein G Dynabeads (Thermo Fisher Scientific #10-003-D) were added and lysates were
incubated for 1 hr and washed four times with CHAPS lysis buffer. Inmunoprecipitate and whole
cell lysates were then subjected to western blot analysis. All antibodies are listed in Table 3.2.

Quantification of western blots was performed using ImageJ software.

Proximity Ligation Assay

Cells cultured on glass coverslips were fixed with 4% PFA, permeabilized with 1% Triton-X 100
in PBS, and stained with the Duolink (Sigma-Aldrich #92102) proximity ligation assay according
to the manufacturer’s protocol using antibodies listed in Table 3.2 and counterstained and
mounted with DAPI (Thermo Scientific #P36941). PLA puncta and DAPI-stained nuclei were

enumerated using ImageJ software.

Cell Growth Assays
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Cell growth was measured by MTT, colony formation, and BrdU assays. For MTT assays, 2000
cells were plated into each well of a 96-well plate in 100uL of complete growth medium. Cell
viability was measured by incubating cells with 20uL of 5ug/mL Tetrazolium salt 3-(4,5-
dimethylthiazol-2-yL)-2,5-diphenyltetrazolium bromide (MTT, Sigma-Aldrich) and quantified by
reading absorbance at 590nm after resuspending in MTT solvent. For colony formation assay,
500 cells were plated in complete growth medium in each well of a 12-well plate. Cells were
grown for 10-14 days and the media was changed every 3 days. Colonies were stained with 0.5%
crystal violet in methanol and colony area was quantified. For the BrdU assay, cells were grown
on glass coverslips for 24 hrs, then incubated with BrdU (10 ng/ml) for 30 min. Cells were fixed
in 4% paraformaldehyde for 15 min, then permeabilized with 1% Triton X-100 in PBS for 5 min.
DNA was denatured by incubation with 2N HCI for 30 min at 37 deg C, followed by rinsing in
PBS. Cells were blocked for 1 hr using 2.5% goat serum in PBS, then probed with Alexa 647-
conjugated anti-BrdU antibody (1:50, Invitrogen) overnight at 4 deg C. Coverslips were mounted
onto slides using ProLong Gold antifade reagent with DAPI (Thermo Scientific #P36941). 40x

images were quantified by counting BrdU-positive nuclei/total nuclei using ImageJ software.

3D Cultures

60uL of Matrigel (Corning #354230) was added to each well of an 8-well chamber slide (Thermo
Scientific) and incubated at 37°C to solidify. 5000 cells were suspended in 400uL of complete
media with 2.5% Matrigel and 5ng/mL of EGF, then added to the chamber slides. Cultures were
monitored for 20 days and media was replaced every 4 days. Area of cultures was quantified

using ImageJ software.

Immunohistochemistry Staining

Xenograft tumor sections were paraffin embedded and sectioned. Rehydrated paraffin sections

were subjected to antigen retrieval (Retrievagen A, BD Pharmingen) and endogenous
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peroxidases were blocked by 3% H20, for 30min. Sections were blocked in 2.5% goat serum in
PBS and stained with primary antibody and biotinylated secondary antibody, followed by avidin-
peroxidase reagent and DAB. Antibodies are listed in Table 3.2. Sections were then
counterstained with hematoxylin and mounted with Cytoseal-XYL (Thermo Scientific Richard-

Allan Scientific).

TCGA Data Analysis

Alteration frequency and copy number segmentation plots and analysis were generated using
the online platform cbioportal.org. Proportion of copy number gain/loss was analyzed using the

GenVisR package(229).

SgRNA Sequence Source

SAM R5 CACCGCAGGCTCGGCCCCAGCGCTG | sam.genome-
AAACCAGCGCTGGGGCCGAGCCTGC | engineering.org

SAM R6 CACCGGGGAGCACTGAGCCGACCCA | sam.genome-
AAACTGGGTCGGCTCAGTGCTCCCC | engineering.org

sgLacZ CACCGTGCGAATACGCCCACGCGAT | (217)
AAACATCGCGTGGGCGTATTCGCAC

sgRictor #8 CACCGGGCATAGTCGCAAACATCTG | GPP Portal
AAACCAGATGTTTGCGACTATGCCC

sgRictor #11 CACCGATGGTGATAACTATGTTCGT GPP Portal
AAACACGAACATAGTTATCACCATC

SgMLSTS8 #1 CACCGCTGCAGGCTACGACCACACC | (198,199
AAACGGTGTGGTCGTAGCCTGCAGC

SgMLST8 #2 CACCGCTGGATGTACACGGGCGGCG | (198,199)
AAACCGCCGCCCGTGTACATCCAGC

Plasmid Source

lentiCRISPR v2 (199)

LentiSAM v2 (218)

LentiMPH v2 (218)

TLCV2 (219)

Table 3.1. sgRNA sequences and plasmids used in Chapter Ill.
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Antibody

Source

Identifier

Usage

Mouse anti-Rictor (9F1.2)

Millipore Sigma

Cat #: 05-1471

WB (1:1000), PLA
(1:50)

Rabbit anti-mTOR (N19-R)

Santa Cruz Biotech.

Cat #: sc-1549-R

WB (1:1000), IP,

PLA (1:100)
Rabbit anti-Raptor (24C12) Cell Signaling Cat #: 2280S WB (1:1000)
Technology
Mouse anti-Raptor (1H6.2) Millipore Sigma Cat #: 05-1470 PLA (1:100)
Rabbit anti-GBL (86B8) Cell Signaling Cat #: 3274S WB (1:1000)
Technology
Mouse anti-Sinl (1C7.2) Millipore Cat #: 05-1044 WB (1:1000)
Mouse anti-Tubulin Sigma-Aldrich Cat #: T4026 WB (1:1000)
Rabbit anti-phospho-AKT Cell Signaling Cat #: 4060L WB (1:1000)
(5473) (D9E) XP Technology
Rabbit anti-AKT (pan) (11E7) Cell Signaling Cat #: 4685 WB (1:1000)
Technology
Rabbit anti-phospho-S6K1 Cell Signaling Cat #: 9234S WB (1:1000)
(T389) (108D2) Technology
Rabbit anti-S6K1 Cell Signaling Cat #: 9202S WB (1:1000)
Technology
BrdU-Monoclonal Antibody Invitrogen Cat #: B35133 IF (1:50)
(MoBU-1), Alexa Fluor 647
Rabbit anti-Ki67 Vector Laboratories | Cat #: VP-K451 IHC (1:100)
Anti-Rabbit 1I9G (H+L), HRP Promega Cat #: W4011 WB (1:500)

conjugate

IRDye 800CW Goat anti-Mouse | Licor Cat #: 926-32210 | WB (1:10,000)
IgG (H+L)
IRDye 680RD Goat anti-Rabbit | Licor Cat #: 926-68071 | WB (1:10,000)

19G (H+L)

Biotin Goat Anti-Rabbit IgG

BD Pharmingen

Cat #: 550338

IHC (1:200)

Table 3.2. List of antibodies used in Chapter IIl.
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Chapter IV

Conclusions and Future Directions

Conclusions

Cancer continues to be the second leading cause of death worldwide despite significant
advances in characterizing cancer causing mutations and development of therapies. Faster and
more affordable sequencing technology combined with widespread availability of data is
expected to further increase the mechanistic understanding of tumorigenesis and aid in
identification of novel therapeutic targets. The mTOR signaling node has emerged as an
important mediator of many disease phenotypes, including cancer, thus revealing itself as a
potential target for therapeutic intervention. Both mTOR complexes integrate signals from the
cellular environment to regulate a variety of downstream processes including translation,
metabolism, proliferation, and autophagy- all of which can promote tumor growth when
aberrantly regulated. Much of the research on mTOR signaling was focused on mTORC1, while
understanding of mMTORC2 lagged behind due to the lack of an mTORC2-specific inhibitor.
However, several recent studies have shown that mMTORC2 also plays distinct roles in cancer-
related processes, demonstrating the need for better mechanistic understanding of mMTORC2. In
Chapter II, we identify mLST8, a co-factor present in both mTOR complexes, to be specifically
required for mTORC?2 integrity and function through its role as a molecular scaffold between the
MTOR kinase and mTORC2 regulatory component Sinl. In Chapter Ill, we investigated the
mechanism by which RICTOR amplification could promote tumor progression. Our data show
that upregulated RICTOR expression leads to increased formation of mTORC2 at the expense

of mMTORC1, promoting mTORC2 downstream signaling and accelerating tumor growth. The
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results described in this dissertation have contributed to our understanding of mMTORC2,
particularly in the context of cancer and have laid the foundation for additional investigation into

the potential for mTORC2 to be targeted for cancer therapy.

Future Directions

The work described herein has contributed significantly to understanding the role of
MTORC?2 as a tumor promoter and as a potential target in cancer. However, this additional
information has also opened many questions that remain to be answered. A few of these

guestions are discussed below.

How do other oncogenic alterations or co-amplified genes interact with RICTOR to promote

tumorigenesis?

Although amplification of RICTOR does not co-occur with other mTOR complex
alterations, analysis of TCGA mutational data in NSCLC showed that RICTOR amplification can
co-occur with other well-known oncogenic mutations (Figure 4.1). The work described in this
dissertation has demonstrated that increased expression of Rictor in NSCLC cell lines can
promote proliferation and increase tumor growth in xenograft models (Figure 3.4). Of note, all
cell lines used for the experiments described harbor additional oncogenic mutations, including
the most common TP53, KRAS and EGFR mutations. When BEAS2B (transformed, “normal”
lung epithelium) cells overexpressing RICTOR were grown in Matrigel, no 3D colonies were
formed suggesting that RICTOR overexpression alone was not able to transform these cells
(data not shown). Together, these data suggest that RICTOR can accelerate the growth and
proliferation of tumors harboring other transforming mutations, rather than initiating tumor
formation. Additional experiments exploring the cooperation between these oncogenic signaling
pathways and the importance of RICTOR upregulation across the timeline of tumor progression

are warranted.
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Figure 4.1. Common co-altered genes in RICTOR-amplified NSCLC. Tile plot showing the
top 15 most common gene alterations in each individual with RICTOR-amplified NSCLC.

Adapted from Cheng et al(129).

Additionally, as described in Chapter lll, the amplification of RICTOR occurs within a
focal amplification on the 5p chromosome. Interestingly, the 5p arm is a common site of copy
number gain in lung cancer (215). Several other genes within region of amplification and/or copy
number gain have also been implicated in promoting tumor progression, with several genes
having a known connection to the PI3K/AKT/mTOR signaling pathway. For example, GOLPHS,
also located on the 5p arm, has been shown to activate mTOR signaling and increase sensitivity
to rapamycin in cancer cells (224). SKP2 is another gene located on this chromosome that
ubiquitylates and activates AKT downstream of PI3K signaling (222,223,230,231). Since all
three genes modulate different aspects of the same pathway, it will be interesting to explore
how concurrent upregulation affects cancer phenotypes associated with the PISBK/AKT/mTOR
pathway. Moreover, many other genes on the 5p chromosome are associated with tumor
promotion and are co-amplified with RICTOR (Table 4.1). The SAM system used in Chapter IlI

targeted RICTOR individually, so it is likely that the data do not fully capitulate the phenotypes
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caused by an entire 5p copy number gain. This may also explain why overexpression of
RICTOR alone did not transform cells, but RICTOR amplification was considered the sole
actionable target in 13% of NSCLC patients (129). Further exploration of the gene networks
altered by a 5p chromosomal copy number gain should reveal important details about RICTOR-

amplified NSCLC.
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Co-

occurrence
with RICTOR

Gene Cytoband amplification | p-Value

FYB1 5p13.1 23 (62.16%) 2.36E-22
OSMR 5p13.1 23 (62.16%) 2.36E-22
C9 5p13.1 22 (59.46%) 3.27E-21
DAB2 5p13.1 22 (59.46%) 3.27E-21
EGFLAM 5p13.2-p13.1 | 22 (59.46%) 3.27E-21
EGFLAM-AS4 | 5p13.2 22 (59.46%) 3.27E-21
GDNF 5p13.2 22 (59.46%) 3.27E-21
LIFR 5p13.1 22 (59.46%) 3.27E-21
NUP155 5p13.2 22 (59.46%) 3.27E-21
WDR70 5p13.2 22 (59.46%) 3.27E-21
CPLANE1 5p13.2 22 (59.46%) 7.82E-19
Cc7 5p13.1 21 (56.76%) 8.71E-19
CARDG6 5p13.1 21 (56.76%) 8.71E-19
LOC100506548 | 5p13.1 21 (56.76%) 8.71E-19
MROH2B 5p13.1 21 (56.76%) 8.71E-19
PRKAA1 5p13.1 21 (56.76%) 8.71E-19
PTGER4 5p13.1 21 (56.76%) 8.71E-19
RPL37 5p13.1 21 (56.76%) 8.71E-19
SNORD72 5p13.1 21 (56.76%) 8.71E-19
TTC33 5p13.1 21 (56.76%) 8.71E-19
CAPSL 5p13.2 21 (56.76%) 9.28E-18
IL7R 5p13.2 21 (56.76%) 9.28E-18
NIPBL 5p13.2 21 (56.76%) 9.28E-18
NIPBL-DT 5p13.2 21 (56.76%) 9.28E-18
SLC1A3 5p13.2 21 (56.76%) 9.28E-18
UGT3Al 5p13.2 21 (56.76%) 9.28E-18
ANXA2R 5p12 20 (54.05%) 1.02E-17
C50RF34 5p12 20 (54.05%) 1.02E-17
C6 5p13.1 20 (54.05%) 1.02E-17
CCDC152 5p12 20 (54.05%) 1.02E-17
CCL28 5p12 20 (54.05%) 1.02E-17
HMGCS1 5p12 20 (54.05%) 1.02E-17
LOC100132356 | 5p12 20 (54.05%) 1.02E-17
LOC153684 5p12 20 (54.05%) 1.02E-17
LOC648987 5p12 20 (54.05%) 1.02E-17
NIM1K 5p12 20 (54.05%) 1.02E-17
SELENOP 5p12 20 (54.05%) 1.02E-17
TMEM267 5p12 20 (54.05%) 1.02E-17
ZNF131 5p12 20 (54.05%) 1.02E-17
LMBRD2 5p13.2 21 (56.76%) 6.88E-17
RANBP3L 5p13.2 21 (56.76%) 6.88E-17
UGT3A2 5p13.2 21 (56.76%) 6.88E-17
NNT 5p12 20 (54.05%) 1.04E-16
PAIP1 5p12 20 (54.05%) 1.04E-16
SPEF2 5p13.2 20 (54.05%) 1.04E-16
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C50RF51 5p13.1 19 (51.35%) 1.14E-16
FBXO4 5p13.1 19 (51.35%) 1.14E-16
GHR 5p13.1-p12 19 (51.35%) 1.14E-16
OXCT1 5p13.1 19 (51.35%) 1.14E-16
PLCXD3 5p13.1 19 (51.35%) 1.14E-16
NADK2 5p13.2 21 (56.76%) 3.98E-16
SKP2 5p13.2 21 (56.76%) 3.98E-16
MRPS30 5p12 20 (54.05%) 7.34E-16
FGF10 5p12 19 (51.35%) 1.10E-15
AGXT2 5p13.2 18 (48.65%) 1.20E-15
BRIX1 5p13.2 18 (48.65%) 1.20E-15
DNAJC21 5p13.2 18 (48.65%) 1.20E-15
PRLR 5p13.2 18 (48.65%) 1.20E-15
RAD1 5p13.2 18 (48.65%) 1.20E-15
TARS 5p13.3 18 (48.65%) 1.20E-15
ADAMTS12 5p13.3-p13.2 | 18 (48.65%) 1.10E-14
LINC02120 5p13.3 18 (48.65%) 1.10E-14
RAI14 5p13.2 18 (48.65%) 1.10E-14
RXFP3 5p13.2 18 (48.65%) 1.10E-14
TTC23L 5p13.2 18 (48.65%) 1.10E-14
AMACR 5p13.2 18 (48.65%) 7.03E-14
C1QTNF3 5p13.2 18 (48.65%) 7.03E-14
C1QTNF3-

AMACR 5p13.2 18 (48.65%) 7.03E-14
NPR3 5p13.3 18 (48.65%) 7.03E-14
SLC45A2 5p13.2 18 (48.65%) 7.03E-14
SUB1 5p13.3 18 (48.65%) 7.03E-14
GOLPH3 5p13.3 18 (48.65%) 3.53E-13
MTMR12 5p13.3 18 (48.65%) 3.53E-13
PDZD2 5p13.3 18 (48.65%) 3.53E-13
ZFR 5p13.3 18 (48.65%) 3.53E-13
HCN1 5p12 17 (45.95%) 6.34E-13
CDH6 5p13.3 18 (48.65%) 1.48E-12
C50RF22 5p13.3 18 (48.65%) 5.42E-12
DROSHA 5p13.3 18 (48.65%) 5.42E-12
ANKRD33B 5p15.2 18 (48.65%) 1.77E-11
DAP 5p15.2 18 (48.65%) 1.77E-11
ANKH 5p15.2 20 (54.05%) 4.44E-11
LOC100130744 | 5p15.2 20 (54.05%) 4.44E-11
OTULIN 5p15.2 20 (54.05%) 4.44E-11
OTULINL 5p15.2 20 (54.05%) 4.44E-11
CCT5 5p15.2 18 (48.65%) 5.24E-11
CDH10 5p14.2-pl4.1 | 18 (48.65%) 5.24E-11
CMBL 5p15.2 18 (48.65%) 5.24E-11
MARCH6 5p15.2 18 (48.65%) 5.24E-11
ROPN1L 5p15.2 18 (48.65%) 5.24E-11
TRIO 5p15.2 19 (51.35%) 1.31E-10
ATPSCKMT 5p15.2 18 (48.65%) 1.44E-10
CDH12 5p14.3 18 (48.65%) 1.44E-10
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LINC01194 5p15.2 18 (48.65%) 1.44E-10
SNORD123 5p15.31 18 (48.65%) 1.44E-10
TAS2R1 5p15.31 18 (48.65%) 1.44E-10
LINC02111 5p15.1 19 (51.35%) 3.09E-10
GUSBP1 5p14.3 18 (48.65%) 3.66E-10
PMCHL1 5p14.3 18 (48.65%) 3.66E-10
CTNND2 5p15.2 17 (45.95%) 3.74E-10
LINC02239 5p14.1 17 (45.95%) 3.74E-10
FBXL7 5p15.1 19 (51.35%) 6.95E-10
LINC02226 5p15.31 19 (51.35%) 6.95E-10
MARCH11 5p15.1 19 (51.35%) 6.95E-10
CDH18 5p14.3 18 (48.65%) 8.80E-10
DNAH5 5p15.2 18 (48.65%) 8.80E-10
LINC02112 5p15.31-p15.2 | 18 (48.65%) 8.80E-10
SEMASA 5p15.31 18 (48.65%) 8.80E-10
CDH9 5pl4.1 17 (45.95%) 9.81E-10
CLPTMIL 5p15.33 21 (56.76%) 1.25E-09
IRX4 5p15.33 21 (56.76%) 1.25E-09
LOC728613 5p15.33 21 (56.76%) 1.25E-09
LPCAT1 5p15.33 21 (56.76%) 1.25E-09
MRPL36 5p15.33 21 (56.76%) 1.25E-09
NDUFS6 5p15.33 21 (56.76%) 1.25E-09
SDHAP3 5p15.33 21 (56.76%) 1.25E-09
SLC6A3 5p15.33 21 (56.76%) 1.25E-09
ADAMTS16 5p15.32 19 (51.35%) 1.50E-09
BASP1 5p15.1 18 (48.65%) 2.00E-09
BASP1-AS1 5p15.1 18 (48.65%) 2.00E-09
C50RF49 5p15.31 18 (48.65%) 2.00E-09
FASTKD3 5p15.31 18 (48.65%) 2.00E-09
MTRR 5p15.31 18 (48.65%) 2.00E-09
ZNF622 5p15.1 18 (48.65%) 2.00E-09
AHRR 5p15.33 21 (56.76%) 2.35E-09
BRD9 5p15.33 21 (56.76%) 2.35E-09
CCDC127 5p15.33 21 (56.76%) 2.35E-09
CEP72 5p15.33 21 (56.76%) 2.35E-09
EXOC3 5p15.33 21 (56.76%) 2.35E-09
EXOC3-AS1 | 5p15.33 21 (56.76%) 2.35E-09
LOC100506688 | 5p15.33 21 (56.76%) 2.35E-09
LRRC14B 5p15.33 21 (56.76%) 2.35E-09
NKD2 5p15.33 21 (56.76%) 2.35E-09
PDCD6 5p15.33 21 (56.76%) 2.35E-09
PLEKHG4B 5p15.33 21 (56.76%) 2.35E-09
PP7080 5p15.33 21 (56.76%) 2.35E-09
SDHA 5p15.33 21 (56.76%) 2.35E-09
SLC12A7 5p15.33 21 (56.76%) 2.35E-09
SLC6A18 5p15.33 21 (56.76%) 2.35E-09
SLC6A19 5p15.33 21 (56.76%) 2.35E-09
SLC9A3 5p15.33 21 (56.76%) 2.35E-09
TERT 5p15.33 21 (56.76%) 2.35E-09
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TPPP 5p15.33 21 (56.76%) 2.35E-09
TRIP13 5p15.33 21 (56.76%) 2.35E-09
ZDHHC11 5p15.33 21 (56.76%) 2.35E-09
ICEL 5p15.32 18 (48.65%) 4.35E-09
MYO10 5p15.1 18 (48.65%) 4.35E-09
RETREG1 5p15.1 18 (48.65%) 4.35E-09
PRDM9 5p14.2 16 (43.24%) 6.30E-09
ADCY?2 5p15.31 17 (45.95%) 1.22E-08
LOC442132 5p15.31 17 (45.95%) 1.22E-08
LINC02145 5p15.31 17 (45.95%) 2.55E-08
MED10 5p15.31 17 (45.95%) 2.55E-08
NSUN2 5p15.31 17 (45.95%) 2.55E-08
SRD5A1 5p15.31 17 (45.95%) 2.55E-08
TENT4A 5p15.31 17 (45.95%) 2.55E-08
UBE2QL1 5p15.31 17 (45.95%) 2.55E-08
C50RF38 5p15.33 18 (48.65%) 6.56E-08
IRX2 5p15.33 18 (48.65%) 6.56E-08
IRX1 5p15.33 17 (45.95%) 1.85E-07

Table 4.1. Significantly co-amplified genes with RICTOR in TCGA Lung Adenocarcinoma

samples.
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How does RICTOR amplification alter tumor metabolism?

Altered cellular metabolism has long been recognized as a hallmark of cancer. Much of
the current interest in tumor metabolism stemmed from the discovery that tumors cells had
increased reliance on glycolysis even in the presence of oxygen. Since then, the field of tumor
metabolism has expanded greatly, and we now recognize that there are many more metabolic
alterations than just increased aerobic glycolysis. The mTOR signaling node is a master
regulator of cellular metabolism, sensing nutrient and energy availability and regulating several
downstream metabolic processes including glycolysis, lipid metabolism, and autophagy. While
most of the current understanding of mTOR signaling in metabolism regulation is focused on
MTORC1, several reports suggest that mMTORC2 also plays an important role in regulating
distinct downstream metabolic pathways. With the discovery that RICTOR amplification can
promote tumor growth by increasing mTORC2 formation at the expense of mTORCL, it will be
important to dissect the role of each mTOR complex in tumor metabolism, and understand how

the balance and interaction between both complexes affects overall tumor growth.

AKT, the most well-studied mTORC2 downstream effector, was identified as an
upstream kinase and activator of ATP Citrate Lyase (ACLY), an enzyme responsible for
production of Acetyl-CoA(232,233). Acetyl-CoA can be used as precursor for several cellular
events including lipogenesis, cholesterol synthesis, and histone acetylation (234). Interestingly,
in brown adipocytes, the AKT-ACLY axis was identified to be specific to mMTORC2 activation,
suggesting that these downstream processes could all be altered in mMTORC2-dependent
tumors (235). mMTORC2 was shown to promote hepatocellular carcinoma (HCC) through
increased de novo lipid synthesis (236), but the mTORC2-AKT-ACLY axis was not directly
tested as the mechanism for this increased reliance on lipids. Preliminary experiments show
that loss of mMLST8 can inhibit ACLY phosphorylation in lung cancer cell lines as well,

suggesting mTORC2 regulation of lipid synthesis is not specific to adipose or hepatic tissue
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(Figure 4.2). Importantly, other studies show mTORCL1 is required for SREBP-dependent lipid
synthesis downstream of AKT (102), suggesting coordination of both mTOR complexes is
important for complete regulation of lipid synthesis. The distinct roles of each complex in lipid
metabolism are particularly interesting in the context of RICTOR-amplified cancers. The data
herein show that amplification of RICTOR increases the amount of mTORC2 at the expense of
MTORCL. Since both mTOR complexes regulate lipid metabolism, this begs the question- do
RICTOR-amplified tumors exhibit increased reliance on de novo lipogenesis and could lipid
metabolism be a potential therapeutic target in RICTOR-amplified cancers? Or, could the
increased MTORC2-dependent lipogenesis be counteracted by the loss of mMTORC1 and
SREBP-dependent transcription? Additionally, RICTOR-amplification has been identified in
tumors arising from many different tissue types. Does increased mTORC2-mediated lipogenesis
have implications in tissues with already high levels of fat such as breast or gastric tissue? What
are the implications of altered lipid metabolism for cancers arising in tissues that are not
considered to be fatty, such as the lung? Metabolomic studies across a variety of tumor types
with RICTOR amplification could provide valuable information that help to dissect the roles of

MTORC1 and mTORC2 on tumor metabolism.
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Figure 4.2. Loss of mLST8 inhibits phosphorylation of ACLY. Western blot analysis of 3
individual clones of H23 cells co-expressing Cas9 and either sgLacZ or sgmLST8, probed with
the indicated antibodies.

In addition to the cell intrinsic effects of altered mTOR complex ratios caused by
RICTOR amplification, nutrient gradients in the global context of a tumor may also affect the
way mTOR signaling could promote tumor growth. As solid tumors grow, the center of the mass
becomes starved, while the periphery of the tumor continues to have access to nutrients, thus
creating a gradient in nutrient availability. Since the mTOR complexes respond to extracellular
signals such as growth factors and nutrients, it is likely the cells in the center of the tumor
respond very differently to their environments compared to cells located at the edge of the tumor.
Macropinocytosis is used by tumor cells to scavenge larger proteins for nutrients, yet this
process is inhibited by mTORCL1 (109). This suggests that in additional to the proliferative
effects of upregulated mTORC2 activity, the reduction of mMTORC1 in RICTOR-amplified tumors
might promote tumor growth through upregulation of macropinocytosis. In addition to nutrient
availability gradients, oxygen gradients are also formed as the growth of tumors prevents
access to the vasculature (169). Hypoxia at the center of the tumor stabilizes the HIFs, leading
to increased expression of HIF target genes, many of which are related to cellular metabolism,

and tumor growth. Interestingly, the two HIF isoforms are regulated independently by the two
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mMmTOR complexes, with HIF1a regulated at the translational level by mTORC1 and HIF2a
regulated transcriptionally by mTORC2 (100,237). It will be interesting to see how the activity
and crosstalk between the mTOR complexes affect the tumor hypoxia response and the
resulting changes in tumor metabolism. Additional experiments exploring the role of RICTOR
amplification in in vivo mouse models better recapitulating the nutrient and oxygen gradients
present in the tumor microenvironment should provide much needed information about how

increased RICTOR expression alters tumor metabolism.

How is mTORC2 requlated and how does mTORC?2 requlation impact cancer?

The mechanisms of mMTORC2 regulation (summarized in Chapter |) are still relatively
unknown, especially when compared to what is known about upstream regulation of mMTORCL.
The results described in Figure 3.3, suggest there may be an additional mechanism of
mTORC2 regulation that has not been previously described. Although only RICTOR was
targeted for LOF, Sinl whole cell lysate levels were also reduced, indicating mTORC2 co-
factors might be co-regulated. Preliminary gPCR data show that Rictor and Sinl expression
levels are not co-regulated at the level of transcription (Figure 4.3), suggesting the regulation
could happen at the protein level. A previous study demonstrated that Sinl could be targeted for
degradation by the Cullin-RING protein ubiquitin ligase (CRL) 5 complex (238). Pilot
experiments using a doxycycline inducible Cas9 and sgRNA targeting Rictor show that there is
a time delay between loss of Rictor and reduction in Sinl protein levels (Figure 4.4), providing
additional evidence supporting the hypothesis that Sinl protein levels are degraded upon loss of
MTORC?2 stability. Further investigation into how expression of RICTOR or other mTORC2 co-
factors might regulate the CRL5 complex or another mechanism of Sinl degradation could
provide valuable information about mMTORC2 regulation. Understanding these mechanisms may
lead to important translational discoveries as well. For example, activation of the degradation

mechanism of Sinl, perhaps through inhibition of deubiquitinating enzymes, may provide
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therapeutic value for inhibiting mTORC2 when RICTOR is amplified. Although direct regulation
of translation by Rictor expression has not been explored, this could also be a potential

mechanism of mMTORC2 co-factor regulation.
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Figure 4.3. mRNA expression levels of mMTOR complex components are unchanged in
Rictor overexpressing NSCLC cells. gRT-PCR analysis of mTOR complex components in
H358 or H1975 SAM EV or Rictor cells. mRNA levels are normalized to actin, and data are
displayed as fold change relative to SAM EV cells.
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Figure 4.4. Reduction in Sinl expression occurs 24hrs after reduction in Rictor
expression. Western blot analysis of H23 cells expressing a doxycycline inducible Cas9 with
either sgLacZ or sgRictor #2. Cells were treated with Lug/mL of doxycycline for the indicated
times then probed for Rictor or Sinl.

What are the feasible strategies for development of mMTORC2-specific inhibitors?

Several studies, including the work described in this dissertation, provide evidence of a
subset of cancer with particular dependence on mTORC2, underscoring the importance of
developing an mTORC2-specific inhibitor. While some effort has been made on this front, an
effective inhibitor is not currently available. In Chapter Il, we identified mLST8, a shared mTOR
co-factor, to be selectively required for mTORC2, not mTORC1, integrity and function,
suggesting that targeting of mLST8 could be a novel strategy for mTORC2-specific inhibition.
Additionally, our data show that disruption of mMTOR-mLST8 or mLST8-Sin1 binding is sufficient
to block activity of the entire mTORC2 (Figures 2.3&2.5). Thus, the interface between mTOR
and mLST8 can be explored for designing small molecule inhibitors that selectively inhibit

MTORC2 (see discussion below).

Several therapeutic strategies to deplete oncogenic proteins have been developed in

recent years. With the advent of CRISPR-mediated gene therapy for in-human use on the
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horizon, we suspect that this technology could be useful for mTORC2-specific inhibition. Our in
vitro studies have shown that knockout of mMLST8 halted the proliferation of both PTEN-null
prostate cancer and RICTOR-amplified lung cancer cells (Figures 2.7&3.5). Furthermore,
nanoparticle-mediated siRNA targeting of Rictor in pre-clinical breast cancer models showed
promising results (213). Studies exploring the use of targeted gene therapy against mLST8 or
Rictor in orthotopic tumor models in immune-competent systems could provide evidence for
additional effort into developing this technology. Development of Proteolysis Targeting
Chimeras (PROTACS) targeting mLST8 or other mTORC2-specific co-factors is also a potential
strategy for mTORC?2 inhibition for cancer therapy. PROTACS are heterobifunctional molecules
that bind a protein of interest while also engaging an E3 ubiquitin ligase, activating intracellular
proteolysis of the specified protein (239). Recent success of PROTACS designed against
oncogenic proteins such as AKT and BET family members (240,241), suggests that further

development of this strategy may become an efficacious way to inhibit mTORC2.

In addition to targeting these molecules for complete loss-of-function, disruption of the
protein-protein interaction (PPI) between mLST8 and mTOR or Sinl could be a viable strategy
for mTORC2 inhibition. mLST8 is a WD40 repeat (WDR) domain-containing protein, a large
class of proteins that are often involved in scaffolding of large protein complexes, consistent
with the function of mMLST8 determined in Chapter Il. WDR domains consist of seven beta-
propeller blades in the shape of a donut, often mediating protein-protein interactions at the
central pore. PPIs have been notoriously difficult to target, but several small molecule inhibitors
blocking the activity of WDR domain-containing proteins have recently been reported (242).
Although there is significant sequence diversity between the various WDR domains, these
inhibitors provide promise for continued effort in development of small molecule inhibitors
against WDR domain-containing proteins including against mLST8 for mTORC2-specific

inhibition.
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Concluding Remarks

The results reported in this dissertation mark a significant step forward in the
understanding of RICTOR and mTORC2 signaling in cancer. Still, much work is required to fully
understand how alterations of this important signaling node modulates cancer phenotypes and
to determine effective ways to inhibit mMTORC2 for cancer therapy. As technology for studying
these mechanisms continues to evolve, we anticipate the exciting new discoveries in the field of

MTORC2 and cancer biology that are sure to emerge.
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Appendix A

Phosphorylation of PLCyl by EphA2 receptor tyrosine kinase promotes tumor growth in

lung cancer

Abstract

EphA2 receptor tyrosine kinase (RTK) is often expressed at high levels in cancer and
has been shown to regulate tumor growth and metastasis across multiple tumor types, including
non-small cell lung cancer. A number of signaling pathways downstream of EphA2 RTK have
been identified; however, mechanisms of EphA2’s proximal downstream signals are less well-
characterized. In this study, we used a yeast-two-hybrid screen to identify PLCy1 as a novel
EphA2 interactor. Biochemical analysis showed that EphA2 binds to PLCy1 and the kinase
activity of EphA2 was required for phosphorylation of PLCy1. In human lung cancer cells,
genetic or pharmacological inhibition of EphA2 decreased phosphorylation of PLCy1 and loss of
PLCy1 inhibited tumor cell growth in vitro. Knockout of PLCy1 by CRISPR-mediated genome
editing also impaired tumor growth in a Kras®*?P-p53-Lkb1 murine lung tumor model.
Collectively, these data show that the EphA2-PLCy1 signaling axis promotes tumor growth of
lung cancer and provides rationale for disruption of this signaling axis as a potential therapeutic

option.

Implications

The EphA2-PLCGL1 signaling axis promotes tumor growth of non-small cell lung cancer

and can potentially be targeted as a therapeutic option.

Introduction

Receptor tyrosine kinases (RTKs) regulate signal transduction pathways that control cell

proliferation, survival, and motility. Dysregulation of RTKs by mutations, amplifications, or
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overexpression can lead to oncogenic transformation and malignant progression (243). A
number of RTKs have been identified as potential drivers of non-small cell lung cancer (NSCLC),
one of which is EphA2 (244). The EphA2 RTK belongs to the EPH family, the largest family of
RTKs, and is commonly overexpressed in NSCLC and associated with poor clinical outcomes
(245). Targeted disruption of EphA2 impairs tumor growth in KRAS-mutant mouse models and
in human NSCLC xenografts(246). Further, EphA2 is overexpressed in EGFR tyrosine kinase
inhibitor (TKI)-resistant tumor cells (18). Loss of EphA2 reduced viability of erlotinib-resistant
tumor cells harboring EGFR™™ mutations in vitro and inhibited tumor growth in an inducible
EGFRUL858RTI9O0M_mytant lung cancer model in vivo (18). Several EphA2 inhibitors including an
antibody, a peptide, and a small molecule inhibitor have been developed recently (247). An
EphA2-targeting DOPC-encapsulated siRNA is currently in Phase | clinical trials for advanced or
recurrent solid tumors (NCT01591356). However, despite the interest in EphA2 as a therapeutic
target, molecular mechanisms mediating EphA2 function, particularly its proximal downstream

signals, are not well-characterized.

Phospholipase C Gamma (PLCy) is a lipase activated by receptors in the cellular
membrane, including RTKs and adhesion receptors. Once activated, PLCy hydrolyzes
phosphatidylinositol 4,5-bisphosphate (PIP2) to form diacylglycerol (DAG) and inositol 1,4,5-
trisphosphate (IP3), the latter promoting the transient release of intracellular Ca?*, another
important signaling molecule. PLCy is ubiquitously expressed and exists in two isoforms,
PLCG1 and PLCGZ2, each with distinct functions in a variety of cell types and disease
states(248,249). PLCGL1 plays a role in vasculogenesis and erythrogenesis as well as T-cell
development and activity(250). Importantly, loss of PLCG1 is embryonic lethal in mice(251).
PLCG2, meanwhile, is critical for B-cell development and maturation (249,252). Both PLCy
isoforms are enriched and mutated in many cancers (249). Elevated PLCy1 has been shown to

drive metastasis and progression of breast cancer (253,254), and its phosphorylation status is
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prognostic for metastatic risk (255). PLCy has also been implicated in resistance to cancer
treatment. In glioblastoma, PLCy/HIF-1a mediated FGFR1-induced radioresistance (256), while
in head and neck and esophageal squamous cell carcinoma the AXL-EGFR- PLCy1 axis
mediated resistance to PI3K inhibition (257). An acquired PLCG2 mutation also caused
resistance to ibrutinib in chronic lymphocytic leukemia (258). While important roles for PLCy

have been identified in several cancer types, PLCy'’s role in lung cancer has yet to be elucidated.

In this report, we show that PLCy is a novel target of the EphA2 RTK in lung cancer. We
show that EphA2 interacts with and directly phosphorylates PLCy for activation. Additionally,
knockdown of PLCGL1 significantly reduces the growth of KRAS-mutant lung cancer cells in vitro
and inhibits lung tumor growth in an orthotopic Kras-p53-Lkb1 mutant mouse model in vivo.
Collectively, these studies identify the EphA2-PLCy1l axis as a potential therapeutic target for

KRAS-mutant lung cancer.

Results

EphA2 interacts with PLCy

To identify EphA2 interacting partners in human lung cancer cells, the intracellular
domain (AA 559-976) of EphA2 was used as bait for a yeast-two-hybrid (Y2H) screen against
the cDNA library of lung cancer cells (www.hybrigenics-services.com). 79 positive clones were
screened, resulting in 15 total candidates. The candidates were stratified into three categories
based on confidence of interaction- very high confidence (3 proteins, orange), high confidence
(4 proteins, blue), and moderate confidence (8 proteins, green) (Figure 5.1A). 1-2 candidates
were identified in each category that have been previously reported to interact with EphA2,
validating the efficacy and accuracy of the Y2H screen (259,260). We chose to explore PLCG1
and PLCG2 further, since both are PLCy family members and novel interactors with EphA2

identified in this screen with very high confidence and high confidence, respectively.
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To verify the interaction between EphA2 and PLCy (PLCy1 and PLCy2) identified in the
Y2H screen, EphA2 and PLCG1 or PLCG2 were ectopically expressed in COS-7 cells. Both
PLCy isoforms were immunoprecipitated with EphA2, however in the reverse direction, only
immunoprecipitation of PLCy1 was able to co-immunoprecipitate EphA2 (Figure 5.1B),

suggesting a weaker interaction between EphA2 and PLCy2 compared to PLCy1.

PLCy1 and PLCy2 are important mediators of intracellular signal transduction and are
activated by phosphorylation by upstream kinases (261). To determine if EphA2 is required for
PLCy activation, we assessed phosphorylation by immunoblotting. Ectopic expression of EphA2
increased the overall phosphorylation levels of both PLCy1 and PLCy2 including two different
tyrosine sites on each protein (Y783 and Y1253 for PLCy1, Y759 and Y1217 for PLCy2) (Figure
5.1C). We also observed enhanced phosphorylation of Y783 on endogenous PLCy1 in EphA2
overexpressing samples. Conversely, overexpression of PLCy had no effect on the

phosphorylation of EphA2 (Figure 5.1C), suggesting signaling proceeds from EphA2 to PLCy.

Additional analysis of the PLCy protein-protein interactome identified 57 interacting
proteins for PLCy1, far more than the 14 interacting proteins of PLCy2 (Figure 5.1D).
Interestingly, KEGG (Kyoto Encyclopedia of Genes and Genomes) enrichment analysis of the
PLCy1 interactome identified 22 proteins that were significantly enriched in the Ras signaling
pathway (adjusted p value = 2.1e-22, Figure 5.1E), a pathway known to be important in driving

a significant portion of NSCLC.

Since PLCy1 had a stronger interaction with EphA2 (Figure 5.1B) and protein-protein
interaction analysis of PLCG1 showed a broader functional network than PLCy2, we focused on

PLCy1’s interaction with EphA2 in KRAS-mutant lung cancer for the remainder of the study.
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Figure 5.1. EphA2 interacts with PLCy. (A) A yeast-two-hybrid screen identified potential
EphA2 interactors based on a lung cancer cDNA library. Orange, very high confidence; Blue,
high confidence; Green, moderate confidence. (B&C) Combinations of EphA2 and either
PLCG1 or PLCG2 were expressed in COS-7 cells. (B) Flag-PLCy or Myc-EphA2 were
immunoprecipitated and co-immunoprecipitating EphA2 or PLCy was probed by western
blotting. (C) Phosphorylation levels of EphA2 and PLCy were measured by western blotting. (D)
Map of the human EphA2-PLCy1/PLCy2 subnetwork analysis. Proteins in the Ras pathway are
delineated by a blue line. (E) KEGG pathway enrichment analysis of the PLCy interactome.
FDR, False Discovery Rate.
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EphA2 kinase activity is required for PLCy1 phosphorylation

PLCy is a well-known downstream effector of several receptor tyrosine kinases (RTKS),
including EGFR, PDGFR, VEGFR, and TrkB(250). Phospho-tyrosine sites on the RTKs interact
with the SH2 domain of PLCy for activation(250). Consistent with other RTKs, our results from
the Y2H screen indicated that the SH2 domain of PLCy1 was involved in the interaction with the
EphA2 intracellular domain. To characterize the interaction between EphA2 and PLCy1, a
series of EphA2 mutants were made, including two kinase dead mutants (K646M, D739N), four
tyrosine phosphorylation site mutants (Y588F, Y594F, Y735F, Y930F) and one serine
phosphorylation site mutant (S897A) (Figure 5.2A). These phosphorylation sites were chosen
based on the literature and analysis of EphA2 in the PhosphoSitePlus PTM Resource

(https://www.phosphosite.org/homeAction.action) as putative sites most likely to be involved in

EphA2 kinase activity or its cellular function.

In EphA2 and PLCGL1 co-expressing COS-7 cells (Figure 5.2B&C), wild-type EphA2
increased the level of phospho-PLCy1, whereas the ability to phosphorylate PLCy1 was
impaired in cells expressing kinase dead or the two tyrosine mutants (Y588F and Y594F) that
are situated within the juxtamembrane domain of EphA2 and are known to be required for
proper kinase activity(262). Mutation of the other two tyrosine sites in the kinase domain and
SAM domain as well as the serine site had little effect on PLCy1 phosphorylation. Furthermore,
the level of phospho-PLCyl was dependent on the level of EphA2 expression in the cells
(Figure 5.2D). Consistent with Figure 5.2C, expression of the EphA2 kinase dead mutant
(K646M) had no effect on phosphorylation of PLCy1 even at very high doses. The Y588F
mutant, which exhibited reduced kinase activity, only weakly affected phosphorylation of PLCy1

at high expression levels.

140


https://www.phosphosite.org/homeAction.action

We also expressed EphA2 in BEAS2B cells, a hormal bronchial epithelial cell line with
low endogenous EphA2 expression and analyzed the phosphorylation levels of endogenous
PLCy1 (Figure 5.2E). The result here showed that only wild-type EphA2, but not K646M or
Y588F mutants, could phosphorylate PLCy1, demonstrating that PLCy1 phosphorylation is

dependent on the kinase activity of EphA2.

EphA2 activates PLCy1 in human lung cancer cells

EphA2 is highly expressed in many KRAS-mutant lung cancer cells and has been shown
to regulate tumor malignancy(246), prompting us to investigate if PLCy1 is regulated by EphA2
in these cells. Ectopic expression of wild-type EphA2 in H23 cells led to phosphorylation of
PLCy1, while kinase-dead EphA2 had no effect on p-PLCy1 levels (Figure 5.3A).
Corresponding experiments knocking down EphA2 by siRNA in a panel of KRAS-mutant lung
cancer cell lines (H23, H2009, A549, HCC44, H2030, H358) led to a decrease of p-PLCyl
(Figure 5.3B&C). Further, loss of EphA2 by shRNA or siRNA in either H23 or H2009 cells
diminished p-PLCy1 in serum-starved, stimulated, or normal growth conditions (Figure 5.3B&D).
Pharmacological inhibition of EphA2 kinase activity using the small molecule inhibitor ALW-II-
41-27(246) (ALW) also inhibited phosphorylation of PLCy1, with increasing doses of ALW

inhibiting both p-EphA2 and p-PLCy1 in H23 and H2009 cells (Figure 5.3E).

To verify that EphA2 phosphorylates PLCy1 via a direct interaction between the two
proteins in lung cancer cells, we performed DuoLink proximity ligation assay (PLA). We showed
that loss of either EphA2 or PLCy1 by shRNA reduced the number of EphA2-PLCy1 interactions
compared to control shGFP (Figure 5.3F&G). Additionally, we observed a higher number of
baseline interactions in H2009 cells compared to H23 cells which correlated with higher EphA2
and p-PLCy1 levels in this cell line (Figure 5.3C&F). Together, these data show that EphA2

interacts with and phosphorylates PLCy1 in human KRAS-mutant lung cancer cell lines.
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Figure 5.2. EphA2 kinase activity is required for phosphorylation of PLCy. Wild-type (wt)
or mutant EphA2 was expressed in COS-7 or BEAS2B cells to assess their ability to
phosphorylate PLCy1. (A) Diagram showing the domains of EphA2 and the mutants used in the
following experiments. (B) Whole cell lysates of COS-7 cells 48 hours post-transfection were
analyzed by western blotting for phosphorylation of EphA2 and PLCy1. (C) Quantification of the
ratio of phospho-PLCy to total PLCy in EphA2 and PLCy co-expressing cells from two
independent experiments. p/t, phospho/total (D) PLCG1 and EphA2 were co-transfected into
COS-7 cells at aratio of 1:0.1, 1:0.2, 1:0.4, and 1:1 and whole cell lysates were collected 48
hours post-transfection. Lysates were analyzed by western blotting and quantified in the bottom
panel. (E) BEAS2B cells overexpressing EphA2 were cultured for 48 hours in growth medium or
serum-starved and FBS-stimulated for 10 min before collection of lysates. Whole cell lysates
were analyzed by western blotting using the indicated antibodies.
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Figure 5.3. PLCy1 is activated by EphA2in human lung cancer cell lines. PLCy1 activity
was evaluated by its Y783 phosphorylation in human KRAS-mutant lines. A2: EphA2; P1.:
PLCy1 (A) Wild-type or kinase dead (KD) EphA2 was expressed in H23 cells. Cells were
serum-starved and FBS-stimulated for 10 min and whole cell lysates were analyzed by western
blotting with the indicated antibodies. (B&C) EphA2 was knocked down by pooled siRNA in the
indicated cell lines and whole cell lysates were analyzed by western blotting. (B) H23 cells were
serum-starved and stimulated with FBS for 10 or 30 minutes. (C) Cell lines were cultured in
complete growth media for 24 hours post-transfection. (D) EphA2 was knocked down by two
different ShRNA sequences (#1 and #2) in H23 and H2009 cell lines which were serum-starved
and stimulated with FBS for 10 minutes. Whole cell lysates were analyzed by western blotting
with the indicated antibodies. (E) H23 or H2009 cells were treated with increasing
concentrations of ALW for 24 hours. Whole cell lysates were analyzed by western blotting with
the indicated antibodies. (F&G) Endogenous interactions between EphA2 and PLCy1 in H23
and H2009 cells were analyzed by Duolink proximity ligation assay (PLA) in shGFP control cells
compared to either shEphA2 or shPLCG1 knockdown cells. PLA signals (dots) were quantified
from 3-6 40x fields. Data are presented as mean + SD. *, p<0.05, Student’s t-test.
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Loss of PLCy1 blocks cell growth of human lung cancer cells

Despite PLCy1’s well-known roles in regulating T-cell development and homeostasis
(263) and breast cancer cell migration and invasion (264), a role for PLCy1 in lung cancer
remains unclear. We used three independent siRNAs to knockdown PLCGL1 in H23 and H2009
cells (Figure 5.4A). In both cell lines, transient loss of PLCy1 significantly reduced cell viability
compared to control (Figure 5.4B). Long term effects of PLCy1 loss on cell proliferation were
assessed by stable knockdown or knockout of PLCG1 by four independent shRNAs or CRISPR-
Cas9 mediated genome editing followed by MTT and colony formation assays (Figure 5.4C-E).
shPLCGL1 cells showed a much slower growth rate and rarely formed colonies even after two
weeks in culture compared to shGFP control. Similarly, PLCy1 loss significantly hindered colony
formation in sgPLCGL1 cells compared to sgLacZ control, with the reduction in colony formation
correlating with the efficiency of knockout (Figure 5.4F&G). Thus, we demonstrate that PLCG1

promotes the growth of human lung cancer cells in vitro.
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Figure 5.4. PLCy1 loss inhibits human KRAS-mutant lung cancer cell growth. (A) Western
blot of PLCy1 levels in H23 cells upon siPLCG1 targeting. (B) Cell viability of H23 and H2009
cells upon knockdown of PLCG1 by siRNA was measured by MTT assay. Representative data
are presented as mean x SD. **, p<0.01; ***, p<0.001, Student’s t-test. (C) Western blot of
PLCy1 levels in H23 and H2009 cells upon knockdown of PLCG1 by shRNA. (D) MTT assays
measuring the relative cell viability of H23 and H2009 upon targeting of PLCG1 by shRNA.
Representative data are presented as mean + SD. ***, p<0.001, Two-way ANOVA. (E) Colony
growth of shGFP or shPLCG1 H23 and H2009 cells. Quantification of colony area below.
Representative data are presented as mean + SD. ***, p<0.001, Student’s t-test. (F) Western
blot of H23 cells upon targeting of PLCG1 by CRISPR-Cas9 mediated genome editing. (G)
Colony growth of sgLacZ or sgPLCG1 H23 cells. Quantification of colony area below.
Representative data are presented as mean + SD. **, p<0.01; ***, p<0.001, Student’s t-test.
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PLCy1 deficiency decreases tumor growth in a mouse KPL lung tumor model

To evaluate the in vivo role of PLCy1l in tumor growth within a competent immune
environment, a mouse KPL lung tumor model was established (Figure 5.5A-C) based on the
report from Platt et al(217). An adeno-associated virus (AAV) carrying three adjacent sgRNAs
targeting Kras, p53, and Lkb1 genes (KPL), together with a Cre expression cassette and a
mutant Kras®'?® genomic template, was purified and delivered into the lungs of Rosa26-LSL-
Cas9-EGFP knock-in recipient mice via intratracheal instillation (Figure 5.5A). Cre-mediated
recombination allows for EGFP and Cas9 expression in target cells, which leads to mutation of
the three target genes via non-homologous end joining (p53 or Lkb1) or homology-directed
repair (Kras G12D). The mice developed abundant lung nodules approximately 2-3 weeks after
viral instillation, as monitored by MRI (Figure 5.5B). Tumor nodules were also visible by EGFP
after lung dissection (Figure 5.5C). EGFP-positive tumor cell populations were then isolated
from the tumor mass and single cell clones were established (Figure 5.5C). Western blots were
used to confirm KPL mutations in the clones (Figure 5.5D), and clone KPL-C2 was selected for

use in the following experiments.

In addition to the targeted KPL mutations, KPL-C2 cells had high EphA2 and p-EphA2
expression. Pharmacologic inhibition of EphA2 by ALW effectively blocked both p-EphA2 and p-
PLCy1l (Figure 5E, arrow) and colony growth of KPL cells in a dose dependent manner (Figure
5.5F), indicating EphA2 might modulate PLCy1 activity to regulate KPL tumor cell growth.
CRISPR-Cas9 mediated genome editing was used to generate PLCy1 knockout KPL cells
(Figure 5.5G). PLCy1l-deficient KPL cells showed a significant decrease in colony growth in
vitro (Figure 5.5H). sgLacZ control and sgPLCG1 knockout cells were subsequently injected
into the tail veins of immune competent mice (Rosa26-LSL-Cas9-EGFP). sgLacZ cells
developed a significant number of tumors in the lungs at week three, while PLCG1-deficient

cells formed a very limited number of tumors compared to the control cells (Figure 5.51&J). In
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some mice, loss of PLCyl completely inhibited tumor formation. PCNA and cleaved-Caspase-3
IHC staining of the tumors showed that PLCy1 deficiency in these KPL cells inhibited tumor cell
proliferation but had little effect on apoptosis (Figure 5.5K-M), respectively, in agreement with
our previous findings that EphA2 knockdown affected tumor cell proliferation but not

apoptosis(265,266). Collectively, these data show that PLCy1 promotes KPL lung tumor growth.
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Figure 5. PLCy1 deficiency hinders mouse KPL lung tumor growth. (A) Schematic of AAV
vector used for expression of sgKras, sgp53, sgLkbl, Cre and Kras®!?® template. (B) MRI
images of tumor formation in KPL mice up to 3 months after viral instillation. (C) Representative
image of GFP expression in KPL lung tumors. Cells were isolated from tumors to create KPL
tumor cell lines. (D) Single cell clones from KPL tumors were grown to create KPL tumor cell
lines (ex. KPL-C1, clone 1). Whole cell lysates were analyzed by western blotting using the
indicated antibodies. (E) KPL-C2 cells were treated with increasing doses of ALW. Cell lysates
were analyzed by western blotting using the indicated antibodies. (F) Colony assay of KPL-C2
cells with increasing doses of ALW. Quantification in the bottom panel. Data are presented as
mean £ SEM. **, p<0.01; ***, p<0.001, Student’s t-test. (G) Western blot showing loss of PLCy1
upon targeting of KPL-C2 cells with CRISPR-Cas9 sgPLCGL1. (H) Colony assay of KPL-C2 cells
targeted with sgPLCG1. Quantification in bottom panel. Representative data are presented as
mean * SD. *, p<0.05; **, p<0.01, Student’s t-test. (I-M) sgPLCG1 KPL-C2 cells were injected
via tail vein injection back into Rosa26-LSL-Cas9-GFP mice. (I) Tumor formation was visible by
GFP expression. (J) Quantification of GFP density of sgLacZ or sgPLCG1 KPL-C2 tumors. Data
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are presented as mean + SEM. **, p<0.01; ***, p<0.001, Student’s t-test. (K) Proliferation of
sgLacZ or sgPLCG1 KPL-C2 tumors was measured by PCNA immunohistochemistry staining.
(L) Quantification of PCNA staining. Data are presented as mean + SEM. *, p<0.05, Student’s t-
test. (M) Apoptosis was measured by TUNEL immunohistochemistry staining. Quantified data
are presented as mean = SEM, Student’s t-test.

Discussion

EphA2 has emerged as a promising target in several tumor types including lung,
pancreatic, breast, and glioblastoma (246,265-269), yet understanding of its proximal
downstream signals is not comprehensive. In this report, we identify PLCy as a novel
downstream effector of EphA2 capable of promoting tumor progression in the context of KRAS-
mutant lung cancer. In addition to PLCy1, several other well-known signaling molecules,
including S6K1-pBAD, JNK-c-JUN, mTOR, and ERK, are also known to function downstream of
EphA2 in lung cancer (246,265,270,271). How cells precisely regulate timing and localization of
these interactions downstream of EphA2 remains unanswered. Along with PLCy, our Y2H
screen also identified other EphA2 interactors including Src family proteins, the PTPN3
phosphatase, and PIK3R1, a regulatory subunit of PI3K (Figure 5.1A). While many of these hits
have been implicated in lung tumorigenesis (272—-276), additional studies are required to
determine whether these interactors participate in EphA2 signaling during lung tumor

progression.

The role of PLCy1 in tumor cell proliferation is controversial. While PLCy1 has been
implicated in directing cell cycle progression (277,278), other reports suggest that PLCy1 may
negatively regulate cell proliferation (279). These conflicting reports suggest that PLCy1
regulation of cell proliferation may be context dependent, perhaps varying based on the tumor
type or activating growth factor. In this study, we show that loss of PLCG1 reduces cell viability
of KRAS-mutant lung cancer cell lines in vitro and reduced PCNA staining of KPL lung tumors in
vivo. Thus, our data suggest in the context of KRAS-mutant lung cancer, PLCy1 facilitates
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tumor cell proliferation. Further, PLCy has been implicated in AXL-mediated resistance to PISK
inhibition in neck and esophageal squamous cell carcinomas (257). Since EphA2 also plays
critical roles in tumor resistance to EGFR kinase inhibitors in lung cancer (18) and B-Raf
inhibitors in melanoma (280), it will be interesting to investigate whether PLCy mediates the

EphA2 signaling pathway in drug resistance cells.

In summary, our data reveal that PLCy1 is a novel interactor of the EphA2 RTK in lung
cancer cells, and our data support the idea that targeting this EphA2- PLCy1 signaling axis

could be a promising therapeutic option for treating lung cancer.

Materials and Methods

Cell lines, plasmids, and reagents

293FT, COS-7, and mouse KPL lines were cultured in DMEM supplemented with
penicillin/streptomycin and10% FBS. Human lung cancer cell lines (A549, H23, H358, H2030,
H2009, and HCC44) and BEAS2B cells were cultured in RPMI 1640 supplemented with
penicillin/streptomycin and 10% FBS. Cell lines were either purchased from ATCC or thawed

from our lab stocks. Mycoplasma was routinely tested to exclude possible contamination.

For transient knockdown, siRNAs were purchased from Dharmacon (smart pool siEphA2: #L-
003116-00-0005; non-targeting pool: #D-001810-10-05; individual siPLCG1 #1-3: # J-003559-
05, 07, 08). For stable shRNA knockdown, lentiviral vector pLKO.1 was used (EphA2 shRNA#1
CGGACAGACATATGGGATATT; EphA2 shRNA#2 GCGTATCTTCATTGAGCTCAA; PLCG1
shRNA#1 ATGACAAAGCAATGTGACTGG; PLCG1 shRNA#2 ATGTAAACTTTGTTTCCCTGG;
PLCG1 shRNA#3 AATTTCACGAATGTCAATGGC; PLCG1 shRNA#4

ATACCATTCGTGGTTCACAGG; GFP shRNA control GCAAGCTGACCCTGAAGTTCAT). For
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Crispr/Cas9 mediated gene knockout, lentiviral vector LentiCRISPR v2 was used human
PLCG1 gRNA #1 ATAGCGATCAAAGTCCCGTG; human PLCG1 gRNA #2
GTTCACTTCATCCTCAGATG,; LacZ gRNA TGCGAATACGCCCACGCGAT; mouse PLCG1
gRNA #1 GCTAATGGAGGATACACTGC; mouse PLCG1 gRNA #2
CCGCGGCGCGGACAAAATCG). The PLCG1 full length cDNA plasmid was purchased from
Sino Biological Inc (#MG50804-G) and PLCG1 was subcloned into pCDH-puro vector with Flag-
tag at its C-terminus. The EphA2 full length cDNA plasmid (pCDH-puro EphA2-Myc) and its
corresponding mutants (S897A, Y588F, Y594F, Y735F, Y930F, K646M, and D739N) were all
from lab stocks. For AAV system, AAV9 and pAF6 plasmids were purchased form Penn Vector
Core at the University of Pennsylvania, and AAV-KPL plasmid was from Addgene (#60224).

ALW-II-41-27, was purchased from MedChem Express (Monmouth Junction, NJ).

Building a human protein-protein interactome

To construct a comprehensive and high-quality human protein-protein interaction (PPI) network,
we assembled 15 commonly used data sources with five types of experimental evidence: (1)
binary PPIs tested by high-throughput yeast-two-hybrid (Y2H) systems; (2) binary, physical PPls
from protein three-dimensional structures; (3) kinase-substrate interactions from literature-
derived low-throughput and high-throughput experiments; (4) signaling networks derived from
low-throughput experiments; (5) literature-derived identified by affinity purification followed by
mass spectrometry (AP-MS) and low-throughput experiments. In total, the updated human
interactome consisted of 351,444 PPIs (edges or links) linked to 17,706 unique proteins (nodes).
The detailed descriptions of building the human interactome are given in our recent
studies(281-283). We then mapped the EPHA2, PLCG1 and PLCG2 into the PPIs network to
construct EPHA2-PLCG1/PLCG2 sub-network. Next, we performed Kyoto Encyclopedia of
Genes and Genomes (KEGG) enrichment analysis to identify the functional pathway related

with PLCG1 and PLCG2.
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Cell growth assays

MTT Assay was used to evaluate the short-term proliferation of cells. 2 x 10° cells were plated
into 96-well plates with six replicates in growth media. MTT reagent was added and the plates
were read using plate reader (Synergy HT, BioTek) on days 1-6. Cell viability was normalized to
day one. Colony formation assays were used to evaluate the long-term proliferation of cells. 400
cells were plated into 12-well plates with 3-4 replicates in growth media. For drug treatment
experiments, drugs were added the day after cell attachment with an initial plating of 2 x 10*
cells. Cell colonies were visualized by crystal violet staining after 2 weeks for human cells or 1

week for mouse KPL cells.

Yeast-two-hybrid screen

Yeast two-hybrid (Y2H) screening was carried out by Hybrigenics Services, (hybrigenics-
services.com). The cytoplasmic EphA2 tail (AA 559-976) was cloned as a N-LexA-EPHA2-C
fusion to be the bait against a lung cancer cDNA library (mix of A549, H1703, and H460) and 79
positive clones were selected on DO-3 selective medium plates. A confidence score (Predicted
Biological Score, PBS) was assigned to each interaction, then scores were stratified into

categories based on the degree of confidence.

Proximity Ligation Assay

Cancer cells in culture medium were plated onto coverslips coated with 0.5% Gelatin in DPBS.
Cells were washed with DPBS and fixed with 4% PFA after 24hr growth. 5% goat serum plus
0.3% triton X-100 in DPBS was used to permeabilize cells. Anti-PLCG1 rabbit polyclonal
antibody (Santa Cruz, #SC-81, 1:200) and anti-EphA2 mouse monoclonal antibody (EMD
Millipore, #05-480, 1:400) diluted in blocking buffer were applied to cells and incubated for
overnight at 4°C. The DuoLink Proximity Ligation Kit (Sigma-Aldrich, #DU092102) was used

according to manufacturer’s instructions.
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Immunoblots, immunoprecipitation, and immunohistochemistry

For western blotting, 10 to 30ug of total protein from cell lysates were separated by SDS-PAGE,
transferred to a nitrocellulose membrane and probed with indicated antibodies. Primary
antibodies used in this study were as follows: rabbit anti-EphA2 (Santa Cruz, #SC-924, 1:1000),
mouse anti-EphA2 (EMD Millipore, #05-480, 1:1000), mouse anti-PLCG1 (Santa Cruz, #SC-
7290, 1:500), rabbit anti-PLCG2 (Santa Cruz, #SC-407, 1:500), rabbit anti-EphA2 Y588 (Cell
Signaling, #12677, 1:500), rabbit anti-PLCG1 Y783 (Cell Signaling, #14008, 1:500), mouse anti-
B-Actin (Santa Cruz, #SC-47778, 1:1000). Secondary antibodies used were as follows: anti-
rabbit IgG HRP (Promega, #W4011, 1:5000), anti-mouse IgG HRP (Promega, #W4021, 1:5000),
anti-rabbit 1gG IRDye 800CW (LI-COR, #926-32211), and anti-mouse IgG IRDye 680LT (LI-
COR, #926-68020). Antibodies were diluted in PBST/5% nonfat milk. Signal was detected using
ECL substrate (West Femto or West Pico, Thermo Fisher Scientific) or by LI-COR Odyssey

Infrared Imaging System.

For immunoprecipitation, cells were lysed in IP buffer (10mM Tris-HCI pH=7.5, 150mM NacCl,
2mM EDTA, 1% Triton X-100). 1ug of total protein was incubated with anti-Myc tag or anti-Flag
agarose beads overnight at 4°C. Beads were washed with lysis buffer and boiled with 20ul SDS

loading buffer. The soluble fraction was loaded for immunoblot analysis.

Lung tumor sections were stained with hematoxylin and eosin by Vanderbilt University
Translational Pathology Shared Resource. PCNA staining (Cell signaling, rabbit anti PCNA,
#13110) for proliferation or terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) assay (Millipore, ApopTag Red In Situ Apoptosis Detection Kit, #57165) for apoptosis
was performed as described previously(284,285). Tumor area of 20x images was analyzed by

ImageJ or CellSens software.

Animal Studies
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AAV was produced in 293FT cells, chemically purified and concentrated according to published
methods(217). AAV titer was determined using AAVpro Titration Kita (Takara Bio Inc., #6233). A
titer of 2x10*! viral genome copies in 75ul DPBS was intratracheally injected into 7-8-week-old
Rosa26-LSL-Cas9-EGFP mice (stock #: 024858, Jackson Labs). Tumor development was
monitored weekly by MRI and by GFP imaging after sacrifice. For orthotopic lung tumor growth,
KPL lines were transfected with luciferase expression plasmid and intravenously injected via tail

vein. Lung tumor growth was measured once a week by bioluminescence imaging.

All animal experiments were pre-approved by the Vanderbilt Institutional Animal Care and Use

Committee and followed all state and federal rules and regulations.

Statistical analysis

Data were presented as Mean + SD or SEM and statistically analyzed by two-tailed student’s t-
test or two-way ANOVA. All experiments were performed at least two independent times and p

< 0.05 was treated as statistically significant. GraphPad Prism 8 was used for statistical analysis.
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