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Abstract

Small cell lung cancer (SCLC) is a tumor characterized by rapid onset and a high
propensity for metastasis. Treatment options are limited, having remained largely
unchanged over the past few decades, and are quickly overcome by drug resistance.
These factors are major contributors to the poor prognosis and unusually high mortality,
which underscore an urgent need to identify novel biomarkers and therapeutic targets in
order to improve the detection and treatment of SCLC. Thus, the overarching goal of
our group is to identify molecular changes specific to SCLC cells relative to

precancerous precursor cells and determine their roles in tumor growth.

In a previously published report, the Park lab demonstrated that the
development of SCLC driven by Mycl depends on enhanced ribosome biogenesis and
protein translation, and is sensitive to inhibition of RNA Polymerase |. Here, we sought
to identify genes downstream of Mycl that could promote protein translation and be
targeted to inhibit the growth of SCLC. While few studies have explored the metabolism
of amino acids to target this tumor, we found that comparative profiling of precancerous
cells and cells transformed by Mycl revealed branched chain aminotransferase 1
(Bcat1) as one of the most up-regulated genes in the transformed cells. Based on this
observation, and the fact that branched chain amino acids (BCAAs) can contribute to
the synthesis of non-essential amino acids, which are utilized for protein translation, we

hypothesized that the overexpression of BCAT1 promotes the growth of SCLC.



Thus, in chapter 2, we confirm that BCAT1 protein levels are elevated in mouse
SCLC cells relative to precancerous cells, and that BCAT1 is also expressed in a subset
of human SCLC cells. Importantly, we found that BCAT1 promotes the growth of SCLC
cells and tumors. We also found that BCAT1 reduces the intracellular concentration of
valine, as well as increases the intracellular concentrations of glutamate and aspartate;
additionally, we found that BCAT1 increases the catabolism of leucine. These findings
are consistent with the concept that BCAT1 enhances the catabolism of BCAAs. As
leucine is sensed by the mechanistic target of rapamycin complex 1 (mTORC1), which
has been reported to support the growth of tumors by promoting protein translation, we
investigated the role of BCAT1 in the mTORC1 pathway and found that the inhibition of
BCAT1 results in notable increases in the phosphorylation of RPS6K and MTOR in
SCLC cells, which suggests that BCAT1 inhibits mTORC1 in SCLC. Interestingly, we
present data that suggest that BCAT1 does not decrease protein translation, but
actually increases it under certain conditions. Taken together, these novel findings
suggest that the elevated expression of BCAT1 supports the growth of SCLC,
potentially by promoting protein translation. How BCAT1 promotes protein translation
and inhibits mMTORC1 remains elusive, but given the proven safety profile of an existing
inhibitor of BCAT1, our findings are significant in supporting the concept of targeting

BCAT1 as a novel and particularly valuable therapeutic strategy for SCLC.



Table of Contents

Abstract i

Table of Contents iii

List of Figures viii
Chapter 1: Introduction 1
1.1. Hallmarks of cancer 2
1.2.Lung cancer 4
1.2.1. Lung cancer types and overview: key statistics and general etiology 4

1.2.2. Adenocarcinoma, squamous cell carcinoma, and large cell carcinoma 5

1.2.3. Neuroendocrine cancer in the lung: small cell lung cancer, large cell

neuroendocrine carcinoma, and carcinoid tumors 6

1.2.4. Treatment for lung cancer 8
1.3. Small cell lung cancer 13
1.3.1. Cellular features of SCLC 13

1.3.2. Genetics of SCLC: significance of the RB1 and TP53 tumor suppressors

and other features 14

1.3.3. Emerging molecular and cellular subtypes 17
1.3.4. Discovery of the SCLC genome 20
1.4. Models of SCLC development and homeostasis 22

1.4.1. Cell lines 22



1.4.2. Genetically engineered mouse models
1.4.3. Precancerous cells
1.5. Cancer metabolism
1.5.1. General features of cancer metabolism
1.5.2. Metabolism in SCLC
1.6. Protein translation in cancer
1.6.1. Regulation of protein translation in health
1.6.2. Role of protein translation in cancer
1.6.3. The necessity to regulate protein translation
1.7.Branched chain amino acid pathway
1.7.1. Branched chain amino acid metabolism
1.7.2. Deregulation of the branched chain amino acid pathway in cancer
1.8. Mechanistic target of rapamycin complex 1
1.8.1. Structure of mMTORCA1
1.8.2. Roles of mMTORCA1
1.8.3. Regulation of mMTORCA1
1.8.4. Clinical application of mMTORC1 inhibitors

1.9. Significance and Overview

23

24

25

25

28

34

34

36

37

39

39

44

46

46

48

50

56

58

Chapter 2: Characterization of branched chain aminotransferase 1 in small cell lung

cancer

64



2.1. Introduction 64
2.2. Results 69

2.2.1. BCAT1 is highly expressed in murine SCLC cells and is also detectable in

human SCLC cell lines 69

2.2.2. Ectopic expression of BCAT1 is not sufficient to induce the transformation

of precancerous cells in vitro 73
2.2.3. Knockdown of BCAT1 decreases the growth of SCLC cells in vitro 76

2.2.4. Cells with high expression of BCAT1 undergo strong selection to grow in

subcutaneous allografts 79

2.2.5. Deletion of BCAT1 decreases the growth of SCLC tumors in an

autochthonous mouse model 94

2.2.6. Pharmacological inhibition of BCAT1 reduces the growth of SCLC cells in

vitro 97
2.2.7. Inhibition of BCAT1 reduces the transamination of leucine in SCLC cells
101

2.2.8. Knockdown of BCAT1 reduces the concentrations of glutamate,

glutamine, and aspartate in SCLC cells 108

2.2.9. Ectopic expression of BCAT1 promotes mTORC1 activity and protein

translation in preSC 109

2.2.10. Knockdown of BCAT1 activates mTORC1, but not protein

translation, in SCLC cells 115



Vi

2.2.11. BCAT1-mediated activity of mTORC1 does not influence the
integrated stress response in SCLC cells 125
2.2.12. Knockdown of BCAT1 does not decrease autophagy in SCLC cells 140

2.2.13. Knockdown of BCAT1 does not increase mitochondrial function in SCLC

cells 141

2.3. Discussion 149
Chapter 3: Perspectives 162
3.1. What is the role of BCAT1 in the cancerous transformation of preSC? 164
3.1.1. Is BCAT1 required for the transformation of preSC? 164

3.1.2. How does BCAT1 promote protein synthesis in preSC cells? 165

3.2. What is the mechanism of action of BCAT1 in SCLC cells? 167

3.2.1. Are increased levels of glutamate, glutamine, or aspartate important for

SCLC growth? 168

3.2.2. What is the effect of increased activity of mTORC1? 169
3.2.3. Are BCKAs important for SCLC growth in vivo? 170
3.3.What is the therapeutic potential for SCLC therapy? 172

3.3.1. Does pharmacological inhibition of BCAT1 reduce SCLC growth in mice?

173
3.3.2. Can targeting BCAT1 improve the efficacy of chemotherapy? 174

Chapter 4: Materials and Methods 177



Vii

4 1. Cell culture 177

4.2. Cloning and lentivirus production and concentration 177
4.3. Generation of BCAT1 over-expression and knockdown cells 179
4.4. Immunoblot analyses and antibodies 180
4.5. Soft agar colony formation assays 181
4.6. Subcutaneous allografts 182
4.7. Assessment of leucine catabolism 183
4.8. Measurement of intracellular amino acids 184
4.9. Puromycin incorporation assys 184

4.10. Time course analysis of mTORC1 activity, integrated stress response, and

puromycin incorporation 185
4.11. Assessment of mitochondrial function 185
4.12. Measurement of reactive oxygen species 186

List of References 187



viii

List of Figures

Figure 1.1 Branched chain amino acid catabolism 41

Figure 1.2 Mechanisms through which amino acids are sensed by mTORC1 52

Figure 1.3 Diagram of pathways potentially altered by expression of branched

chain aminotransferase 1 (BCAT1) in SCLC 61
Figure 2.1 Expression of BCAT1 was increased in SCLC 71

Figure 2.2 Expression of BCAT1 was not sufficient for transformation of

precancerous cells 74

Figure 2.3 shRNA-mediated knockdown of BCAT1 reduced the growth of SCLC

cells in vitro 77

Figure 2.4 CRISPR-mediated knockdown of BCAT1 reduced the growth of SCLC

cells in vitro 80

Figure 2.5 shRNA-medited knockdown of BCAT1 did not consistently reduce the

growth of allografts 83

Figure 2.6 Constitutive CRISPR-mediated knockdown of BCAT1 did not reduce

the growth of allografts in immunocompromised athymic nude mice 86

Figure 2.7 Constitutive CRISPR-mediated knockdown of BCAT1 did not reduce

the growth of allografts in immunocompetent B6129F1/J mice 89

Figure 2.8 Doxycycline-inducible knockdown of BCAT1 did not reduce the growth

of allografts in immunocompetent B6129F1/J mice 92



Figure 2.9 Deletion of BCAT1 reduced tumor burden in an autochtonous GEMM

of SCLC 95

Figure 2.10 Pharmacological inhibtion of BCAT1 reduced the growth of SCLC

cells in vitro 99

Figure 2.11 Targeting BCAT1 reduced the transamination of leucine in SCLC cell

lysates 103

Figure 2.12 Targeting BCAT1 reduced the transamination of leucine in live SCLC

cells 106

Figure 2.13 CRISPR-mediated knockdown of BCAT1 reduced the intracellular

levels of glutamate, glutamine, and aspartate 110

Figure 2.14 Ectopic expression of BCAT1 in precancerous cells resulted in

increased mTORC1 activity and increased protein translation 113
Figure 2.15 CRISPR-mediated knockdown of BCAT1 increased mTORC1 activity
116

Figure 2.16 shRNA-mediated knockdown of BCAT1 decreased protein

translation 119

Figure 2.17 CRISPR-mediated knockdown of BCAT1 did not decrease protein

translation 121

Figure 2.18 Deletion of BCAT1 in primary cancer cells cultured from tumors

resulted in decreased protein translation 123



Figure 2.19 CRISPR-mediated knockdown of BCAT1 did not consistently inhibit

EIF2A following serum synchronization 127

Figure 2.20 CRISPR-mediated knockdown of BCAT1 did not consistently inhibit

EIF2A without synchronization of cells 130

Figure 2.21 CRISPR-mediated knockdown of BCAT1 did not inhibit EIF2A

following synchronization of cells with lovastatin 132

Figure 2.22 Conditional CRISPR-mediated knockdown of BCAT1 did not inhibit

EIF2A following serum synchronization 135

Figure 2.23 Deletion of BCAT1 in primary cancer cells did not produce a

consistent pattern of mMTORC1 activity and EIF2A phosphorylation 138
Figure 2.24 CRISPR-mediated knockdown of BCAT1 did not affect autophagy
142

Figure 2.25 shRNA-mediated knockdown of BCAT1 did not increase

mitochondrial function 145

Figure 2.26 CRISPR-mediated knockdown of BCAT1 did not increase

mitochondrial function 147

Figure 2.27 CRISPR-mediated knockdown of BCAT1 did not increase reactive

oxygen species 150



Chapter 1: Introduction

Although cancer cells frequently undergo metabolic rewiring (Hanahan &
Weinberg, 2011), our understanding of altered metabolism in cancer is far from
comprehensive. Much of the literature on cancer metabolism is focused on relatively
few pathways, such as glycolysis (Heiden et al., 2009). However, there is growing
evidence that abberant metabolism of amino acids contributes to the growth of
recalcitrant cancers, such as small cell lung cancer (SCLC) (Chalishazar et al., 2019).
Previous work from the Park lab reported that ectopic expression of Mycl induced the
expression of branched-chain aminotrasferase 1 (Bcat1) mRNA (Kim et al., 2016). The
increased expression of Bcat1 raised the question of whether branched chain amino
acid metabolism contributes to the growth of SCLC. Thus, the primary aim of this thesis
was to elucidate the relationship between increased BCAT1 protein expression and the
growth of SCLC cells and tumors. Additionally, we sought to assess changes in
downstream pathways, such as the mechanistic target of the rapamycin complex 1
(mTORC1) pathway and protein translation, to reveal how BCAT1 promotes the growth
of SCLC. First, this chapter provides an introduction to cancer and hallmarks of cancer,
followed by a summary of lung cancer, including key statistics, etiology, and treatment
options. Following that is a discussion of the genetics and biology of SCLC, including a
review of emerging subtypes of SCLC. This is followed by a summary of models of
SCLC development and homeostasis that are used to functionally characterize genetic
alterations. Next, reviews of cancer metabolism, protein translation, branched chain

amino acid (BCAA) metabolism, and mTORC1 signaling serve to bridge BCAAs and



protein translation in cancer. Finally, the chapter provides an outline of the central

questions to be addressed by the research compiled in this thesis.

1.1 Hallmarks of Cancer

In the normal physiological state, cells replicate to generate new cells only when
the body requires it, especially to form or repair tissues (Krafts, 2010). The cell cycle,
which is the process by which cells grow, duplicate and divide, is normally a highly-
regulated set of events. In order to replicate, a cell must encounter pro-growth signals
(e.g., growth factors) and lose growth-inhibitory signals (e.g., cell-cell contact). In
particular, growth factors in the extracellular space bind to receptors on the cell surface
and stimulate them to activate a series of downstream effector proteins, which
transduce the signal to the nucleus where deoxyribonucleic acid (DNA) resides. Then,
transcription factors within the nucleus generate mRNA from the DNA template, which
are translated into proteins involved in cell proliferation. To ensure this process
progresses properly, the cell cycle pauses at certain steps, called checkpoints, in order
to assess DNA damage and make sure the appropriate amount of genetic material is
distributed to each daughter cell (Agarwal et al., 1995). Except for stem cells, non-
transformed cells can only divide a limited number times before they become too old
and/or damaged to continue (Cerella et al., 2016). In this case, the cell either undergoes
programmed death and a new cell replaces it or the cell enters a state in which
proliferation ceases without death. Cancer, in contrast, is a collection of diseases in

which cells continue to divide unchecked even when a healthy tissue is completely



formed or when the proliferating cell is severely damaged (Symonds et al., 1994).
Eventually, cancer cells in tissues may form a solid mass, called a tumor, but cancers of

the blood, such as leukaemias, generally do not.

There are several hallmarks of cancer cells that set them apart from normal cells,
including sustained proliferative signaling, evasion of growth suppressors, resistance to
cell death, enabling of replicative immortality, inducing angiogenesis, enhanced invasion
and metastasis, deregulated cellular energetics and metabolism, and avoidance of
immune destruction (Hanahan & Weinberg, 2011). In essence, cancer cells convert
transient growth signals to chronically activated signals and can proliferate indefinitely,
they inactivate mechanisms that interfere with cell cycle progression and that induce cell
death, they promote the formation of blood vessels (angiogenesis) to ensure nutrient
supply, they invade adjacent tissues and blood vessels to spread to other parts of the
body (metastasis), they alter utilization of nutrients to support their growth, and they
evade surveillance by the immune system that would normally destroy aberrant cells.
However, different tumors, even within the same tissue, can acquire these hallmarks
through diverse assortment of molecular mechanisms. Thus, a better understanding of
the underlying mechanisms distinct to each tumor type is critical to developing better

treatments for individual patients.



1.2 Lung Cancer

1.2.1 Lung cancer types and overview: key statistics and general etiology

Lung cancer is the general category of tumors that arise in the lungs and is
largely divided into histological subtypes, such as non-small cell lung cancer (NSCLC),
SCLC, and lung carcinoid cancer, which, in the U.S., represent about 85%, 15%, and 1-
2%, respectively (Travis et al., 2015). Excluding skin cancers, lung cancer is one of the
most common types in the U.S. for both men and women, second only to prostate
cancer in men and breast cancer in women (Siegel et al., 2019). The American Cancer
Society (ACS) estimates there will be more than 220,000 new cases and more than
135,000 deaths from lung cancer in the U.S. in 2020; that is nearly 25% of cancer
deaths and more than colon, breast, and prostate cancers combined (Siegel et al.,
2020). There are several risk factors for lung cancer, with tobacco smoke being the
leading factor (Alberg & Samet, 2003; Mccarthy et al., 2012). About 80% of lung cancer
deaths are attributed to smoking, and even inhaling the smoke of others, which is called
secondhand smoke, can increase the risk. Beyond smoking, radon, which is a natural
product from the degradation of uranium in the ground, is the second leading cause of
lung cancer in the U.S.. Additionally, workplace exposure to certain agents, such as
asbestos, uranium, arsenic, and diesel exhaust can also increase the risk. Lung cancers
largely affect older individuals, with the incidence highest in those above the age of 70

(Siegel et al., 2020).



1.2.2 Adenocarcinoma, squamous cell carcinoma, and large cell carcinoma

NSCLC is further categorized into subtypes such as adenocarcinoma, squamous
cell carcinoma, and large cell carcinoma (Travis et al., 2015). Although these subtypes
originate from different types of lung cells, they are grouped together because their
treatment and prognoses are often similar. Adenocarcinomas originate in cells that
normally secrete substances such as mucus (DeVita et al., 2018). They are usually
found in the outer portions of the lungs and are more likely to be detected before
metastasis. While adenocarcinoma largely affects smokers, it is the most common type
of lung cancer found in non-smokers. It is also more likely to occur in younger people
and it is more common in women than in men. The 5 year survival rate for

adenocarcinomas is about 21% (Lu et al., 2019).

Squamous cell carcinoma (SCC) originates in squamous cells, which are flat
epithelial cells that line the insides of lung airways (DeVita et al., 2018). These tumors
tend to be centrally located near a bronchus and are more likely to metastasize than
adenocarcinoma, settling in nearby areas. However, unless it is diagnosed early, it often
spreads to different parts of the body, such as bone or the brain. The 5 year survival

rate for SCC is about 18% (Lu et al., 2019).



The diagnosis of large cell carcinoma (LCC) is restricted only to resected tumors
that lack any clear morphologic or immunohistochemical differentiation (DeVita et al.,
2018). It can arise in any part of the lung and tends to grow and metastasize quickly.

The five year survival for LCC is about 13% (Lu et al., 2019).

1.2.3 Neuroendocrine cancer in the lung: small cell lung cancer, large cell

neuroendocrine carcinoma, and carcinoid tumors

Mutant lung neuroendocrine cells give rise to neuroendocrine cancers of the
lung, such as SCLC (Park et al., 2011). Small cell lung cancer is exceptionally linked to
tobacco use and is rare in never smokers (only about 5% of cases) (Nicholson et al.,
2002). Recently, a research group extracted incidence data from the Surveillance,
Epidemiology, and End Results (SEER) database and focused on the three decades
between 1983 and 2012 (Wang et al., 2017). They found that the incidence of SCLC in
the U.S. is on the decline, with the proportion of new cases falling from 17% of lung
cancers in 1986 to 13% in 2002 (Wang et al., 2017). The incidence was highest in
individuals 65-79 years of age. While males experienced a higher incidence than
females in each decade, the incidence gaps shrank due to the declining incidence in
males and relatively stable incidence in females. Although the incidence decreased
each decade regardless of socio-economic status, individuals categorized as high
poverty experienced a lower incidence than those categorized as medium or low
poverty. Additionally, while the incidence in each race decreased each decade, white

individuals and black individuals experienced higher incidences than individuals



categorized as other. However, both black and other individuals had similar numbers of

patients, which were significantly lower than that of white individuals.

SCLC presents as a high grade tumor, which is typically centrally located, usually
in the bronchi (Farago & Keane, 2018). Compared to NSCLC, SCLC is highly
proliferative, it is highly metastatic (70% of new cases present with metastases) and for
the overwhelming majority of patients, there are no therapies that elicit a durable
response. The median survival of SCLC is only about 7 months with a 5-year survival
rate of about 6% (Wang et al., 2017). The high mortality associated with SCLC
underscores the urgent need for a deeper understanding of the factors contributing to
the growth of this recalcitrant cancer, as well as the need for the development of novel

therapeutic strategies to induce durable regression.

There are two stages of SCLC, categorized by the extent to which the disease
has spread: limited-stage (LS) and extensive-stage (ES) (Farago & Keane, 2018). LS-
SCLC is the less common category, comprising about a third of new cases. In this
stage, the disease is limited to one side of the chest. In general, tumors are in one lung
and may have spread to lymph nodes on the same side of the chest. Most importantly,
lesions are in a small enough area to be treated in a single radiotherapy port. ES-SCLC
represents about two thirds of new cases and encompasses cancer that has spread
beyond a single radiotherapy port. It may be spread widely throughout a single lung or it
may have spread to the other lung, to lymph nodes on the other side of the chest, or to

other parts of the body. Metastatic tumors commonly spread to the liver, adrenal glands,



bone or brain (Milovanovic et al., 2017). According to the American Cancer Society
(ACS), the 5-year survival rate for localized SCLC is significantly better than for regional
or distant disease (27% vs. 16% and 3%, respectively). This is likely due to the
increased limitations on treatment strategies and the decreased treatment efficacy as

the disease spreads.

There are two types of lung carcinoid tumors: typical and atypical (Gosain et al.,
2018; Steuer et al., 2015). Typical carcinoids account for about 90% and grow slowly.
Atypical carcinoids grow faster and are more likely to metastasize beyond the lungs.
Carcinoids can also be classified by their location: central carcinoids are found on the
walls of the bronchus, whereas peripheral carcinoids form closer to the edges of the
lungs in the smaller airways. According to the ACS, the 5-year survival rates for lung
carcinoid tumors are much better than for SCLC: they are 97% , 86%, and 58% for

localized, regional, and distant disease, respectively.

1.2.4 Treatment for lung cancer

Surgery can be useful for some types of lung cancer, especially ones less likely
to metastesize. For lung carcinoid tumors, surgery is highly effective and is the standard
of care, which results in a 5-year survival of 97% for typical tumors and 78% for atypical
tumors (Dahabreh et al., 2009; Garcia-Yuste et al., 2007; Naalsund et al., 2011). For

SCLC, surgical resection is considered only in rare cases of LS-SCLC (less than 5% of



patients) in which there is just a small tumor that has not yet spread to lymph nodes
(Schneider et al., 2011). Consequently, this strategy is rarely employed, especially in
consideration of widespread metastases in the majority of new diagnoses (70%)
(Farago & Keane, 2018). However, there is evidence that SCLC patients can benefit
from radical resection: one recent study with nineteen cases of SCLC reported a 5-year
survival rate of about 41% with all stages grouped together (Motas et al., 2018). This
was comparable to NSCLC at about 43%. As the standard of care, most stage | and

stage || NSCLC are treated with surgery (Lackey & Donington, 2013).

In order to divide rapidly, cancer cells must increase the frequency of DNA
replication; however, they also harbor defects in error-correction mechanisms and are
therefore more susceptible to DNA-damaging therapy (Berdis, 2017). Chemotherapy
employs chemical compounds, which often damage DNA, to kill cancer cells. For SCLC,
a combination of chemotherapeutics, often times the topoisomerase Il inhibitor
etoposide with either cisplatin or carboplatin, is commonly used (Farago & Keane,
2018). This is often termed platinum-based chemotherapy because cisplatin and
carboplatin are platinum-containing alkylating agents. Alkylating agents add an alkyl
group to the guanine base of DNA, resulting in DNA damage during replication (Lawley,
1980). This is also toxic to normal cells that divide rapidly, such as those in the
gastrointestinal tract, bone marrow, testicles, and ovaries, and is carcinogenic in itself.
For NSCLC, combination chemotherapy, such as cisplatin or carboplatin plus docetaxel,
is also common (Nagasaka & Gadgeel, 2018). Due to the toxicity on normal cells,

chemotherapy is often associated with negative side effects (Islam et al., 2019).
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Specifically, cisplatin and carboplatin can damage nerve endings, resulting in peripheral
neuropathy (Rajeswaran et al., 2008). External beam radiation is the most common type
of radiation therapy used for the treatment of lung cancer and employs a machine to
aim high-energy X-rays from outside the body into the tumor (Rodrigues et al., 2011).
This also induces DNA damage and kills dividing cells, including cancer cells, and

results in non-specific toxicity.

For LS-SCLC, the standard treatment is a combination of chemotherapy and
radiation therapy (Farago & Keane, 2018). For ES-SCLC, the standard of care is
combination chemotherapy; however, if the extensive disease responds well to initial
chemotherapy, then radiation to the chest may be employed. Additionally, regardless of
stage, patients with complete response to the initial treatment may be given radiation
therapy to the brain in order to prevent the spread of cancer to that area. While this
strategy usually elicits a robust anti-tumor response at first, most tumors become
resistant to the chemotherapy and mount an aggressive recurrence (Farago & Keane,
2018). For recurrent tumors, other chemotherapeutic regimens can be employed, but
they are generally less effective. For example, topotecan, which is a topoisomerase |
inhibitor, is currently the only FDA-approved second-line chemotherapy for SCLC and is
associated with considerable toxicity (Ardizzoni et al., 1997). Furthermore, topotecan
only produces a response rate of about 22% and overall survival of 5 months in patients
(Hagmann et al., 2015). Due to the inability of the standard of care to cure the majority
of SCLC cases, several alternative therapies are being pursued either singly or in

combination with standard therapy.
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Immunotherapy, which utilizes components of the immune system to destroy or
slow the growth of tumor cells, is one strategy that is rapidly gaining traction. Immune
checkpoint inhibitors, which block proteins called checkpoints that are made by some
types of immune cells and cancer cells, are of great interest for SCLC (Calles et al.,
2019). An important facet of the immune system is its ability to refrain from attacking
normal cells in the body, which is facilitated by checkpoints on immune cells that need
to be turned on or off to initiate an immune response (Chen & Flies, 2013). One of the
hallmarks of cancer is the avoidance of immune destruction (Hanahan & Weinberg,
2011); therefore, cancer cells may express checkpoints to evade the immune system.
For example, cancer cells sometimes express a protein called programmed cell death 1
ligand 1 (CD274 or PD-L1), which binds to a receptor on T cells called programmed cell
death 1 (PDCD1 or PD1) that normally helps to prevent them from attacking normal

cells in the body (Dong et al., 2002; Freeman et al., 2000; Iwai et al., 2002).

Nivolumab (Opdivo) and pembrolizumab (Keytruda) target PD-1, while
atezolizumab (Tecentriq) and durvalumab (Imfinzi) target PD-L1 (Faiena et al., 2018;
Guo et al., 2017; Krishnamurthy & Jimeno, 2017; McDermott & Jimeno, 2015). Whereas
nivolumab and pembrolizumab are approved by the FDA to treat recurrent SCLC
following at least two previous therapies (third-line), atezolizumab and durvalumab are
approved as part of the first-line treatment for ES-SCLC alongside standard
chemotherapy. Nivolumab was approved by the FDA in 2018; initial assessment of data

from the phase I/l CheckMate-032 trial showed that treatment with nivolumab alone
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resulted in an objective response rate (ORR) of 10% with a median progression-free
survival (PFS) of 1.4 months and a median overall survival (OS) of 4.4 months (Antonia
et al., 2016). The addition of ipilimumab, an immunotherapy that inhibits a checkpoint
called cytotoxic T-lymphocyte associated protein 4 (CTLA4), improved the ORR to 23%,
the median PFS to 2.6 months, and the median OS to 7.7 months. Later assessment of
the trial showed an ORR to nivolumab monotherapy at 11.9% (Ready et al., 2019);
however analysis of the phase Il trial CheckMate-451 showed that nivolumab, either
alone or in combination with ipilimumab, did not significantly improve the median PFS or
OS compared to placebo (Owonikoko et al., 2019). In 2019, the FDA approved
pembrolizumab for the treatment of metastatic SCLC; data from the phase Ib
KEYNOTE-028 study and the phase II KEYNOTE-158 study showed that
pembrolizumab produced an ORR of 19.3%, but the median duration of response
endpoint was not reached (Chung et al., 2020). However, in a different phase Il study,
the combination of pembrolizumab and paclitaxel produced an ORR of 23.1%, a median

PFS of 5 months, and a median OS of 9.1 months (Kim et al., 2019).

The FDA approved atezolizumab in 2019 following the phase Il IMpower133
trial, which was the first to show a significant improvement in survival as first-line
treatment of SCLC since the onset of platinum-based drugs (Horn et al., 2018). When
used in combination with etoposide and carboplatin, atezolizumab improved the median
PFS from 4.3 to 5.2 months and the median OS from 10.3 to 12.3 months compared to
chemotherapy with placebo. Additionally, in 2020, the FDA approved durvalumab for the

first-line treatment of ES-SCLC. This was based on the phase Il CASPIAN trial, which
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showed that durvalumab, in combination with standard chemotherapy, improved the
median OS to 13 months versus 10.3 months with standard chemotherapy alone (Paz-
Ares et al., 2019). Additionally, durvalumab improved the 1 year survival rate from 40%
to 50%, and the 1.5 year survival rate from 25% to 34% compared to the standard
chemotherapy alone. While immunotherapy continues to gain traction, first-line
treatment with atezolizumab or durvalumab only improves patient survival by 2-3
months over chemotherapy alone (Horn et al., 2018; Paz-Ares et al., 2019). This is
likely due to mechanisms of resistance such as low expression of PD-L1 (Hamilton &
Rath, 2019). Thus, more research is needed to understand the underlying genetic
factors that promote SCLC initiation and progression, which is essential to the
development of more effective, less toxic therapies. Due to this realization, this chapter
now summarizes some of the key genetic lesions and biological aspects contributing to

the progression of SCLC.

1.3 Small Cell Lung Cancer

1.3.1 Cellular features of SCLC

SCLC is usually diagnosed by analysis of haematoxylin and eosin stained slides
(Travis et al., 2015). SCLC has long been viewed as a homogenous disease
characterized by commonly shared pathological features, including distinct morphology

of dense sheets of cells that are small with scant cytoplasm, ill-defined cell borders, and
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nuclei that are intensely stained with finely granular chromatin (Nicholson et al., 2002).
There is also a high degree of Ki67 staining (indicitive of high proliferation), apoptosis,
and necrosis (Travis et al., 2015). Biomarkers such as synaptophysin (SYP),
chromogranin a (CHGA), neural cell adhesion molecule 1 (NCAM1) and insulinoma-
associated 1 (INSM1) can be used to assess neuroendocrine lineage, although a
minority of SCLC are negative for all standard neuroendocrine markers (Guinee et al.,

1994).

1.3.2 Genetics of SCLC: significance of the RB1 and TP53 tumor

suppressors and other features

Loss of function of both retinoblastoma 1 (RB) and tumor protein p53 (p53),
which are encoded by the RB71 and TP53 genes, respectively, is a nearly universal
feature of SCLC, with bi-allelic losses in 93% and 100% of tumors, respectively (George
et al., 2015). RB was the first tumor suppressor to be identified; it was cloned in the mid-
eighties due to recurrent mutation in the pediatric eye tumor, retinoblastoma (Dryja et
al., 1986; Friend et al., 1986). Additionally, frequent mutations have been found in other
cancers such as osteosarcoma, small cell lung cancer, prostate cancer, breast cancer,
and bladder cancer (Bookstein et al., 1990; Friend et al., 1986; Fung et al., 1987;
Harbour et al., 1988; Kaye et al., 1990; Lee et al., 1988; Miyamoto et al., 1995; T'Ang et
al., 1988). RB is ubiquitously expressed, although its activity is normally inhibited in
proliferating cells by cyclin-dependent kinase (CDK)-mediated hyperphosphorylation

(Akiyama et al., 1992; Ewen et al., 1993; Hinds et al., 1992; Kato et al., 1993). It is
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hypophosphorylated (activated form), in quiescent cells and differentiating cells, which
stalls the cell cycle in the G1 phase (Chen et al., 1989). RB-mediated cell cycle arrest
has mainly been attributed to interaction with and inhibition of the E2F family of
transcription factors (Bremner et al., 1995; Chellappan et al., 1991; Flemington et al.,
1993; Helin et al., 1993; Qin et al., 1995; Ross et al., 1999; Weintraub et al., 1995); E2F
controls the expression of many genes that facilitate cell cycle progression such as
minichromosome maintenance components, DNA polymerase a, cell division cycle 6,
cyclin E, and cyclin-dependent kinase 2 (CDK2) (Leone et al., 1998; Yan et al., 1998).
However, RB can also interact with chromatin remodeling factors, such as histone
deacetylases, to promote the condensation of nucleosomes into chromatin, block
transcription factors from binding to DNA, and inhibit gene expression (Dahiya et al.,
2001; Luo et al., 1998; Magnaghi-Jaulin et al., 1998; Nielsen et al., 2001; Zhang et al.,
2000). Importantly, loss of RB in normal cells usually induces a type of cell death called
apoptosis, which is mediated by p53 and is partly dependent on E2F. For example,
while inactivation of Rb in mice is lethal to embryos, additional inactivation of E2f1
results in significantly reduced rates of apoptosis and down-regulation of the p53
pathway (Clarke et al., 1992; Jacks et al., 1992; Tsai et al., 1998; Lee et al., 1992).
Additionally, deletion of E2f1 reduced apoptosis by 80% in adult mice in which Rb was
inactivated (Pan et al., 1998). Moreover, while inactivation of Rb in adult mice resulted
in slowly growing and highly apoptotic tumors, additional inactivation of p53 accelerated

tumor growth and reduced apoptosis by 85% (Symonds et al., 1994).
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p53 is one of the most well-known tumor suppressors and functions to maintain
genomic stability (Eischen, 2016; Yeo et al., 2016). Under normal conditions, p53 is
expressed at a low level and is non-functional; p53 protein level is largely controlled by
proteasomal degradation that is mediated by the E3 ubiquitin protein ligase,
transformed mouse 3T3 cell double minute 2 (MDM2) (Ashcroft & Vousden, 1999;
Freedman et al., 1999; Honda et al., 1997; Li et al., 2004; Ma et al., 2010). In response
to DNA damage, p53 acquires post-translational modifications, such as phosphorylation
and acetylation, which convert it to an active form (Brooks & Gu, 2003). It then
accumulates in the nucleus and binds to DNA in order to stimulate the production of a
protein called cyclin dependent kinase inhibitor 1A (CDKN1A or p21), among others,
which inhibits CDKs and stalls cell cycle progression in the G1 and G2 phases (Agarwal
et al., 1995; Bates et al., 1998; Harper et al., 1995). Arrest induced by activation of p53
permits cells to repair damaged DNA (Cazzalini et al., 2010); when repair is complete,
cells re-enter the cycle to continue proliferation. In contrast, when cells suffer
catastrophic DNA damage, p53 induces apoptosis, which occurs through mitochondrial
dysfunction and release of cytochrome c (Lemasters et al., 1998; Tomita et al., 2006;
Yang et al., 1997), mediated by genes such as BAX (BCL2-associated X) and BBC3

(Bcl-2-binding component 3 or PUMA).

In addition to RB71 and TP53, SCLC also features recurrent mutations in
functional homologs, such as RBL1 (3-4%), RBL2 (5-7%) and TP73 (13%) (George et
al., 2015). Also known as p107 and p130, respectively, RBL1 and RBL2 share key

functions with RB, including modulating the cell cycle through regulating E2F



17

transcription factors (Cheng et al., 2000; Kiess et al., 1995). Therefore, they can
compensate for loss of RB to some extent; indeed, additional deletion of Rb/2 increases
tumor burden in the Rb1/Trp53-mutant genetically engineered mouse model (GEMM),
which is discussed in section 1.3.3.5 (Schaffer et al., 2010). Tumor protein p73, which is
encoded by TP73, is one of the three p53 family of transcription factors and is also
considered a tumor suppressor; it arrests the cell cycle and induces apoptosis by
promoting the expression of related genes (Costanzo et al., 2002; Flores et al., 2002;
Kaghad et al., 1997). In addition to loss-of-function mutations, p73 can also suffer N-
terminal truncations, which may lack all or part of the transactivation domain and may
exert a dominant negative effect on wild-type p73 and p53 (Tannapfel et al., 2008;

Venkatanarayan et al., 2015).

1.3.3 Emerging molecular and cellular subtypes

While nearly all SCLC cases exhibit loss of function of p53, RB, or related
proteins, there is growing evidence of distinct genetic subtypes of SCLC. Importantly,
different subtypes posses different vulnerabilities (Chalishazar et al., 2019; Huang et al.,
2018). A better understanding of these subtypes, which are differentiated by expression
of four key transcription regulators, and their individual vulnerabilities will be helpful
toward stratifying patients in clinical trials. SCLC can generally be categorized into two
groups; most are neuroendocrine tumors, but a smaller percentage exhibit very low
expression of neuroendocrine markers (Rudin et al., 2019). The neuroendocrine tumors

express insulinoma-associated protein 1 (INSM1), which is a zinc-finger transcription
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factor implicated as a driver of neuroendocrine differentiation in multiple tissues
(Christensen et al., 2014; Fujino et al., 2015; Gierl et al., 2006; Pedersen et al., 2003;
Taniwaki et al., 2006; Wildner et al.,, 2008). They can be further separated into
‘classical’ and ‘variant’ subtypes, which are characterized by expression of achaete-
scute family bHLH transcription factor 1 (ASCL71) and neuronal differentiation 1
(NEURODT1) (Borromeo et al., 2016; Carney et al., 1985; Gazdar et al., 1985; George et
al., 2015; Rudin et al., 2019); both of these transcription factors are key in the
development of neuroendocrine cells in the lung (Borges et al., 1997; Neptune et al.,
2008). Whereas ‘classical’ SCLC exhibits a higher amount of ASCL7 and is therefore
also referred to as SCLC-A, the ‘variant’ subtype exhibits a higher amount of NEUROD1
and is therefore also referred to as SCLC-N. The SCLC-A subtype also expresses high
levels of other neuroendocrine markers such as SYP and calcitonin related polypeptide

(CALC or CGRP).

The MYC family of transcription factors, which are amplified in up to 50% of
SCLC, are expressed in a mutually exclusive fashion between SCLC subtypes
(Johnson et al., 1996; Kim et al.,, 2006; Nau et al., 1985), likely due to functional
redundancy; MYCs control gene expression by generating RNA messages from DNA
templates (Amati et al., 1992; Amin et al.,, 1993), and can substitute for each other
during murine development (Malynn et al., 2000). While both MYC and MYCL were
recently implicated as potent oncogenes for SCLC, MYC accelerates the tumor
development of SCLC-N, whereas MYCL accelerates the growth of SCLC-A (Kim et al.,

2016; Mollaoglu et al., 2017). As the MYC family is not currently a feasible therapeutic
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target (Carabet et al., 2019; Clausen et al., 2010; Yu et al.,, 2016), it is vital to
understand which downstream pathways may be targeted in order to attenuate their
oncogenic effects. Along that line, there is mounting evidence that indicates the specific
subtypes of SCLC may exhibit selective sensitivity to targeted therapies. For example, a
recent clinical trial in relapsed SCLC showed that response to alisertib, an Aurora A

inhibitor, was stratified based on MYC expression (Owonikoko et al., 2020).

There are two other subtypes of SCLC, which exhibit very low expression of
neuroendocrine markers such as INSM1, ASCL1 and NEUROD1. Interestingly, one of
these, termed SCLC-Y, is enriched for expression of RB (McColl et al., 2017; Sonkin et
al., 2019). Expression profiling and RNA-seq data revealed that this subtype exhibits
high expression of yes1 associate transcriptional regulator (YAP1) (George et al., 2015;
McColl et al., 2017), which is a downstream effector of the Hippo (MST1 and MST2 in
mammals) signaling pathway. While the functional significance of YAP1 in this subtype
is not well defined, there is evidence that it plays a role in cell morphology; for example,
YAP1 expressing cells are more adherent and YAP1 knockdown results in a change
from an elongated morphology to more round (Horie et al., 2016). More recently,
inhibition of YAP1 was shown to decrease cell growth and sensitize cells to multiple

drugs, including cisplatin, etoposide, and adriamycin (Song et al., 2020).

The other non-neuroendocrine subtype, termed SCLC-P, is characterized by high
expression of the transcription factor POU class 2 homeobox 3 (POU2F3) (Huang et al.,

2018). Interestingly, the facts that POU2F3 expression is normally restricted to
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chemosensory tuft cells of the lung and that the expression profile of SCLC-P is more
similar to tuft cells than neuroendocrine cells has raised the possibility of a previously
unrecognized cell of origin or a trans-differentiation event in SCLC (Huang et al., 2018;
Yamashita et al., 2017). SCLC-P is likely to have different therapeutic vulnerabilities
from the rest because of the unique set of dependencies, including the transcription
factors SOX9 and ASCL2 as well as the receptor tyrosine kinase (RTK), insulin-like
growth factor 1 receptor (Huang et al., 2018). An analysis of publicly available gene
expression profiling of 54 human SCLC cell lines and 81 primary tumors clearly
distinguishes the four subtypes with SCLC-A, -N, -P and -Y accounting for 70%, 11%,
16% and 2%, respectively (Rudin et al., 2019). Moreover, comprehensive profiling of the
SCLC genome has uncovered a list of candidate oncogenes for this tumor (George et

al., 2015).

1.3.4 Discovery of the SCLC genome

Cells acquire the hallmarks of cancer through various mechanisms, such as
genomic deletion of tumor suppressors and amplification of oncogenes (Hanahan &
Weinberg, 2011). Array-based comparative genomic hybridization (aCGH) has greatly
facilitated the detection of individual genes that are amplified or deleted in cancer. For
SCLC, these analyses accentuated recurrent losses of some regions of the genome,
such as those harboring RB and p53 (Levin et al., 1994; Voortman et al., 2010). They
also accentuated amplifications of other regions, such as those encoding the MYC

family of transcription factors (Johnson et al., 1996; Kim et al., 2006; Nau et al., 1985).
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Another major step in characterizing the SCLC genome was the discovery of an
extremely high mutational rate. Through array-based single-nucleotide polymorphism
(SNP) analysis, groups have uncovered a large number of nonsynonymous mutations
that produce changes in amino acid sequence at an average rate of about 8 mutations
per million nucleotides (Augert et al., 2017; George et al., 2015; Peifer et al., 2012;
Rudin et al., 2012). C:G>A:T transversions, which is a signature of tobacco exposure,
represented a significant portion (28%) of mutations, which underscores the tight
relationship between tobacco and SCLC (George et al., 2015). Notably, nearly all SCLC
tumors exhibited loss-of-function alterations in both copies of the RB71 and TP53 genes

(George et al., 2015).

The functional significance of a large number of alterations is not well
understood, presenting a major obstacle to understanding the mechanisms underlying
SCLC development. To help highlight functionally relevant alterations, groups have
used bioinformatics to filter candidates through several parameters: ‘significant
occurrence’ indicates mutation rates higher than expected, ‘clustering pattern’ indicates
enrichment of mutations in protein coding sequences related to tumor suppressor or
oncogenic functions, ‘damaging nature’ indicates how likely mutations are to inhibit
protein function, and ‘cancer census’ enables screening against lists of genes frequently
affected by somatic alterations in human cancers, e.g, the Cancer Gene Census and

COSMIC databases (George et al., 2015).
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1.4 Models of SCLC development and homeostasis

Due to the standard of care for extensive-stage SCLC, which does not include
surgery, resection of SCLC is rare, resulting in a paucity of human tumor samples
(Farago & Keane, 2018). Testing the function of candidate genes and translating growth
effects to the clinic has therefore been difficult. However, groups are investigating the
significance of genetic aberrations in SCLC using various biological model systems,
such as established cancer cell lines, patient-derived xenografts, and genetically

engineered mice. Strengths and weaknesses of each model are discussed below.

1.4.1 Cell lines

Derived mainly from metastatic SCLC tumors, human cancer cell lines have long
been utilized to identify genetic abnormalities, functionally characterize genes and test
candidate therapies (Gazdar et al., 1980; Harbour et al., 1988; Johnson et al., 1996;
Pettengill et al., 1980). However, after being maintained outside the body for decades,
cell lines often adjust to selective pressure and acquire de novo alterations, which may
be unrelated to tumor initiation and progression in vivo (Gazdar et al.,, 2016).
Additionally, cells in monoculture or injected subcutaneously into nude mice lack
interactions with other types of cells within their native tumor microenvironment (TME),
which is the space in which malignant cells and non-transformed cells interact

(Hanahan & Coussens, 2012). These interactions can alter the efficacy of therapies and
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contribute to the frequent discrepancy between pre-clinical findings and results from

human trials (Meyer et al., 2014).

Recently, patient-derived xenograft (PDX) models generated from biopsies,
resected tumors and circulating tumor cells (CTX) have facilitated the identification of
prognostic biomarkers and functional interrogation of candidate therapeutic targets
(Drapkin et al., 2018; Hodgkinson et al., 2014). However, PDXs are more difficult to
manipulate and more expensive; they are also grown in mice without intact immune
systems (Gazdar et al., 2016). Importantly, while PDX models more accurately
recapitulate features of late-stage disease as well as clinical response to standard
treatment, it is difficult to systematically characterize the roles of genetic alterations in
tumor initiation and development because these models lack key features of early

transformation (Drapkin et al., 2018).

1.4.2 Genetically engineered mouse models

The inactivation of RB and p53 in the overwhelming majority of SCLC (over 90%)
(George et al., 2015) led to the generation of a GEMM in which Rb1 and Trp53 genes
are conditionally deleted through intratracheal administration of adenovirus encoding
Cre recombinase (Meuwissen et al., 2003); another GEMM additionally deletes Rb/2,
which is a functional homolog of Rb7 (Schaffer et al., 2010). Both the Rb1/Trp53- and

the Rb1/Trp53/Rbl2-mutant mice generate lung tumors, which recapitulate the
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pathology and response to chemotherapy observed in human SCLC (Gazdar et al.,
2015; Meuwissen et al., 2003). While the Rb1/Trp53-mutant GEMM exhibits prolonged
tumor latency, which is more suited for assessing the ability of candidate alterations to
accelerate tumor progression, the Rb1/Trp53/Rbl2-mutant GEMM develops tumors
faster and is more suited for assessing the ability of candidate tumor suppressors to
slow tumor progression. These autochthonous models allow for analysis of lungs at any
stage of tumor development and facilitate the identification of mechanisms contributing
to tumor initiation and progression within the native TME (Mollaoglu et al., 2017;
Schaffer et al.,, 2010). As non-malignant cells of the TME can have profound and
varying effects on tumor development at different stages of tumorigenesis (Ricciardi et
al., 2015), these GEMMs have the advantage of identifying relevant genes that may not
be identified in other models such as monoculture in vitro or subcutaneous implantation
into nude mice. However, because these GEMMs are generally limited to interrogating
one candidate gene at a time, they are not ideal for studying interactions between

multiple genes.

1.4.3 Precancerous cells

Rb1/Trp53/Rbl2-mutant precancerous pulmonary neuroendocrine cells, which
are isolated from early-stage lesions in the GEMM, offer a streamlined approach to
functionally characterize genomic alterations. These cells are selected utilizing a
neuroendocrine lineage-specific green fluorescent protein (GFP) under the control of

gene regulatory elements surrounding Chga, which is a pan-neuroendocrine gene (Kim
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et al., 2016). Unlike SCLC tumor cells, most of which cluster in loose aggregates or tight
spheres and are highly tumorigenic when transplanted into subcutaneous allograft
mouse models, mutant premalignant cells grow as adherent monolayers in culture and
do not readily form subcutaneous tumors. Although these cells are immortalized, they
lack necessary oncogenic factors and are not transformed; hence, they are designated
precancerous cells of SCLC (preSC). Their susceptibility to transformation upon
induction of oncogenic alterations, alone or in combination, makes preSC a suitable
model for systematic characterization of the SCLC genome (Jia et al., 2018; Kim et al.,
2016). Recently, there has been significant progress in the field of SCLC, which has
been facilitated by advances in high-throughput analytics and the development of more
robust disease models (Drapkin et al., 2018; George et al., 2015; Jia et al., 2018; Kim et
al., 2016; Meuwissen et al., 2003; Schaffer et al., 2010). Ultimately, to address the
complexity of mutational heterogeneity, a multi-omics approach utilizing multiple
preclinical models is necessary to facilitate functional characterization of a number of

alterations.

1.5 Cancer metabolism

1.5.1 General features of cancer metabolism

One of the hallmarks of cancer is deregulated cell energetics and metabolism

(Hanahan & Weinberg, 2011). Over 90 years ago, Otto Warburg observed that cultured
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cancer cells exhibit increased glycolysis, which is the pathway that generates energy
from glucose, even in the presence of abundant oxygen, a phenomenon referred to as
“the Warburg effect” (Warburg, 1956; Warburg et al., 1927). Since glycolysis is much
less efficient at producing the main form of cellular energy, adenosine triphosphate
(ATP), than mitochondrial oxidative phosphorylation, this observation was unexpected.
However, in addition to ATP, aerobic glycolysis generates metabolic intermediates that
cells utilize for rapid growth and division (Boros et al., 1997; Chesney et al., 1999; Lee
et al., 1995). Also, cancer cells do not switch completely from oxidative phosphorylation
to aerobic glycolysis; rather, they utilize variable rates of glycolysis in addition to

oxidative phosphorylation (Rodriguez-Enriquez et al., 2000).

Additionally, rapid cell division requires sustained pools of nucleotides used for
DNA and RNA synthesis (Cano-Crespo et al., 2019; Kondo et al., 2000; Sigoillot et al.,
2003). Cancer cells largely rely on the de novo nucleotide synthesis pathways, which
are reliant on amino acid metabolism (Heidelberger et al., 1957; Huang et al., 2018;
Labuschagne et al., 2014; Li et al., 2019). Biosynthesis of both purines and pyrimidines
is altered in cancer and requires the production of 5-phosphoribose-1-pyrophosphate
(PRPP), which is produced through the oxidative and nonoxidative arms of the pentose
phosphate pathway (PPP) (Goldthwaitt, 1956). The pyrimidine synthesis pathway
utilizes glutamine and aspartate to produce uridine monophosphate (UMP), which is the
basis for the pyrimidine deoxyribonucleotides and ribonucleotides necessary for DNA
and RNA synthesis, respectively (Jones, 1980). The pyrimidine ring is initially

assembled from glutamine, bicarbonate, and aspartate, and is then attached to PRPP
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through six reactions. The first three reactions in the de novo pyrimidine synthesis
pathway occur in the cytosol and are catalyzed by carbamoyl phosphate synthetase 2,
aspartate transcarbamylase, and dihydroorotase (CAD), which produces dihydroorotate
(Coleman et al., 1977; Jones, 1980). Dihydroorotate enters mitochondria, where it is
oxidized to orotate by dihydroorotate dehydrogenase (DHODH) (Chen & Jones, 1976;
Jones, 1980; Knecht et al., 1996). Then, UMP synthase (UMPS) converts orotate into
UMP in the cytosol (Jones, 1980). Purine synthesis differs from pyrimidine synthesis in
that all of the reactions occur in the cytosol. Additionally, the purine ring is directly built
onto PRPP (Pedley & Benkovic, 2017). The purine ring is synthesized from glutamine,
glycine, N10-formyl-tetrahydrofolate (THF), bicarbonate, and aspartate. Inosine
monophosphate (IMP) is produced following several reactions and is converted to
guanosine monophosphate (GMP) by the enzymes inosine monophosphate
dehydrogenase (IMPDH) and guanosine monophosphate synthetase (GMPS). IMP may
also be converted to adenosine monophosphate (AMP) through reactions involving
adenylosuccinate synthase (ADSS) and adenylosuccinate lyase (ADSL). Once formed,
the ribonucleoside triphosphates (NTPs) can be used for RNA synthesis, but DNA
synthesis requires the formation of deoxy-NTPs, which is catalyzed by ribonucleotide
reductase (RNR) (Brown et al., 1969; Reichard et al., 1961; Thelander & Reichard,
1979). Altered de novo nucleotide synthesis in cancer cells is controlled by metabolic
rewiring, such as alterations in the PI3K/AKT/mTORC1 pathway and overexpression of

MYC (Ben-Sahra et al., 2016; Chalishazar et al., 2019; Liu et al., 2008).
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As discussed above, cancer cells rely on certain amino acids to sustain
nucleotide pools. However, amino acids, such as glutamine and the branched chain
amino acids can be used for several other processes, such as the tricarboxylic (TCA)
cycle, which helps maintain cellular energy homeostasis (Neinast et al., 2019; Yang et
al., 2014). Additionally, branched chain amino acids can be used for the production of
acetyl-CoA, which can then be used for lipid biosynthesis (Halama et al., 2015). This is
very important because lipids make up most of the cell membrane, which controls what
gets in and out of the cell (Mondal et al., 2009; Singer & Nicolson, 1972); they are also
important signal messengers (Bae et al., 1998). Amino acid metabolism can also alter
gene expression. For example, arginine-derived polyamines modulate chromatin
structure, altering the accessibility of regions of the genome (Basu et al., 1992; Hobbs
et al., 2002; Sato et al.,, 2003). Glutamate, glycine, and cysteine mediate oxidative
stress by contributing to the synthesis of glutathione (Wessner et al., 2003), which helps
reduce the levels of reactive oxygen species (McBrayer et al., 2018). Importantly, amino
acids are also the major components of proteins, which catalyze numerous reactions in
the cell. Indeed, progression through the cell cycle is highly dependent on the synthesis
and degradation of pro-growth and growth-restrictive proteins (Evans et al., 1983; Lohka

et al., 1988).

1.5.2 Metabolism in SCLC

Consistent with a high rate of glycolysis, SCLC exhibits enhanced glucose

uptake as detected by fluorodeoxyglucose positron emission tomography (Lee et al.,
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2009; Schumacher et al., 2001). Furthermore, this enhanced uptake is associated with
poor prognosis in both LS- and ES-SCLC (Lee et al.,, 2009). Glycolysis is the
culmination of ten enzymatic steps; three are irreversible, such as the pyruvate kinase
(PK)-mediated production of pyruvate from phosphoenol-pyruvate. PK is encoded by
two genes, PKM and PKLR, but most cell types predominantly express PKM, which
produces two splice variants that are translated into distinct isoforms (Harada et al.,
1978; Noguchi et al., 1986, 1987): PKM1 is constitutively active, whereas activation of
PKM2 is dependent on the concentration of allosteric activators (Chaneton et al., 2012;
Keller et al., 2012). Cancer cells abundantly express PKM2 relative to PKM1 (Koss et
al., 2004; Reinacher & Eigenbrodt, 1981); however, lung neuroendocrine cancer cells,
especially SCLC, express relatively more PKM1 compared to non-neuroendocrine lung
cancer cells, such as NSCLC, and others (Morita et al., 2018). Furthermore, ectopic
expression of mouse Pkm1, but not Pkm2, enhanced the growth of PKM-depleted
human SCLC cell lines in vitro, indicating that glycolysis supports the growth of SCLC,

which exhibits increased dependence on PKM1.

Following the PK-mediated reaction is the production of lactate from pyruvate,
which is catalyzed by lactate dehydrogenase (LDH). Elevated serum level of LDH is one
of the most significant predictors of poor prognosis for SCLC (Zhang et al., 2016; Zhou
et al., 2018). Furthermore, chemoresistant SCLC exhibits both reduced basal oxygen
consumption and increased lactate production (Tripathi et al., 2017), which is consistent
with increased dependence on glycolysis; however, excess lactate must be exported

from the cell in order to avoid detrimental effects related to intracellular acidification.
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Accordingly, pharmacological inhibition of monocarboxylate transporter 1 (MCT1), a
lactate transporter, increased the intracellular concentration of lactate and inhibited the
growth of a subset of human SCLC cell lines in vitro, especially under hypoxic
conditions, and in xenografts (Polanski et al., 2014). Together, these studies
demonstrate that aberrant glucose metabolism can be targeted to inhibit the growth of
SCLC and, importantly, there may be preferences toward specific isoforms of related

proteins.

There is emerging evidence that SCLC depends on multiple metabolic pathways,
in addition to glycolysis, in order to sustain rapid cell growth and proliferation. For
example, the cholesterol biosynthesis pathway has gained interest in recent years
(Mahoney et al., 2019). The 3-hydroxy-3methylglutaryl CoA reductase inhibitor
simvastatin has been shown to block the proliferation of human SCLC cells in vitro and
induce apoptosis (Khanzada et al., 2006). Furthermore, simvastatin was shown to
sensitize the SCLC cells to etoposide and impair tumor growth in vivo. These effects
were attributed, at least in part, to disruption of Ras localization to the plasma
membrane, and replenishing cholesterol reversed the effect on N-Ras. More recently,
another group found that depletion of MEKS and ERKS5, which promote SCLC growth
and survival in vitro, disrupts several lipid metabolism pathways, such as the
mevalonate pathway that controls cholesterol synthesis (Cristea et al., 2020).
Furthermore, inhibition of the mevalonate pathway with atorvastatin reduced cell growth
in both murine and human cell lines, providing more evidence that the cholesterol

biosynthesis pathway is an important mediator of the development of SCLC.
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Another recent report employed a CRISPR screen against the “druggable
genome”, including over 4900 mouse genes that are known targets of existing drugs or
belong to gene categories predicted to be druggable, to identify those that support the
growth of cell lines derived from GEMMs of SCLC, lung adenocarcinoma or pancreatic
ductal adenocarcinoma (PDAC) (Li et al., 2019). Enzymes involved in pyrimidine
biosynthesis, including Dhodh, Umps or Cad were among the top candidate genes
identified in SCLC compared to the others. SCLC cells exhibited smaller pools of UMP
and a slower rate of UMP synthesis over time compared to the other cancer cells, which
correlated with increased sensitivity to brequinar and leflunomide, two inhibitors of
Dhodh. Brequinar treatment in an autochthonous model of SCLC resulted in the
decreased growth of primary tumors and the delayed onset of liver metastases.
Furthermore, brequinar treatment induced tumor regression and extended time to
progression in two out of four PDX models of SCLC, demonstrating that at least a

subset of human SCLC is sensitive to inhibition of pyrimidine biosynthesis.

There is evidence that SCLC subtypes differ in their dependence on amino acid
metabolism. For example, the MYC-driven (SCLC-N) subtype was recently found to be
more dependent on arginine than the MYCL-driven (SCLC-A) subtype (Chalishazar et
al., 2019). Metabolomic profiling of cells, together with gene set enrichment analysis of
publicly available datasets, revealed the upregulation of multiple metabolic
intermediates and genes involved in the arginine biosynthesis pathway. Depletion of

arginine through amino acid withdrawal decreased the viability of MY C-expressing cells
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more than MYCL- or MYCN-expressing cells. Additionally, MYC-expressing cells were
also more sensitive to inhibition of polyamine biosynthesis and inhibition of the
mTORC1 pathway, which are both downstream of arginine. Notably, while depletion of
arginine by ADI-PEG 20 monotherapy significantly improved tumor regression and
nearly doubled the overall survival of Myc-driven GEMM over treatment with cisplatin
and etoposide, ADI-PEG 20 monotherapy did not increase the survival of MYCL-driven
GEMM over control, supporting the concept that arginine metabolism is a limiting factor
for the growth of MYC-driven tumors, but not for MYCL-driven tumors. On the other
hand, ASCL1-high (SCLC-A subtype) cells are more dependent on methionine
metabolism (Huang et al., 2018). They exhibited increased levels of methionine cycle
intermediates and were more sensitive to an inhibitor of methionine adenosyltransferase
(MAT) in comparison to ASCL1-low cells. Furthermore, knockout of MAT2A selectively
reduced the proliferation of ASCL1-high cells, suggesting that SCLC-A has its own
amino acid vulnerabilities. Whether branched chain amino acid metabolism is also a
vulnerability for SCLC is an interesting question and the ultimate focus of this

dissertation.

Comparison of 26 human SCLC cell lines through metabolomic clustering to
revealed a set of metabolites that distinguished the majority ASCL1-high subtype
(SCLC-A) from the minority ASCL1-low, which included metabolites from pathways
involving nucleotide biosynthesis, amino acid metabolism, and the TCA cycle (Huang et
al., 2018). The ASCL1-low group exhibited higher levels of purine nucleotides including

IMP, GMP, xanthosine 5'-monophosphate (XMP), and AMP, which, like pyrimidines,
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contribute to DNA and RNA synthesis as well as intracellular signaling. Consistent with
this observation, the ASCL1-low cells had increased expression of multiple genes
involved in purine biosynthesis, as did an ASCL1-low subset of patient tumors, and
exhibited higher rates of purine biosynthesis. The increased purine synthesis was
controlled by MYC, because knockout of MYC resulted in dramatically decreased
expression of IMPDH isoforms 1 and 2 as well as decreased production of GMP and
AMP. Direct regulation is supported by the observation that ASCL1-low tumors, which
arise in the Rb1/Trp53-mutant GEMM expressing Myc-T58A (RPM mice), exhibit
increased binding of Myc at the Impdh1 and ImpdhZ2 promoters, increased expression of
their encoded proteins, and increased concentrations of XMP and GMP. Furthermore,
ASCL1-low cells were more sensitive to mycophenolic acid, an inhibitor of IMPDH, than
ASCL1-high cells. They also exhibited a reduction in RNA polymerase | (RNA Pol-I)
transcripts (pre-ribosomal RNA; pre-rRNA) following treatment. Additionally, treating
RPM mice with a combination of cisplatin, etoposide and mizoribine (another IMPDH
inhibitor) reduced tumor burden and increased survival over chemotherapy alone. Thus,
this study revealed an ASCL1-low subtype-specific dependency on purine synthesis to

support ribosome biogenesis (Huang et al., 2018).

However, ASCL1-low tumors are not the only subtype to depend on ribosome
biogenesis. Through pathway analysis of differentially expressed genes, a collaboration
between our group and others found that, compared to non-transformed preSC, preSC
lines transformed with each of the MYC family members separately exhibit enrichment

of molecular pathways related to ribosome biogenesis and protein synthesis (Kim et al.,
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2016). In particular, ectopic expression of MYCL both enhanced pre-rRNA synthesis
and increased protein synthesis. Additionally, treatment with CX-5461, which is a
specific inhibitor of RNA Pol-I that was shown to be safe and effective in a phase | study
of advanced hematological cancers, significantly reduced the viability of three mouse
SCLC cell lines derived from the Rb1/Trp53-mutant GEMM as well as five out of seven
human SCLC lines; two of the seven human lines were less sensitive to the same
concentrations of the drug. Further experiments revealed that the mouse cells and the
more sensitive human SCLC lines exhibited relatively higher levels of MYCL and
MYCN, while the less responsive cells had higher expression of MYC. Furthermore, CX-
5461 treatment suppressed SCLC in an autochthonous Rb1/Trp53-mutant GEMM.
These two reports suggest that although SCLC is heavily dependent on increased
protein synthesis and is sensitive to RNA Pol-I inhibition, specific subtypes may differ in
the mechanism by which the levels of pre-rRNAs are maintained and in their

sensitivities to RNA Pol-Il inhibitors (Huang et al., 2018; Kim et al., 2016).

1.6 Protein Translation in Cancer

1.6.1 Regulation of protein translation in health

Proteins are macromolecules, which are vital for maintaining cellular
homeostasis, regulating cellular structure and relaying signals from the environment into

the cell in order to regulate cell growth and proliferation (Sonenberg & Hinnebusch,
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2009). Protein translation is a multi-step process that builds upon a mRNA template to
assemble single amino acids into peptides and proteins. At the center of this process is
the ribosome. The eukaryotic ribosome is a multi-subunit RNA-protein complex
composed of the small 40S ribosomal subunit, which contains the 18S rRNA and 33
ribosomal proteins (RPs), and the large 60S ribosomal subunit, which contains the 28S,
5.8S, and 5S rRNAs and 47 RPs (Ben-Shem et al., 2011; Klinge et al., 2011; Rabl et al.,
2011). Ribosome biogenesis is one of the most highly regulated and energy consuming
processes in the cell (Warner, 1999), involving coordination between three RNA
polymerases and more than 200 protein cofactors (Henras et al., 2008; Kressler et al.,
1999; Planta & Mager, 1998). This process begins with the RNA Pol-I-mediated
synthesis of the 45S pre-rRNA, encoding the 18S, 5.8S, and 28S rRNAs, which occurs
in the nucleolus (Bowman et al., 1981). In the nucleoplasm, RNA Pol-lll transcribes the
5S rRNA, which is then imported to the nucleolus (Weinmann & Roeder, 1974). These
rRNAs are modified through nucleolytic processing and then complex with RPs (e.g.,
RPS6), which are transcribed by RNA pol I, to form ribosomal precursors. Following
further processing steps, pre-40S and pre-60S ribosomes are translocated to the
cytoplasm where they are finally processed to form the mature 40S and 60S ribosomal
subunits to facilitate protein translation, which is divided into three major steps: initiation,
elongation and termination. Ribosomal availability is regulated through ribosome
biogenesis and may be adjusted according to the needs of the cell (Jorgensen et al.,
2004). For example, multiple ribosomes can attach to the same mRNA and
simultaneously translate it into protein; however, whereas a low ribosomal density along

mRNA can slow translation elongation, too many ribosomes can interfere with each
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other and also slow elongation (Zarai et al., 2016). Therefore, the rate of protein
translation is maximized when the ribosomal density is half of the maximum possible

density.

1.6.2 Role of protein translation in cancer

In general, cancer cells exhibit uncontrolled cell growth and proliferation, which is
dependent on enhanced ribosome biogenesis and protein synthesis. For example, the
MYC transcription factors control the expression of multiple genes involved in ribosome
biogenesis and the translation process (Boon et al., 2001; Grandori et al., 2005; Kim et
al., 2000). However, while MYC-induced tumorigenesis relies on its ability to increase
protein synthesis, at least in part, this is not sufficient to induce malignant transformation
(Barna et al., 2008; Zindy et al., 1998). The cell must also inactivate tumor suppressors,
such as p53, which inhibits RNA Pol-1 in order to block rRNA synthesis (Zhai & Comai,
2000). Following inactivation of tumor suppressors, subsequent deregulation of protein
translation can promote tumorigenesis. Indeed, many studies have linked deregulation
of RPs and ribosome biogenesis factors to cancer initiation and progression (Kim et al.,
2004; Naora et al., 1998; Wang et al., 2009); additionally, some reports have shown that
aberrant expression of RPs correlates with poor prognosis (Bee et al., 2006; Guimaraes
& Zavolan, 2016; Wong et al., 2014). Translation initiation factors are also deregulated
in multiple cancer types; for example, eukaryotic initiation factor (EIF) 4E and EIF4G are
amplified in breast cancer and squamous cell lung carcinoma (Bauer et al., 2002;

Silvera et al., 2009; Sorrells et al., 1998). Additionally, EIF5A2, which is necessary for
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the formation of the first peptide bond (Benne et al., 1978; Benne & Hershey, 1978), is
overexpressed in several cancers (Cao et al., 2017; Guan et al., 2001; Liu et al., 2015;
Yang et al., 2009). Amplification of initiation factors can upregulate the translation of
proteins important for cell proliferation and survival. For example, not only does
overexpression of EIF3C or EIF3H in immortalized mouse fibroblasts (NIH3T3 cells)
result in a shift of cyclin D1, Myc, and fibroblast growth factor 2 mRNAs into heavier
polysomal fractions, but it also results in malignant transformation (Zhang et al., 2007).
Furthermore, while silencing the expression of EIF4G in inflammatory breast cancer
only marginally inhibits global protein translation, it significantly inhibits the translation of
mRNAs with internal ribosome entry sites, such as p120 catenin, which enhances the

cancer cell invasiveness (Silvera et al., 2009).

1.6.3 The necessity to regulate protein translation

Although tumor growth is dependent on protein translation, even cancer cells
must regulate this process, particularly because translation and nascent chain folding is
not 100% accurate and sometimes produces a protein folded into an unstable and non-
native state (Gregersen et al., 2006). While unstable proteins are normally quickly
degraded by the ubiquitin-proteasome system (Vembar & Brodsky, 2008), an imbalance
toward translation can result in the toxic accumulation of misfolded proteins (Harding et
al., 2000). To relieve endoplasmic reticulum (ER) stress induced by increased protein
folding load and accumulation of misfolded proteins in the ER lumen, cells expand the

ER membrane (Shaffer et al., 2004; Wiest et al., 1990), increase expression of protein-
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folding chaperones (Kozutsumi et al., 1988; Lee et al., 2003), and inhibit global protein
translation (Harding et al., 1999; Harding et al., 2000) by initiating the unfolded protein
response (UPR). Indeed, the UPR contributes to pathogenesis and can be targeted to
inhibit the growth of some cancers, such as multiple myeloma (Carrasco et al., 2007;
Chauhan et al., 2012; Papandreou et al., 2011); however, prolonged activation of the
UPR can also result in cell death. For example, eukaryotic translation initiation factor 2
alpha kinase 3 (EIF2AK3 or PERK) mediates one branch of the UPR. PERK
phosphorylates EIF2A, which inactivates the EIF2 complex to inhibit global protein
translation and relieve ER stress (Harding et al., 1999; Harding, et al., 2000). However,
this preferentially increases the translation of some mRNAs with short open reading
frames in their 5-untranslated regions, such ATF4, which is a transcription factor that
upregulates CHOP (transcription factor C/EBP homologous protein) among others
(Harding, et al., 2000). CHOP is a transcription factor that promotes apoptosis during
ER stress (Zinszner et al., 1998). Thus, the PERK branch of the UPR is cytoprotective
at moderate levels of signaling, but prolonged activation can induce cell death.
Importantly, hyperactivation of mTORC1 can induce ER stress and enhance the UPR,;
indeed, phosphorylation of EIF2A was increased in cells lacking tuberous sclerosis
complex subunits 1 and 2 (TSC1 and TSC2, respectively) (Ozcan et al., 2008), which
inhibit mMTORC1 (described in detail in section 1.8.3). In contrast, the phosphorylation of
EIF2A was decreased in cells treated with rapamycin or everolimus (Dong et al., 2015;
Ito et al., 2011; Ozcan et al., 2008), underscoring the necessity to control the activity of
mTORC1, which is partially regulated by availability of amino acids, such as leucine

(Han et al., 2012).
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1.7 Branched Chain Amino Acid Pathway

1.7.1 Branched chain amino acid metabolism

The branched chain amino acids (BCAAs) are a group of nonpolar, hydrophobic,
and essential amino acids consisting of leucine, isoleucine and valine. They have been
studied in various disorders, especially liver cirrhosis and renal failure, and they have
implications on many bodily processes, such as immune function, neurotransmitter
balance, and insulin secretion (Bonvini et al., 2018; HoleCek, 2018). BCAAs are not
produced by the body in sufficient levels and must be supplemented from the
environment. Upon digestion of food, the BCAAs largely pass first round uptake by the
liver and are instead taken up by other tissues, especially skeletal muscle (Neinast et
al., 2019; Suryawan et al., 1998). BCAA uptake is largely mediated by the system L
transporters, solute carrier family 7 member 5 (SLC7A5 or LAT1) and solute carrier
family 7 member 8 (SLC7A8 or LAT2) (Oxender & Chritensen, 1963; Verrey, 2003).
Solute carrier family 3 member 2 (SLC3A2) is the heavy chain subunit required to tether
LAT1 and LAT2 to the cell membrane (Chiduza et al., 2019; Mastroberardino et al.,
1998; Yan et al.,, 2019). LAT1 and LAT2 are obligate amino acid exchangers and
regulate the efflux of other neutral amino acids like glutamine during influx of BCAAs
and other essential amino acids (Nicklin et al., 2009; Verrey, 2003). Once inside the

cell, the BCAAs can serve as direct substrates for protein synthesis or stimulate protein
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synthesis indirectly by activating mTORC1 (Neishabouri et al., 2015), which is
discussed in detail later in this chapter. Alternatively, BCAAs can be broken down to
generate intermediates for several other metabolic pathways as discussed below

(Hutson et al., 2005; Neinast et al., 2019; Zhang et al., 2018).

The first step in the catabolism of a BCAA is reversible transamination, i.e., the
transfer of the amine group from the BCAA to a-ketoglutarate (a-KG), to generate
glutamate and a branched chain a-keto acid (BCKA) (Harper et al., 1984) (Figure1.1).
A-KG is a rate-limiting intermediate in the TCA cycle (Cupp & McAlister-Henn, 1991),
but also inhibits ATP synthase (Chin et al., 2014), and is thereby an important regulator
of energy homeostasis. As an amino acid, glutamate can serve as a direct substrate for
protein translation and can also be a substrate for the synthesis of non-essential amino
acids, including glutamine and aspartate (Ballester et al., 2019; Hu et al., 2010; Mayers
et al., 2016). Importantly, glutamate and its product, GABA, are major neurotransmitters
in the brain (Curtis et al., 1960; Florey, 1954; Watkins, 2000). The transamination
reaction requires pyridoxal phosphate as a cofactor and is catalyzed by branched chain
aminotransferases (BCATs) (Hutson et al., 2005). BCATs are encoded by two genes,
BCAT1 and BCATZ2, which produce proteins of similar size, ~43 kDa, that form
homodimers (Hall et al., 1993; Hutson et al., 1988; Wallin et al., 1990). BCAT1 and
BCAT2 are partitioned into the cytoplasm and mitochondria, respectively, and while
robust expression of BCAT1 is normally limited to a small number of tissues, especially
the brain, gonads and specific immune compartments, BCATZ2 is ubiquitously expressed

throughout the body (Suryawan et al., 1998; Sweatt et al., 2004).
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Figure 1.1. Branched chain amino acid catabolism.

Branched chain aminotransferase (BCAT) 1 in the cytosol and BCATZ2Z in the
mitochondria generate branched chain keto-acids (BCKAs) and glutamate (Glu) from
branched chain amino acids (BCAAs) and a-ketoglutarate (a-KG). Glutamate can
serve as a direct substrate for protein translation and the biosynthesis of non-
essential amino acids. The rate-limiting step in BCAA catabolism is catalyzed by the
BCKA dehydrogenase (BCKDH) complex, which is inhibited by BCKDH kinase
(BCKDK)-mediated phosphorylation of the E1 subunit at serine 293. This
phosphorylation is removed by protein phosphatase, Mg2+/Mn2+ dependent 1K
(PPM1K), resulting in activation of BCKDH. Through further enzymatic steps, the
end products of BCAA catabolism are propionyl-CoA and acetyl-CoA for isoleucine,
acetyl-CoA for leucine, and propionyl-CoA for valine. Acetyl-CoA and propionyl-CoA
can be further processed through the TCA cycle. Red: direct metabolites of BCAT1;

solid lines: direct relationships; dashed lines: indirect relationships.
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Following the transamination of BCAAs, BCKAs (a-ketoisocaproate for leucine,
a-ketoisovalerate for valine, and a-ketomethylvalerate for isoleucine) are usually
exported from the cell into blood and then taken up by cells in other tissues, especially
the liver (Harper et al., 1984; Hutson, 1989; Suryawan et al., 1998). The next step in
BCAA catabolism is rate-limiting, irreversible and mediated by the BCKA
dehydrogenase (BCKDH) complex, which resides in the mitochondria (Harris et al.,
1990). This complex consists of 3 subunits: E1, E2 and E3. The E1 subunit is a tetramer
of 2 a-subunits and 2 B-subunits (Avarsson et al., 2000); BCKDH activity is dependent
on the phosphorylation status of the E1a subunits at serine 293. This phosphorylation
depends on the activity of BCKDH kinase (BCKDK), which phosphorylates E1a and
inactivates the complex (Harris et al., 1990), and a mitochondrial protein phosphatase
(PPM1K), which dephosphorylates E1a and activates the complex (Lu et al., 2009). The
activities of these regulatory enzymes are dependent on substrate concentration such
that high amounts of BCKAs activates BCKDH and low amounts of BCKAs deactivates
it (Harris et al., 1990; Hutson, 1989). This balance is critical, as mutations in the
BCKDHA or BCKDHB genes, which encode the E1a and E1B subunits, respectively,
lead to buildup of BCAAs and BCKAs, which is toxic to the brain (Chuang et al., 1995;
Harris et al., 1990; Nobukuni et al., 1991). This induces a condition called maple syrup
urine disease, which leads to neurological dysfunction and can result in death if left
untreated (Dancis et al., 1960; Dancis et al., 1959). Following further enzymatic steps,
the end products of BCAA catabolism are propionyl-CoA and acetyl-CoA for isoleucine,

acetyl-CoA for leucine, and propionyl-CoA for valine (Harper et al., 1984). Acetyl-CoA
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and propionyl-CoA feed into the TCA cycle and therefore contribute to energy

homeostasis.

1.7.2 Deregulation of the branched chain amino acid pathway in cancer

Over the past few years, there has been an accumulation of evidence that
suggests BCAA metabolism is an important factor in tumor development (Ananieva &
Wilkinson, 2018; Selwan & Edinger, 2017). Several cancers exhibit overexpression of
LAT1 and its expression indicates a negative prognosis (Asano et al., 2007; Enomoto et
al., 2019; Fuchs & Bode, 2005; Kaira et al., 2008, 2010). Furthermore, JPH203/KYT-
0353, a small molecule inhibitor of LAT1, has advanced to a clinical trial for advanced
solid tumors (UMINO00016546); it appears to be well tolerated and showed promising
results for biliary tract cancer (Okano et al., 2020). While some cancers increase uptake
of BCAAs from blood (Lee et al., 2019; Li et al., 2020; Mayers et al., 2016), others
increase endogenous production (Gu et al., 2019; Hattori et al., 2017); the fate of these
amino acids varies depending on metabolic demands. For example, knockdown of
BCAT1 in epithelial ovarian cancer (EOC) cells was associated with decreased
intracellular concentrations of several non-essential amino acids such as glutamate and
aspartate (Wang et al., 2015). Furthermore, BCAA-derived glutamate and other non-
essential amino acids have been reported in PDAC cells and NSCLC tumors (Mayers et
al., 2016). Nucleotide supplementation rescued colony formation of PDAC cells in which
BCAT2 was depleted, suggesting BCAAs can be used to fuel nucleotide synthesis; this

finding was supported by a separate group studying NSCLC (Li et al., 2020; Mayers et
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al., 2016). Additionally, while proliferating cells require an abundance of lipids to
generate membranes for cell growth, knockdown of BCAT1 in EOC cells was
associated with decreased levels of certain lipids (Wang et al., 2015). In some tumors,
such as breast cancer, BCATs enhance mitochondrial function, but not in others such
as PDAC and NSCLC (Lee et al., 2019; Mayers et al., 2016; Zhang & Han, 2017). By
improving mitochondrial function, BCAT1 can improve energy homeostasis (ATP
synthesis) and decrease levels of toxic reactive oxygen species (Zhang & Han, 2017).
The aforementioned pathways are important mediators of the cell cycle and indeed,
BCAT1 promotes cell cycle progression in some tumors (Wang et al., 2015; Zhou et al.,

2013).

MYC-dependent expression of BCAT1 has been reported in multiple tumors
(Zheng et al., 2016; Zhou et al., 2013), yet the contribution of BCAT1 to cancer growth
was largely unrecognized until its overexpression was described in isocitrate
dehydrogenase 1 (IDH1)-wildtype glioma (Tonjes et al., 2013). Knockdown of BCAT1
was associated with increased intracellular BCAAs and decreased glutamate release by
cancer cells. More importantly, BCAT1 knockdown resulted in decreased growth of
gliomas in mice. Similarly, subsequent reports indicate BCATs support the growth of
NSCLC tumors (Mayers et al., 2016) and myeloid leukemias (Garcia-Martinez et al.,
2009; Hattori et al., 2017) and while knockdown of BCAT1 did not reduce tumor burden
in a model of EOC, it significantly prolonged survival of the mice (Wang et al., 2015).
There is also an emerging role for BCAA metabolism in HCC: BCAT1 expression

increases tumor growth, whereas BCAAs are anti-fibrotic, reduce the incidence of
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tumors and were shown to increase survival of a cohort of patients (Cha et al., 2013;
Imanaka et al., 2016; Kawaguchi et al., 2014; Tada et al., 2019; Takegoshi et al., 2017;
Zheng et al., 2016). In vitro, BCATs support the growth, proliferation, invasion and
migration of a variety of cancer cells (Thewes et al., 2017; Tonjes et al., 2013; Wang et
al., 2018; Wang et al., 2015; Zhou et al., 2013). Due to a growing appreciation for the
role of BCAT1 in tumorigenesis, there have been recent suggestions of its utility as a
prognostic biomarker (Chang et al., 2016; Cho et al., 2017; Xu et al., 2018). In chapter
2, we show that BCAT1 is over-expressed in mouse SCLC and is detectable in human
SCLC cell lines. Whether and how BCAT1 promotes the growth of SCLC is the primary
focus of this thesis; importantly, BCAAs enhance the activity of the mechanistic target of

rapamycin kinase (MTOR), which is discussed in the following section.

1.8 Mechanistic Target of Rapamycin Complex 1

1.8.1 Structure of mTORC1

MTOR was identified as the target of a complex composed of a peptidyl-
prolylisomerase, FKBP12, and rapamycin (also known as sirolimus) (Chiu et al., 1994;
Heitman et al., 1991; Sabatini et al., 1994; Sabers et al., 1995), a drug with antifungal
(Sehgal et al., 1975; Vezina et al., 1975), immunosuppressive (Bertagnolli et al., 1994;
Bierer et al., 1990; Blazar et al., 1993; Blazar et al., 1998; Eghtesad et al., 2012;

Ferraresso et al., 1994; Hackstein et al., 2003; Kahan et al., 1999; Passerini et al.,
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2020), and antitumor properties (Dilling et al., 1994; Grewe et al., 1999; Hosoi et al.,
1999; Ishizuka et al., 1997; Muthukkumar et al., 1995; Seufferlein & Rozengurt, 1996;
Shi et al., 1995). MTOR is a member of the phosphoinositide 3-kinase (PI3K)-related
kinase (PIKK) family (Bosotti et al., 2000; Keith & Schreiber, 1995; Perry & Kleckner,
2003) and is a serine/threonine protein kinase (Brunn, Fadden, et al., 1997), which is
evolutionarily conserved from yeast to mammals (Chiu et al., 1994) and is the catalytic
subunit of two enzyme complexes known as mTORC1 and mTORC2 (Hresko &
Mueckler, 2005; Kim et al., 2002). mTORC1 forms a 1-mDa “lozenge”-shaped dimer
and is composed of MTOR, regulatory associated protein of mMTOR complex 1 (RPTOR
also known as KOG1), mammalian lethal with SEC13 protein (MLST8 also known as
GBL), DEP domain containing MTOR interacting protein (DEPTOR) and AKT1 substrate
1 (AKT1S1 also known as PRAS40) (Haar et al., 2007; Kim et al., 2003; Peterson et al.,
2009; Sancak et al., 2007; Yip et al., 2010). mTORC2 is composed of MTOR, RPTOR
independent companion of mMTOR complex 2 (RICTOR also known as AVO3), MLSTS,
DEPTOR, mitogen-activated protein kinase associated protein 1 (MAPKAP1 also known
as SIN1) and proline rich 5 (PRRS5) or proline rich 5 like (PRR5L) (Frias et al., 2006;
Jacinto et al., 2004; Peterson et al., 2009; Thedieck et al., 2007; Woo et al., 2007).
While mTORC2 regulates cytoskeleton organization and cell survival (Jacinto et al.,
2004; Khan et al., 2015; Tenkerian et al., 2015), the major cellular role of mMTORC1 is to

control cell growth (Kim et al., 2002).
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1.8.2 Roles of mMTORCA1

mTORC1 is an important regulator of cell growth and can be pro- or anti-
tumorigenic in different settings (Saxton & Sabatini, 2017). For example, multiple
components of the PISK/AKT/mTORC1 pathway are mutated or amplified in SCLC,
such that over 35% of patient tumors harbor alterations (Umemura et al., 2014).
Furthermore, human SCLC cell lines are sensitive to pharmacological inhibition of this
pathway (Seufferlein & Rozengurt, 1996; Umemura et al., 2014). Additionally, inhibition
of LAT1 attenuates mTORC1 activity in anaplastic thyroid cancer cells and tumors,
which decreases growth by blocking cell cycle progression (Enomoto et al., 2019). In
contrast, BCAA accumulation enhances mTORC1 activity and promotes the growth of
clear cell renal carcinoma (ccRCC) (Qu et al., 2020). Similarly, BCAT1-driven activity of
mTORC1 promotes the growth of breast cancer, endometrial cancer, and myeloid
leukemia (Gu et al., 2019; Hattori et al., 2017; Wang et al., 2018; Zhang & Han, 2017).
However, while BCAA supplementation has been shown to increase mTORC1 signaling

in HCC, this resulted in a reduction in tumor incidence (Takegoshi et al., 2017).

The downstream pathways underlying these growth phenotypes vary; for
example, mTORC1 can induce fatty acid synthesis (Qu et al., 2020), promote
mitochondrial biogenesis (Zhang & Han, 2017), and inhibit autophagy (Hosokawa et al.,
2009; Jung et al., 2009; Kim et al., 2011; Shang et al., 2011). Autophagy is a normal
housekeeping process in which a cell's own autophagosomes engulf cytosolic

organelles and macromolecules and then join with lysosomes to facilitate the
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degradation of their contents (Gatica et al., 2018; Glick et al., 2010). This ultimately
helps to prevent old and damaged components from disrupting cellular homeostasis
and inducing death (Elmore et al., 2001; Lemasters et al., 1998; Wang et al., 2012).
Importantly, autophagy can promote cancer cell resistance to chemotherapy; indeed,
expression of BCAT1 enhances autophagy in HCC cells, which was associated with
resistance to cisplatin (Zheng et al., 2016). By recycling macromolecules down to their
precursors, such as amino acids or lipids, cells can also utilize autophagy to alleviate
metabolic stress during times of nutrient starvation (Efeyan et al., 2013; Singh et al.,
2009). However, this process must be regulated because excessive cellular degradation
triggers death (Feng et al., 2005; Gozuacik & Kimchi, 2004; Schwarze & Seglen, 1985;
Xue et al., 2001). Hence, mTORC1 helps control autophagy when sufficient nutrients
are available. For example, mTORC1 binds to, phosphorylates, and inactivates the unc-
51-like autophagy activating kinase 1 (ULK1) complex, which is an essential mediator of
autophagy induced by nutrient starvation (Hosokawa et al., 2009; Kim et al., 2011;

Shang et al., 2011).

Additionally, mTORC1 promotes protein translation (Showkat et al., 2014; Terada
et al., 1994), which is a vulnerability of cancers such as SCLC (Kim et al., 2016), most
notably by phosphorylating both ribosomal protein S6 kinase (RPS6K) and EIF4E
binding protein 1 (EIFAEBP1) (Burnett et al., 1998). The majority of eukaryotic mRNAs
contain a 5’ end cap in the form of a 7 methylguanosine triphosphate structure, to which
the ribosome must dock in order to initiate translation (Ramanathan et al., 2016). Upon

MmTORC1-mediated phosphorylation at threonine 389, RPS6K is stimulated to
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phosphorylate and activate, among other proteins, ribosomal protein S6 (RPS6), which
is an important component of the small (40S) subunit of the ribosome that mediates
cap-dependent protein translation initiation (Blenis et al., 1987; Bommer et al., 1980;
Jeno et al., 1988; Price et al., 1989; Ramanathan et al., 2016; Terao & Ogata, 1979;
Tolan & Traut, 1981). Conversely, mTORC1-mediated phosphorylation at threonines
37, 46, and 70 and serine 65 inactivates EIF4EBP1, which is a protein that directly
binds to and inactivates EIF4E (Brunn et al., 1997; Brunn et al., 1997). EIF4E binds the
5 cap of mRNA as well as the scaffolding protein, EIF4G, which then binds the
helicase, EIF4A, to form the EIF4F complex (Merrick & Pavitt, 2018). Association of
EIF4E with the EIF4F complex facilitates the recruitment of the 40S subunit and is
thought to be the rate-limiting step in cap-dependent translation initiation (Merrick &
Pavitt, 2018). Thus, by indirectly activating RPS6 and EIF4E, mTORC1 can enhance

cap-dependent protein translation initiation.

1.8.3 Regulation of mTORC1

The roles of growth factors, hormones, and amino acids in the regulation of
mTORC1 have been studied extensively. Through multiple distinct signaling pathways,
growth factors and hormones indirectly activate mTORC1 by eventually inhibiting the
tuberous sclerosis complex (TSC), which is a heterotrimer consisting of TSC1, TSC2
and TBC1D7 (Dibble et al., 2012; Van Slegtenhorst et al., 1998). TSC functions as a a
GTPase activating protein (GAP) and a negative regulator of the Ras homolog,

mTORC1 binding protein, RHEB (Castro et al., 2003; Garami et al., 2003; Inoki et al.,
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2003; Tee et al.,, 2003; Zhang et al., 2003). In the absence of growth factors, TSC
stimulates the GTPase activity of RHEB to catalyze hydrolysis of guanosine
triphosphate (GTP) to guanosine diphosphate (GDP), which is inactivating. Some
growth factors and hormones, such as epidermal growth factor (EGF) and insulin,
stimulate RTKs, which may eventually signal through PI3K and AKT or through
mitogen-activated protein kinase 1 (MAPK1 or ERK), leading to phosphorylation and
inactivation of TSC2 (Inoki et al., 2002; Ma et al., 2005; Manning et al., 2002).
Additionally, the WNT signaling pathway inhibits glycogen synthase kinase 3 (GSK3),
which also results in decreased activity of TSC2 (Avrahami et al., 2020; Cook et al.,
1996; Inoki et al., 2006; Ruel et al., 1999). In contrast, the tumor necrosis factor (TNF)
pathway that inactivates TSC through phosphorylation and inactivation of TSC1 (Lee et
al., 2007, 2008). When bound to GTP (activated form), RHEB directly binds to mTORC1

at the lysosomal membrane to stimulate its activity (Inoki et al., 2003).

Amino acids, especially arginine and leucine, mainly stimulate mTORC1 by
activating the Ras-related GTP-binding proteins (RRAGs) (Figure 1.2) (Duran et al.,
2012; Han et al., 2012; Jewell et al., 2013; Sancak et al., 2008; Wolfson et al., 2015).
RRAGs, which form heterodimers of RRAGA or RRAGB with RRAGC or RRAGD
(Sekiguchi et al., 2001), are tethered to the lysosomal membrane by associating with
the Ragulator complex, which is composed of MP1, p14, p18, HBXIP, and C7ORFS59
(Bar-Peled et al., 2012; Sancak et al., 2010). The absence of amino acids stimulates the
GTPase activity of RRAGs A and B, which is inactivating, but upon amino acid

stimulation, the Ragulator complex acts as a guanine exchange factor (GEF) for RRAGs
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Figure 1.2. Mechanisms through which amino acids are sensed by mTORCA1.

Intralysosomal amino acids signal through the transporter SLC38A9, which interacts
with a complex of the Ras-related GTP-binding proteins (RRAGs), Ragulator, and v-
ATPase. v-ATPase promotes the activity of Ragulator, which tethers the RRAGs to
the lysosomal membrane. Ragulator is a guanine exchange factor for RRAGs A and
B that promotes their association with GTP, which is activating. Cytosolic amino
acids activate the folliculin-folliculin interacting protein (FLCN/FNIP) complex, which
is a GTPase activating protein (GAP) and positive regulator of RRAGs C and D.
Additionally, cytosolic leucine and arginine inactivate sestrin 2 (SESNZ2) and
CASTOR, respectively, which both inhibit GATOR2. GATOR2 is a complex, which,
when activated, inhibits the GATOR1 complex that is a GAP for and inhibitor of
RRAGs A and B. Activated RRAGs associate with RPTOR and recruit mTORC1 to

the lysosomal surface to be activated by RHEB.
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A and B, which facilitates their association with GTP (Bar-Peled et al., 2012).
Furthermore, amino acids activate the folliculin-folliculin interacting protein (FLCN/FNIP)
complex, which is a GAP and positive regulator of RRAGs C and D (Tsun et al., 2013).
This permits the RRAGS to associate with RPTOR and recruit mTORC1 to the
lysosomal surface to be activated by RHEB (Sancak et al., 2008). Thus, mTORC1 is
fully stimulated only when both RHEB and RRAGs are activated under conditions when

both growth factors and amino acids are in sufficient availability.

The mechanisms through which intra-lysosomal amino acids are sensed are
different from the mechanisms through which cytosolic amino acids are sensed. Intra-
lysosomal amino acids signal through the transporter SLC38A9, which interacts with a
complex composed of RRAGs, Ragulator and the lysosomal v-ATPase (Rebsamen et
al., 2015; Zoncu et al., 2011). v-ATPase promotes the activity of Ragulator and thus,
promotes the activity of RRAGs and mTORC1. In contrast, cytosolic amino acids
typically signal through two complexes known as GATOR1 and GATOR2. GATOR1,
which consists of DEPDCS5, NPRL2, and NPRL3, is tethered to the lysosomal
membrane by the recently identified KICSTOR complex, which is composed of KPTN,
ITFG2, C120rf66, and SZT2, and inhibits mTORC1 by acting as a GAP of RRAGs A
and B (Bar-Peled et al., 2013; Shen et al., 2018; Wolfson et al., 2017). In contrast,
GATOR2, which is composed of MIOS, WDR24, WDR59, SEH1L, and SEC13, interacts
with GATOR1 at the lysosomal membrane and is a positive regulator of mTORC1 (Bar-
Peled et al., 2013). In the absence of amino acids, a direct sensor of leucine, called

sestrin 2, associates with and inhibits GATOR2 and thus, inhibits the activity of
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mTORC1; additionally, prolonged amino acid deprivation induces transcription of sestrin
2 (Wolfson et al., 2015). Separately, CASTOR (cytosolic arginine sensor for mTORC1)
was recently identified as a direct sensor of arginine and also inhibits GATORZ2 upon
amino acid deprivation (Chantranupong et al., 2016). Thus, both leucine and arginine
stimulate mMTORC1 at least in part by dissociating inhibitory proteins from GATOR2.
Independently of the RRAGs, glutamine activates mTORC1 through the ADP-

ribosylation factor (ARF) family of GTPases (Jewell et al., 2015).

Beyond growth factors and amino acids, mTORC1 activity is modulated by
energy availability (ATP level) and DNA damage. Energy insufficiency may be caused
by environmental factors such as low oxygen (hypoxia) or low glucose. In response to
low levels of ATP, the adenosine monophosphate-activated protein kinase (AMPK)
inactivates mTORC1 directly through inhibitory phosphorylation of RPTOR and
indirectly through activating phosphorylation of TSC2 (Gwinn et al., 2008; Inoki et al.,
2003). Additionally, glucose deprivation can inhibit the RRAG GTPases (Efeyan et al.,
2013; Kalender et al., 2010) and promote the expression of p53 target genes, including
the AMPK regulatory subunit (AMPKRB) and TSCZ2 (Feng et al., 2007; Jones et al.,
2005). Both hypoxia and DNA damage can inhibit mTORC1 through induction of
REDD1 (Regulated in DNA damage and development 1), which activates TSC
(Brugarolas et al., 2004; Dennis et al., 2013; Deyoung et al., 2008; Feng et al., 2005;
Horton et al., 2002; Schwarzer et al., 2005; Sofer et al., 2005; Yoshida et al., 2010). The
realization that mTORC1 is an important regulator of cancer growth has prompted the

development of several classes of inhibitors for clinical application.
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1.8.4 Clinical application of mTORC1 inhibitors

MTOR inhibitors are generally divided into two categories: allosteric inhibitors of
mTORC1 and those that directly bind to and inhibit the kinase domain. While mTORC1
was first identified as the target of rapamycin (Heitman et al., 1991), an allosteric
inhibitor, and despite the ability of this drug to slow oncogenic transformation and
cancer growth in preclinical models (Aoki et al., 2001; Cai et al., 2013; Dilling et al.,
1994; Douros & Suffness, 1981; Houchens et al., 1983), rapamycin has not been
clinically successful. Subsequently, several analogs, referred to as rapalogs, were
developed, which exhibit improved solubility and pharmacokinetic properties (Schuler et
al., 1997). Like rapamycin, these inhibitors complex with FKBP12 to inhibit mTORCA1. In
phase Il and Il clinical trials, two rapalogs, everolimus and temsirolimus, showed
efficacy in treating certain cancers (Atkins et al., 2004; Smith et al., 2010; Strosberg,
2012; Witzig et al.,, 2011; Yao et al., 2016); however, these drugs showed limited
success in treating SCLC as monotherapy or in combination with chemotherapeutics
(Pandya et al., 2007; Tarhini et al., 2010). The efficacy of rapalogs is limited, partly due
to the subsequent loss of a negative-feedback loop involving RPS6K-mediated
phosphorylation and inhibition of insulin receptor substrate (IRS), which leads to
activation of upstream oncogenic signaling pathways, such as MAPK and PI3K/AKT
(Carracedo et al., 2008; O’Reilly et al., 2006; Sun et al., 2005; Tremblay et al., 2001).

Additionally, although prolonged treament with rapamycin or rapalogs inhibits the pro-



57

survival complex mTORC2 (Sarbassov et al., 2006), acute treatment does not (Jacinto

et al., 2004).

The development of MTOR kinase inhibitors (Kls), which directly target the
MTOR catalytic site to block ATP, helped to circumvent these limitations. These
inhibitors  (e.g., Ku-006379, Torin, PP242) block the mTORC1-mediated
phosphorylation of RPS6K and EIF4EBP1 as well as the mTORC2-mediated
phosphorylation AKT (Feldman et al., 2009; Garcia-Martinez et al., 2009; Thoreen et
al., 2009; Xing et al., 2014). As such, compared to rapalogs, Kls exhibit improved
antitumorigenic effects in preclinical models (Chresta et al., 2010; Garcia-Martinez et
al., 2009; Mecca et al.,, 2018; Thoreen et al., 2009). However, one caveat shared
between MTOR Kls and rapalogs is that both classes of inhibitors can induce
autophagy, which is cytoprotective at moderate levels (Thoreen et al., 2009; Zeng et al.,
2018). Additionally, sensitivity to MTOR Kls can be limited by downregulation of
EIF4AEBPs, which results in a greater EIFAE/EIFAEBP ratio (Alain et al., 2012). These
concerns prompted the development of dual PISBK/MTOR inhibitors, which is facilitated
by the high degree of similarity in their kinase domains. These drugs, such as XL-765,
effectively inhibit the phosphorylation of AKT, RPS6K, and EIF4EBP1, and have shown
efficacy in phase I/ll clinical trials (Awan et al., 2016; Brana et al., 2010; Brown et al.,

2013, 2018; Papadopoulos et al., 2015).
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1.9 Significance and Overview

Metabolism utlizes a diverse network of pathways that can be exploited to reduce
the growth of cancer cells (Huang et al., 2018; Kim et al., 2016; Morita et al., 2018). This
could be particularly useful to treat recalcitrant cancers, such as SCLC, for which the
standard of care has not changed significantly in the past few decades (Farago &
Keane, 2018). SCLC is highly metastatic and most patients present with late-stage
disease, which limits standard treatment to chemotherapy. However, after first-line
treatment, SCLC often reemerges resistant to further chemotherapy. Thus, there is an
urgent need for robust biomarkers and novel therapeutic targets in order to detect SCLC
earlier and improve patient outcomes. While there have been significant advancements
in mapping the SCLC genome and developing robust model systems, the functional
significance of the majority of genomic alterations is not well understood (Drapkin et al.,
2018; Gazdar et al., 1980; George et al., 2015; Kim et al., 2016; Meuwissen et al., 2003;
Schaffer et al., 2010). However, there is growing evidence of distinct subtypes of SCLC
(Rudin et al., 2019), which are characterized by differential expression of
neuroendocrine transcription factors and MYC family members (the SCLC-A, MYCL-
driven subtype being the majority) and which display distinct metabolic dependencies,
including amino acid metabolism (Chalishazar et al., 2019; Huang et al., 2018). Given
the fact that the overwhelming majority of human SCLC exhibits inactivation of p53 and
RB (over 90%), and a smaller percentage exhibits mutation in RBLZ2 (5-7%) (George et
al., 2015), the Park lab previously utilized GEMMs to determine the role of Mycl in

SCLC and observed that expression of this transcription factor is sufficient to induce
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malignant transformation of precancerous cells deficient of Rb1, Trp53, and Rb/2 (Kim
et al., 2016). Additionally, the Park lab found that while expression of Mycl increased the
synthesis of pre-rRNAs and increased protein translation, targeting RNA Pol-l in the
Rb1/Trp53-mutant GEMM reduced pre-rRNA synthesis and suppressed tumor growth.
These results indicated that Mycl is a potent oncogene for SCLC and that ribosome

biogenesis and protein translation may be targeted to inhibit the growth of SCLC.

However, because MYC family members are currently not feasible drug targets
(Carabet et al., 2019; Clausen et al., 2010; Yu et al., 2016), we sought to identify genes
expressed downstream of Mycl that could be targeted instead. Therefore, gene
expression was compared between non-transformed preSC and Mpycl-transformed
preSC; BCAT1, which executes the reversible transamination of BCAAs and has been
implicated in the growth of some cancers, was identified as one of the most upregulated
genes following transformation (Kim et al., 2016). This dissertation first examined
whether the levels of BCAT1 protein are increased in SCLC compared to precancerous
cells. Most importantly, its overexpression prompted us to ask whether BCAT1 is
important for the growth of SCLC. Next, the reversible nature of BCAA transamination
raised the question of whether the expression of BCAT1 promotes the genesis of
BCAAs or induces their catabolism. Furthermore, leucine potently increases the activity
of mMTORC1 (Gran & Cameron-Smith, 2011) and, in certain cancers, this pathway is
enhanced by the expression of BCAT1 (Gu et al., 2019; Hattori et al., 2017; Wang et al.,
2018; Zhang & Han, 2017); however, in other cancers, BCAT1 enhances autophagy

(Zheng et al., 2016), which is inhibited by mTORC1 (Kim et al., 2011). The reversible
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nature of the transamination, and this discrepancy between cancers, led us to ask
whether the expression of BCAT1 in SCLC promotes the activity of mTORC1 or inhibits
it, and whether this affects autophagy. Also, because a-ketoglutarate and BCKAs can
feed into the TCA cycle (Harper et al., 1984), and because mTORC1 can promote
mitochondrial biogenesis (Zhang & Han, 2017), we asked whether BCAT1 expression
affects mitochondrial respiration. Finally, because the BCAAs are direct substrates for
protein translation and because mTORC1 usually enhances protein translation (Duan et
al., 2015; Showkat et al., 2014), we asked whether expression of BCAT1 affects protein
translation in SCLC. We hypothesized that expression of BCAT1 supports the growth of
SCLC; therefore, the primary aim of this thesis was to elucidate the relationship
between BCAT1 expression, the growth of cells and tumors, BCAA catabolism, and the
activity of downstream pathways, such as mTORCH1, protein translation, autophagy, and
mitochondrial respiration, to reveal how BCAT1 affects the tumorigenesis of SCLC

(Figure 1.3).

In Chapter 2, we demonstrate BCAT1 is important for the growth of SCLC.
Specifically, we show BCAT1 protein is overexpressed in mouse SCLC cells relative to
preSC and that BCAT1 is expressed in a subset of human SCLC cell lines. We also
show that genetic or pharmacological targeting of BCAT1 inhibits the growth of SCLC
colonies in soft agar. Furthermore, while inhibition of BCAT1 does not significantly
decrease the growth of SCLC tumors in subcutaneous allograft models, deletion of
BCAT1 inhibits the growth of tumors in an autochthonous GEMM. In addition, we show

that loss of BCAT1 inhibits leucine catabolism and decreases the intracellular
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Figure 1.3 Diagram of pathways potentially altered by expression of branched

chain aminotransferase 1 (BCAT1) in SCLC.

BCAT1 generates a branched chain keto-acid (BCKA) and glutamate (Glu) by
transferring the amine group from an essential branched chain amino acid (BCAA) to
a-ketoglutarate (a-KG). Through glutamate, BCAAs can fuel the synthesis of non-
essential amino acids, such as glutamine and aspartate. The BCKA can be further
oxidized to feed into the tricarboxylic acid (TCA) cycle, which facilitates oxidative

phosphorylation. Oxidative phosphorylation consumes atmospheric oxygen (O,) and

can induce the integrated stress response (ISR) by generating reactive oxygen
species (ROS). The ISR results in phosphorylation of EIF2A, which inhibits the
initiation of protein translation. BCAAs, especially leucine, activate mTORC1, which
can indirectly promote protein translation by activating RPS6K and inhibiting
EIFAEBP1. Protein translation must be tightly controlled to avoid activation of the
ISR. Activation of mTORC1 can inhibit autophagy, which relieves stress at normal
levels, but can induce cell death if prolonged. Red: direct metabolites of BCAT1;

solid lines: direct relationships; dashed lines: indirect relationships.
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concentrations of certain non-essential amino acids. Unexpectedly, we find that loss of
BCAT1 promotes mTORC1 signaling, but is associated with reduced protein translation.
Finally, we show loss of BCAT1 does not significantly affect autophagy, mitochondrial
respiration, or the levels of reactive oxygen species. These observations raise important
questions about the mechanisms underlying the observed effects on protein translation
and tumor growth as well as the therapeutic potential of targeting BCAT1 in SCLC,

which we explore further in Chapter 3.
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Chapter 2: Characterization of branched chain aminotransferase 1 in small cell

lung cancer

2.1 Introduction

Altered metabolism of cancer cells was observed over ninety years ago when
Warburg and Cori observed that cancer cells exhibited increased rates of glycolysis,
which is the metabolic pathway by which cells generate energy from glucose (Warburg
O, Posener K, Negelein E, 1924; Carl Cori & Cori, 1925; Warburg et al., 1927; Warburg,
1956). This was a surprising finding, given that mitochondrial respiration is much more
efficient at producing ATP. Glycolysis only produces two ATPs, whereas the
tricarboxylic acid (TCA) cycle and oxidative phosphorylation produces up to thirty-six.
We now realize that in addition to ATP, glycolysis generates metabolic intermediates,
such as acetyl-CoA, that facilitate rapid cell division (Boros et al., 1997; Chesney et al.,
1999; Lee et al., 1995). Thus, increased uptake of glucose is critical to cancer cell
proliferation (Chan et al.,, 2011). However, there is a growing appreciation of a wide

variety of metabolic processes that contribute to the biosynthesis of macromolecules.

Cancer cells require increased levels of amino acids to sustain nucleotide
biosynthesis for DNA and RNA synthesis (Cano-Crespo et al., 2019; Kondo et al., 2000;
Sigoillot et al., 2003). For example, de novo synthesis of purine and pyrimidine

nucleotides is dependent on non-essential amino acids, such as glutamine and
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aspartate (Huang et al., 2018; Jones, 1980; Labuschagne et al., 2014; Pedley &
Benkovic, 2017). Amino acids also help to fuel the synthesis of proteins, which are
important components of the cell membrane, which relay signals from the outside
environment to the nucleus, and which catalyze various reactions within the cell .
Oxidation of amino acids can also support the biogenesis of lipids, which are also major
components of the cell membrane and participate in signaling (Green et al., 2016;
Halama et al., 2015; Mondal et al., 2009; Singer & Nicolson, 1972). For these reasons,
cancer cell metabolism is an attractive target to treat cancers that do not respond well to
standard therapy, or for which standard therapy does not produce durable responses,

such as small cell lung cancer (SCLC).

Lung cancer is the second most common type of tumor in men and women,
behind prostate and breast cancers, respectively (Siegel et al., 2019). Lung cancer is
divided into subtypes such as non-small cell lung cancer (NSCLC), lung carcinoid
cancer, and SCLC (Travis et al., 2015). SCLC is a high-grade neuroendocrine tumor
that develops from mutant neuroendocrine cells in the lung epithelium, and is one of
three categories of pulmonary neuroendocrine tumors (Park et al., 2011; Travis et al.,
2015). In the United States, SCLC represents 15% of lung cancer and is strikingly more
aggressive than other lung cancers; it is highly proliferative and the majority of patients
(70%) present with metastatic disease (Farago & Keane, 2018). This contributes
significantly to the dismal outcome for patients, as evidenced by the 5-year survival
rates for localized and distant disease of 27% and 3%, respectively (Howlader et al.,

2020).
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Despite the limited treatment options and poor clinical outcomes, the treatment
strategy for SCLC has remained stagnant for decades, contributing to the National
Cancer Institute designation of recalcitrant cancer (Farago & Keane, 2018). Clearly,
treatment options need to be expanded. Importantly, treatment options have begun to
expand with the recent advent of immunotherapy. However, first-line immunotherapy
only increases the median survival by 2-3 months (Horn et al., 2018; Paz-Ares et al.,
2019). Thus, a deeper understanding of the underlying genetic factors that contribute to
SCLC initiation and progression will facilitate the development of more effective targeted

therapies for this disease.

While few studies have explored the potential for targeting tumor metabolism in
SCLC, SCLC subtypes show selective dependencies on different metabolic pathways
associated with amino acid metabolism and nucleotide biosynthesis (Chalishazar et al.,
2019; Huang et al., 2018). Additionally, our group found that SCLC driven by MYCL is
dependent on ribosome biogenesis and protein translation (Kim et al., 2016). However,
since MYC family members are not currently feasible drug targets (Carabet et al., 2019;
Clausen et al., 2010; Yu et al.,, 2016), and drugs targeting MYCs could potentially
induce undesirable side effects due to modulating the expression of many genes
simultaneously, we sought to identify and test the role of individual genes downstream
of MYCL that might be targeted to attenuate its oncogenic effects. In essence, we
sought to identify transcriptional targets of MYCL that contribute to the growth of SCLC.

We isolated pre-cancerous cells of SCLC (preSC) and ectopically expressed Mycl to
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induce malignant transformation (Kim et al., 2016). Then, we compared gene
expression between the parental cells and the cells ectopically expressing Mycl and
found that the expression of branched chain aminotransferase 1 (Bcat7) was one of the
most highly upregulated in the transformed cells. BCAT1 catalyzes the reversible
transamination of branched chain amino acids (BCAAs), transferring the amine group
from BCAAs to a-ketoglutarate to generate glutamate and a branched chain a-keto acid
(BCKA) (Hall et al., 1993). Recently, the BCAA pathway has gained attention as an
important mediator of tumorigenesis (Ananieva & Wilkinson, 2018; Selwan & Edinger,
2017); indeed BCAT1 was shown to enhance the growth of some tumors, such as
IDH1-wildtype glioma, ovarian cancer, endometrial cancer and NSCLC (Mayers et al.,
2016; Tonjes et al.,, 2013; Wang et al., 2018; Wang et al., 2015). BCAT1 has been
shown to impact many cellular processes in a variety of cancers, such as the synthesis
of non-essential amino acids, the synthesis of nucleotides, the synthesis of proteins,
and mitochondrial biogenesis (Mayers et al., 2016; Zhang & Han, 2017). By enhancing
these processes, BCAT1 promotes progression through the cell cycle, and increases
the proliferation, migration, and invasion of cancer cells (Thewes et al., 2017; Wang et
al., 2018; Wang et al., 2015; Zhou et al., 2013). BCAT1 may also be utilized as a
prognostic biomarker for cancers, such as glioma, hepatocellular carcinoma and gastric

cancer (Chang et al., 2016; Cho et al., 2017; Xu et al., 2018).

The mechanistic target of rapamycin complex 1 (mTORCA1) is a serine/threonine
kinase that promotes cell growth, especially through phosphorylation of RPS6K and

EIF4EBP1, resulting in increased protein translation initiation and elongation (Brunn et
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al., 1997; Showkat et al., 2014). The activity of mTORC1 is stimulated by growth factors
and amino acids like leucine (Bar-Peled & Sabatini, 2014; Dibble & Cantley, 2015).
Although some reports suggest that BCAT1 catabolizes BCAAs to BCKAs in many
cancer models (Mayers et al., 2016; Nishitani et al., 2013; Suh et al., 2019; Tonjes et
al., 2013; Zheng et al., 2016), which can inhibit mMTORC1, recent reports suggest that
BCAT1 generates BCAAs from BCKAs in few cancers like endometrial cancer and
leukemia, effectively enhancing the activity of mTORC1 (Gu et al., 2019; Wang et al.,
2018; Zhang & Han, 2017). Thus, the ability of BCAT1 to either catabolize or generate
BCAAs in different settings means BCAT1 can exert different effects on mTORC1 in
different cancers, even though BCAT1 promotes the growth of cancer cells in general.
Multiple components of the PI3K/AKT/mTORC1 pathway are mutated or amplified in
SCLC, such that over 35% of patients harbor alterations, which suggests that the
mTORC1 pathway is important for the growth of SCLC (Umemura et al., 2014). The
high expression of BCAT1 following Mycl-induced malignant transformation of preSC,
and the frequent alteration of the mTORC1 pathway in SCLC raised important questions

about the role of BCAT1 in SCLC, which has not been investigated thus far.

Here we set out to 1) determine the expression of BCAT1 protein in mouse and
human SCLC cell lines, 2) determine whether BCAT1 promotes the malignant
transformation of preSC and/or enhances cancer cell growth, 3) determine the direction
that the BCAT1-mediated transamination favors, and 4) determine how the expression
of BCAT1 influences downstream pathways such as mTORC1, protein translation,

autophagy, and mitochondrial respiration. We found that BCAT1 protein was highly
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expressed in mouse SCLC cells relative to preSC and that BCAT1 was also expressed
in human SCLC cell lines. Additionally, targeting BCAT1 genetically or
pharmacologically resulted in the reduced growth of SCLC colonies in soft agar. While
inhibition of BCAT1 did not consistently reduce the growth of subcutaneous allografts, it
reduced the growth of SCLC tumors in an autochthonous GEMM. We also found that
inhibition of BCAT1 attenuated the transamination of leucine, decreased the intracellular
levels of certain non-essential amino acids, and enhanced the activity of mTORC1.
Interestingly, we also found that knockdown of BCAT1 was associated with decreased
protein translation. These findings suggest that BCAT1 alters the metabolism of SCLC
toward the catabolism of BCAAs, which might increase the intracellular pools of
glutamate, glutamine, and aspartate, and which might also enhance protein translation.
These findings support the concept that targeting BCAT1 may be an effective approach

for reducing the growth of SCLC.

2.2 Results

2.21 BCAT1 is highly expressed in murine SCLC cells and is also

detectable in human SCLC cell lines

High expression of BCAT1 has been observed in multiple cancer types, such as
glioma, breast cancer, ovarian cancer, endometrial cancer, NSCLC, hepatocellular

carcinoma, and others (Mayers et al., 2016; Tonjes et al., 2013; Wang et al., 2018;
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Zheng et al., 2016). Expression of BCAT1 has also been proposed as a prognostic
biomarker for some cancers, such as glioma, hepatocellular carcinoma and gastric
cancer (Chang et al., 2016; Cho et al., 2017; Xu et al., 2018). Our preliminary data from
microarray analysis indicated that the levels of Bcat? mRNA were increased in
precancerous cells of SCLC (preSC) when they were transformed with the powerful
oncogenic transcription factor MYCL (Kim et al., 2016), which suggested that Bcat1
MRNA would be elevated in SCLC cells compared to preSC cells. To test this, we
isolated MRNA from preSC and mouse SCLC cells, which were separately isolated from
lungs of Rb1/Trp53-mutant mice (Park et al., 2011), and performed RT-qPCR for Bcat1.
We found higher Bcat1 transcript levels in the SCLC cells relative to the preSC cells
(Figure 2.1A). Therefore, we hypothesized that the protein level of BCAT1 would also
be elevated in SCLC cells compared to preSC cells. To investigate this, preSC and
mouse SCLC cells that were separately isolated from lungs of Rb1/Trp53-mutant mice
(Park et al., 2011) were cultured in complete medium (RPMI with 10% serum and 1X
Pen/Strep/Glutamine) prior to lysis. Immunoblots on whole cell lysates showed that
BCAT1 was elevated in extracts of SCLC cells compared to extracts of preSC cells
(Figure 2.1B), suggesting that the protein level of BCAT1 increased during the

progression of SCLC in the Rb1/Trp53-mutant GEMM.

As the levels of BCAT1 were increased in mouse SCLC, we hypothesized that
BCAT1 would also be present in human SCLC. To this end, following culture in full
medium, we analyzed whole-cell extracts of several human SCLC cell lines by

immunoblot and detected BCAT1 in 100% of the extracts. Thus, human SCLC
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Figure 2.1. Expression of BCAT1 was increased in SCLC. (Figure 2.1A was

contributed by Kim DW)

(A) RT-gPCR data showing relative expression of Bcat1 transcript in preSC cells (left
two columns) and mouse SCLC (mSCLC) cells (right two columns). n=3 replicates
per cell type. Representative result from one of three independent experiments. Data
are mean expression + standard error of mean and expressed relative to preSC #1.
ns: not significant, p>0.05; **: p<0.01; ****: p<0.0001, two-tailed Student’s t-test. (B)
Immunoblot for BCAT1 protein in preSC cells (lanes one and two) and mSCLC cells
(lanes three and four). ACTB (actin beta) blot verified equal loading of total protein.
Immunoblot representative of one experiment. (C) Immunoblot for BCAT1 protein in
human glioma (lane one) and SCLC cells (lanes two through eight). U87: glioma
positive control for BCAT1 protein expression. ACTB blot verified equal loading of

total protein. Immunoblot representative of one experiment.
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expressed BCAT1, although the degree of expression varied considerably (Figure

2.1C).

2.2.2 Ectopic expression of BCAT1 is not sufficient to induce the

transformation of precancerous cells in vitro

Given the fact that the level of BCAT1 was increased in mouse SCLC compared
to preSC, and that BCAT1 is a transcriptional target of the oncogenic MYC-family
members (Zheng et al., 2016; Zhou et al., 2013), we hypothesized that BCAT1
promoted the cancerous transformation of precancerous cells. PreSC cells are adherent
and usually die if separated from the substratum, but murine SCLC cells are non-
adherent and are cultured in suspension (Kim et al., 2016). A test for cancerous
transformation of adherent cells is anchorage-independent growth in soft agar (Yang et
al., 1998), which is a semi-solid that immobilizes single cells above the bottom of the
plate. To determine whether BCAT1 could induce anchorage-independent growth in
preSC cells, control cells (empty vector) and cells in which BCAT1 was conditionally
expressed by treatment with doxycycline (dox) (Figure 2.2A) were cultured in soft agar
overlayed with complete medium for two months (Figure 2.2B and C). While we
hypothesized that the ectopic expression of BCAT1 would enhance the colony formation
of preSC cells, the number of colonies that formed when BCAT1 was expressed was
not significantly different from either the vector (p=0.94) or the vehicle (p=0.93) control
(Figure 2.2C). This indicated that ectopic expression of BCAT1 was not sufficient to

induce the transformation of precancerous cells of SCLC.
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Figure 2.2. Expression of BCAT1 was not sufficient for transformation of

precancerous cells.

(A) Immunoblot for BCAT1 protein in preSC cells transduced with pCW57.1-empty
vector (lanes one and two) or pCW57.1-BCAT1 (lanes three and four) and treated

with either the vehicle (ddH,O) (lanes one and three) or doxycycline (dox) (lanes two

and four). GAPDH blot verified equal loading of total protein. Immunoblot
representative of three independent experiments. (B and C) Results of soft agar
experiment with preSC cells ectopically expressing BCAT1 or not. (B) Visualization
of soft agar assay after wells were stained and imaged. Representative images from
one of three independent experiments. (C) Quantification of soft agar assay. After
imaging, colonies =50 ym were counted. n=3 replicates per cell type per treatment.
Representative result from one of three independent experiments. Data are mean
number of colonies * standard error of mean. ns: not significant, p>0.05, two-tailed

Student’s t-test.
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2.2.3 Knockdown of BCAT1 decreases the growth of SCLC cells in vitro

Elevated expression of BCAT1 had been shown to enhance the growth of
several types of cancer cells in vitro, such as endometrial cancer, glioma,
nasopharyngeal carcinoma, hepatocellular carcinoma, and others (Tonjes et al., 2013;
Wang et al., 2018; Zheng et al., 2016; Zhou et al., 2013). However, the role of BCAT1 in
the growth of SCLC cells had not been described. Although ectopic expression of
BCAT1 did not induce the cancerous transformation of preSC, we asked the reciprocal
question of whether inhibition of BCAT1 would reduce the growth of SCLC cells. To test
this, we constructed twelve lentiviral vectors to express shRNAs targeting BCAT1
(shB1) and one vector to express scrambled shRNA (shScr) in mouse SCLC cells. Only
four of the constructs resulted in decreased expression of BCAT1 (Figure 2.3A) and
were used to assay growth over three weeks in soft agar (Figure 2.3B and C). As
described before, the cells were cultured in full medium. Three of the four cells
transduced with BCAT1-targeting shRNAs formed fewer colonies than the scramble
control (shB1#3, shB1#11, and shB1#12), (shB1#3, p=2.9x10™*; shB1#9, p=0.17;
shB1#11, p=1.4x107; shB1#12, p=5.5x10'4), which was consistent with the hypothesis
that BCAT1 required for the growth of SCLC cells. In contrast, cells transduced with
shRNA #9 produced similar numbers of colonies to those generated by the scramble
control, raising the possibility of off-target effects. It is well known that shRNAs have the
potential to induce unintended effects by binding to sequences of mRNA that are
similar, but not identical to, the intended target. Therefore, we pursued CRISPR-

mediated gene editing as an additional genetic tool to compliment the shRNA
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Figure 2.3. shRNA-mediated knockdown of BCAT1 reduced the growth of

SCLC cells in vitro.

(A) Immunoblot for BCAT1 protein in KP1 cells transduced with Tet-pLKO-puro-
shScr, -shB1#3, -shB1#9, -shB1#11, or -shB1#12 and treated with either the vehicle

(ddH,O) or doxycycline (dox). GAPDH blot verified equal loading of total protein.

shScr: scramble shRNA control; shB1: shRNA targeting Bcat1. Immunoblot
representative of two independent experiments. (B and C) Results of soft agar assay
with BCAT1 knockdown cells. (B) Visualization of soft agar after wells were stained
and imaged. Representative images from one of two independent experiments. (C)
Quantification of soft agar. After imaging, colonies =100 ym were counted. n=3
replicates per cell type. Representative result from one of two independent
experiments. Data are mean number of colonies * standard error of mean relative to

shScr. ns: not significant, p>0.05; **: p<0.01; ***: p<0.001, two-tailed Student’s t-test.
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experiment. We generated four lentiviral constructs encoding Cas9 and single guide
RNA (sgRNA) against BCAT1 (sgB1), as well as a lentiviral vector encoding a scramble
sequence (sgScr) and Cas9. We then transduced mouse SCLC cells and tested colony
formation in soft agar. As expected, BCAT1 protein expression was reduced relative to
the control cells (Figure 2.4A). We observed dramatically decreased colony growth in
three of the four targeting cells compared to control (sgB1#1, p=3.3x10"%; sgB1#2,
p=0.097; sgB1#3, p=1.4x10"; sgB1#4, p=6.5x10") (Figure 2.4B and C). Notably,
sgB1#2 cells had the weakest knockdown of BCAT1 and also the least inhibition of
colony formation (Figure 2.4A and B). The reduced growth of SCLC colonies following
shRNA- and CRISPR-mediated inhibition of expression of BCAT1 indicated that BCAT1

is required for the growth of mouse SCLC cells in vitro.

2.2.4 Cells with high expression of BCAT1 undergo strong selection to

grow in subcutaneous allografts

Abnormally high expression of BCAT1 had been shown to increase the growth of
multiple types of tumors in vivo, such as glioma, hepatocellular carcinoma, breast
cancer, and others (Tonjes et al., 2013; Zhang & Han, 2017; Zheng et al., 2016). To
further explore the role of BCAT1 in SCLC tumor growth, we asked whether the
decreased growth observed in soft agar under conditions of BCAT1 knockdown is
recapitulated in vivo. Due to the reduced growth of SCLC cells observed following
inhibition of BCAT1 in vitro, we hypothesized that inhibition of BCAT1 would decrease

the growth of SCLC tumors in vivo as well. We initially tested our hypothesis by
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Figure 2.4. CRISPR-mediated knockdown of BCAT1 reduced the growth of

SCLC cells in vitro.

(A) Immunoblot for BCAT1 protein in KP1 cells transduced with pL-
CRISPR.EFS.tRFP-sgScr, -sgB1#1, sgB1#2, sgB1#3, or sgB1#4. ACTB blot verified
equal loading of total protein. sgScr: scrambled sgRNA control; sgB1: sgRNA
targeting Bcat1. Immunoblot representative of three independent experiments. (B
and C) Results of soft agar with BCAT1 knockdown cells. (B) Visualization of soft
agar after wells were stained and imaged. Representative images from one of three
independent experiments. (C) Quantification of soft agar. After imaging, colonies =50
um were counted. n=2-3 replicates per cell type. Representative result from one of
three independent experiments. Data are mean number of colonies + standard error
of mean relative to sgScr. ns: not significant p>0.05; **: p<0.01, two-tailed Student’s

t-test.
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subcutaneous injection of shScr, shB1#3, and shB1#11 cells into athymic nude mice in
order to bypass the significant amount of time required to develop a genetically modified
knockout mouse. Mice were fed doxycycline beginning two days post-injection and
euthanized one month following injection of the cells. Tumors from shB1#3 cells were
smaller and weighed significantly less (p=0.024) than tumors from shScr cells, but
tumors from sh#11 cells were similar in size to the controls (Figures 2.5A and B)
(p=0.22). To help explain the discrepancy between the growths of the BCAT1-targeting
cells, we measured the residual expression of BCAT1 in the tumors. We postulated that
tumors arising from shB1#11 cells might contain higher levels of BCAT1 than those
arising from shB1#3 cells, which could explain the discrepancy in growth phenotypes.
To determine the levels of BCAT1 in the tumors, we froze the tumors, lysed them, and
analyzed the protein extracts through immunoblot (Figure 2.5C). Both shB1#3 and
shB1#11 tumors contained lower levels of BCAT1 than the control tumors, and BCAT1
expression was in fact lowest in shB1#11, indicating BCAT1 expression was not
responsible for the difference in phenotypes. While it is possible that the robust growth
of shB1#11 in vivo might be due to off-target effects, we were unable to draw
conclusions from the shRNA allograft experiment. However, the decreased growth of
the tumors from shB1#3 cells, and the lack of growth from one of the injections,
prompted us to further investigate whether BCAT1 might be important for the growth of

SCLC in vivo.

To further investigate whether inhibition of BCAT1 reduced SCLC tumor growth,

we tested the tumor-forming capacity of sgScr, sgB1#2, sgB1#3, and sgB1#4 cells,
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Figure 2.5. shRNA-mediated knockdown of BCAT1 did not consistently reduce

the growth of allografts.

(A) Visualization of allografts following knockdown of BCATI1. 5x105 KP1 cells
transduced with Tet-pLKO-puro-shScr, -shB1#3, or -shB1#11 were injected into
flanks of athymic nude mice, with each cell type injected into two flanks of two mice.
After two days, expression of shRNA was induced with doxycycline-containing
rodent chow. After one month, all mice were individually euthanized and both tumors
of each mouse were excised and imaged. shScr: scrambled shRNA control; shB1:
shRNA targeting BCAT1. Results are representative of two independent
experiments. (B) Quantification of allograft weights. After each tumor was imaged, it
was weighed and frozen on dry ice, until all were frozen. n=3-4 tumors per cell type.
Data are mean mg of tumor + standard error of mean relative to shScr. ns: not
significant, p>0.05; *: p<0.05, two-tailed Student’s t-test. (C) Visualization of residual
BCAT1 protein in allografts. When all tumors were frozen, they were processed for
protein extract and knockdown of BCAT1 protein was verified by immunoblot
analysis. GAPDH blot verified equal loading of total protein. Immunoblot

representative of two independent experiments.
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which were injected into the flanks of athymic nude mice. To determine how BCAT1
affects the growth rate of the tumors, we measured tumor sizes over time. In this
experiment, the tumors were allowed to grow until any one of them reached 15 mm, at
which time we euthanized all the mice and determined the final weights of the tumors.
Due to the higher expression of BCAT1 in sgB1#2 cells in vitro (see Figure 2.4A), we
anticipated that any impaired growth of tumors caused by BCAT1 knockdown would be
less robust in sgB1#2 tumors compared to tumors arising from sgB1#3 and sgB1#4
cells. However, as shown in Figure 2.6A, all of the BCAT1-targeting cells produced
tumors that grew at similar rates to controls. Similarly, the average weight of BCAT1-
targeting tumors was not significantly different from the control (sgB1#2: p=0.32;
sgB1#3: p=0.75; sgB1#4: p=0.61) (n=2 for sgB1#4 and n=6 for the rest) (Figure 2.6B).
Interestingly, however, four of the six mice injected with sgB1#4 cells, which exhibited
the best knockdown in vitro (see Figure 2.4C), did not form tumors at all, which
suggested knockdown of BCAT1 could have inhibited the initiation of those tumors. We
postulated that over time in mice, there was selective pressure for cells expressing high
levels of BCAT1 to grow, which resulted in tumors with expression of BCAT1 similar to
that of control tumors. To determine the levels of BCAT1 in the tumors, we froze the
tumors, lysed them, and analyzed the protein extracts through immunoblot. While the
expression of BCAT1 in individual tumors of each group was variable, the expression in
the targeting tumors was similar to that of the control tumors (Figure 2.6C), which was

consistent with the concept of strong selection for cells with more BCAT1 to grow.

The immunoblot analysis of tumor lysates helped to explain the differences
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Figure 2.6. Constitutive CRISPR-mediated knockdown of BCAT1 did not

reduce the growth of allografts in immunocompromised athymic nude mice.

(A) Quantification of allograft lengths. KP1 cells transduced with pL-
CRISPR.EFS.tRFP-sgScr, -sgB1#2, -sgB1#3, or -sgB1#4 were injected into flanks of
athymic nude mice. sgScr: scrambled sgRNA control; sgB1: sgRNA targeting
BCAT1. n=2-6 tumors per cell type. Data are mean mm of tumor * standard error of
mean. Results are representative of one independent experiment. (B) Quantification
of allograft weights. When any tumor reached 15 mm in length, all mice were
individually euthanized and each tumor was excised, weighed, and frozen on dry ice.
n=2-6 tumors per cell type. Data are mean mg of tumor + standard error of mean
relative to sgScr. ns: not significant, p>0.05, two-tailed Student's t-test. (C)
Visualization of residual BCAT1 protein in allografts. When all tumors were frozen,
they were processed for protein extract and knockdown of BCAT1 protein was
evaluated by immunoblot analysis. ACTB blot verified equal loading of total protein.

Immunoblot representative of one experiment.
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between the phenotypes observed in vitro and in vivo, and prompted us to thaw
previously frozen cells in order to initiate the allograft experiment with cells exhibiting
more robust knockdown of BCAT1. Additionally, we postulated that the immune system,
which is compromised in athymic nude mice, could play a role in regulating the growth
of SCLC. The concept that BCAA metabolism in cancer cells could modulate the
immune system to promote tumor growth was evidenced by the finding that BCKAs
secreted by glioma cells were taken up by macrophages, which resulted in reduced
phagocytic activity (Silva et al., 2017). Therefore, we tested the growth of the freshly
thawed CRISPR cells injected into immunocompetent mice. These first filial generation
(F1) B6129SF1/J mice were the products of crossing C57BL/6J females (B6) and
129S1/SvimJ males (129S). Since our mouse SCLC cells were derived from mice with
a 129S/B6 mixed background, the F1 hybrid mice were less likely to reject the cells,
reducing the need for a compromised immune system. In this experiment, tumors were
allowed to grow until any one of them reached about 20 mm. The results obtained with
the freshly thawed cells were similar to the earlier experiment in nude mice: the average
size of BCAT1-targeting tumors was similar to control (Figure 2.7A) and their final
weights were similar to control (sgB1#1: p=0.49; sgB1#3: p=0.60; sgB1#4: p=0.42)
(Figure 2.7B). However, one of the four sgB1#4 injections failed to form a tumor, which
again suggested that knockdown of BCAT1 inhibited the tumor initiation. Additionally,
while the residual levels of BCAT1 in protein extracts were variable, the levels in
BCAT1-targeting tumors were similar to control (Figure 2.7C), which again suggested

selective pressure to retain expression of BCAT1.
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Figure 2.7. Constitutive CRISPR-mediated knockdown of BCAT1 did not

reduce the growth of allografts in immunocompetent B6129SF1/J mice.

(A) Quantification of allograft lengths. KP1 cells transduced with pL-
CRISPR.EFS.tRFP-sgScr, -sgB1#1, -sgB1#3, or -sgB1#4 were injected into flanks of
immunocompetent B6129SF1/J mice. sgScr: scrambled sgRNA control; sgB1:
sgRNA targeting BCAT1. n=3-4 tumors per cell type. Data are mean mm of tumor +
standard error of mean. Results are representative of one experiment. (B)
Quantification of allograft weights. When any tumor exceeded 18 mm in length, all
mice were individually euthanized and each tumor was excised, weighed, and frozen
on dry ice. n=3-4 tumors per cell type. Data are mean mg of tumor + standard error
of mean relative to sgScr. ns: not significant, p>0.05, two-tailed Student’s t-test. (C)
Visualization of residual BCAT1 protein in allografts. When all tumors were frozen,
they were processed for protein extract and knockdown of BCAT1 was evaluated by
immunoblot analysis. ACTB blot verified equal loading of total protein. Immunoblot

representative of one experiment.
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In an effort to avoid selection against loss of BCAT1 while growing cells in
culture prior to injection into mice, we generated conditional sgScr, sgB1#3, or sgB1#4
cells, which expressed Cas9 and knocked down BCAT1 only when induced with
doxycycline. After injection into the F1 mice, we induced Cas9 expression with
doxycycline-treated rodent chow. In order to determine the effect of BCAT1 on tumor
initiation, we measured the number of days to visually detect tumors by observation of
raised masses under the skin. We measured the sizes of tumors over time to determine
the effect of BCAT1 on the growth rate of established tumors, and we also measured
the final weights of the tumors. Each individual tumor was allowed to grow until it
reached 15 mm. While mice injected with sgB1#3 cells did not exhibit significantly
increased durations of tumor-free survival (p=0.13, Gehan-Breslow-Wilcoxon test)
compared to those injected with sgScr cells, the appearance of tumors in mice injected
with sgB1#4 cells was significantly delayed (p=0.022, Gehan-Breslow-Wilcoxon test)
(Figure 2.8A). However, the average sizes of the tumors were similar to control (Figure
2.8B), as were the average weights (sgB1#3: p=0.40; sgB1#4: p=0.61) (Figure 2.8C).
This suggested that inhibition of BCAT1 might have disrupted the initiation of SCLC
tumors, at least for the sgB1#4 cells, but not their ongoing growth. However, an
increase in tumor latency without a decrease in final mass led us to postulate that there
were some cells that retained more expression of BCAT1 and eventually grew rapidly to
form the tumors. To determine whether there was selective pressure for SCLC cells with
high expression of BCAT1 to grow, we used immunoblot (Figure 2.8D) to assess the
levels of BCAT1 in parental cells, which were induced with doxycycline in vitro, and

compared them to the levels of BCAT1 in cancer cells cultured from the final tumors. In
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Figure 2.8. Doxycycline-inducible knockdown of BCAT1 did not reduce the

growth of allografts in immunocompetent B6129SF1/J mice.

(A) Quantification of tumor-free survival. KP1-Cas9 cells transduced with LV-gRNA-
zeocin-sgScr, -sgB1#3, or -sgB1#4 were injected into flanks of B6129SF1/J mice.
Expression of Cas9 was induced with doxycycline (dox)-containing rodent chow.
sgScr: scrambled sgRNA control; sgB1: sgRNA targeting BCAT1. n=6-7 mice per
cell type. Data are percentage of mice, per cell type, remaining without visible
tumors since date of injection. sgB1#3: p=0.13; sgB1#4: p=0.022, Gehan-Breslow-
Wilcoxon test. Results are representative of one experiment. (B) Quantification of
allograft lengths. Upon visual detection, tumor lengths were measured over time.
n=6-7 tumors per cell type. Data are mean mm of tumor * standard error of mean.
(C) Quantification of allograft weights. When each tumor reached 15 mm, the mice
were euthanized and the tumors were excised, weighed and frozen on dry ice. n=6-7
tumors per cell type. Data are mean mg of tumor £ standard error of mean relative to
sgScr. ns: not significant, p>0.05, two-tailed Student’s t-test. (D) Visualization of
knockdown of BCAT1 before and after allograft. A subset of parental cells was
treated with dox for forty-eight hours and processed for protein extract. After
weighing allografts, half of each tumor was used to culture cancer cells, which were
also processed for protein extract and knockdown of BCAT1 protein was compared
through immunoblot analysis. ACTB blot verified equal loading of total protein.
Immunoblot representative of one experiment. (E) Quantification of knockdown of
BCAT1 before and after allograft. ImageJ was used for densitometry analysis of (E).
n=1 for parental cells and n=6-7 for tumor cancer cells. Data are the mean level of

BCAT1 protein normalized to ACTB + standard error of mean relative to sgScr.
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comparison to their parental cells, we observed reduced knockdown efficiency in the
majority of cells cultured from tumors: the knockdown in sgB1#3 and sgB1#4 parental
cells were 51.2% and 58.8%, respectively, while the average knockdown in sgB1#3 and
sgB1#4 tumor cells dropped to 35.7% and 39.3%, respectively (Figure 2.8E). However,
while this suggested there was strong pressure for cells with high levels of BCAT1 to
grow, which was consistent with the concept that BCAT1 is required for the growth of

SCLC in vivo, it did not provide direct evidence.

2.2.5 Deletion of BCAT1 decreases the growth of SCLC tumors in an

autochthonous mouse model

The reduced knockdown efficiency in cells cultured from subcutaneous tumors
suggested that there was selective pressure against cells upon loss of BCAT1, which
was consistent with the concept that BCAT1 is required for the continued growth of
SCLC in vivo. Additionally, the allograft experiment excludes any potential roles for the
lung microenvironment interacting with SCLC tumor to regulate the growth of SCLC.
Therefore, we sought a more robust autochthonous GEMM. To this end, we generated
a new GEMM by crossing the Rb1/Trp53/Rbl2-floxed model (Schaffer et al., 2010) with
a strain harboring floxed Bcat1 alleles (Ananieva et al., 2014); importantly, this model
facilitated the assessment of the function of BCAT1 without the confounding factor of
time cultured in vitro. We induced lung tumor through intratracheal instillation of Ad-
CMV-Cre virus (Dupage et al.,, 2009). Six months after the virus infection, we

euthanized the mice, stained the lungs with hematoxylin and eosin (Figure 2.9A),
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Figure 2.9. Deletion of Bcat1 reduced tumor burden in an autochthonous

GEMM of SCLC. (Figure contributed by Kim, KB)

Through intratracheal instillation of Ad-CMV-Cre virus, lung tumors were induced in
ten-week-old Rb 1/Tp53/RbI2IOX/IOX mice containing wild-type or floxed alleles of Bcat1.

+/+ AA
The infected mice (Bcat! or Bcat1 |, respectively) were aged for 6 months and
then euthanized. Results representative of one experiment. (A) Representative

images of hematoxylin and eosin (H&E) stained lungs from Rb1/Tp53/Rbl2-mutant

+/+ ANA
mice with or without Bcat1 (Bcat1 or Bcat1 , respectively). n=11 mice per
genotype. (B) Quantification of tumor burden. H&E slides were analyzed and the
area of tumors divided by the total area of the lung was calculated as tumor burden.

n=11 mice per genotype. Data are mean percent tumor burden + standard error of

mean relative to Bcat1+/+. ****: p<0.0001, two-tailed Student'’s t-test. (C) Primary cells
were cultured from tumors and analyzed for expression of BCAT1 protein by
immunoblot. ACTB blot verified equal loading of total protein. Immunoblot

representative of one experiment.
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determined tumor burden by dividing the area of tumors by total lung area (Figure 2.9B),
and verified knockout of BCAT1 protein in primary tumor cells by immunoblot (Figure
2.9C). We found that knockout of BCAT1 protein in Rb14*/Tp53**/RbI2**/Bcat1**
mice resulted in significantly reduced tumor burden compared to control
Rb142/Tp53"2/RbI2"*/Bcat1™* mice (p=1.7x10°). Taken together, the apparent
selection against loss of BCAT1 in CRISPR allografts and the decreased tumor burden
following deletion of Bcat? in the autochthonous GEMM indicated that inhibition of

BCAT1 decreases the growth of SCLC in vivo.

2.2.6 Pharmacological inhibition of BCAT1 reduces the growth of SCLC

cells in vitro

Despite nearly universal recurrence of SCLC following standard therapies,
including etoposide with cisplatin or carboplatin, the treatment strategy for SCLC has
remained largely unchanged for the past few decades (Farago & Keane, 2018). These
chemotherapeutics also damage normal, rapidly dividing cells, and induce a multitude of
undesirable side effects, such as hair loss, loss of appetite, nausea and digestive
issues. Moreover, because they damage DNA, these chemotherapeutics can lead to
other cancers in the future (Lawley, 1980). The long-term failure of the standard of care,
along with its lack of cell specificity, underscores the necessity of more effective and
less toxic therapeutic strategies. Robust expression of BCAT1 is normally limited to a
small number of tissues, including the brain, gonads, and specific immune

compartments (Suryawan et al., 1998; Sweatt et al., 2004), which we postulated could
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mean less severe side effects from targeted therapy. Small molecules that inhibit
BCAT1, including gabapentin (Gbp) and BCATc inhibitor 2 (BI2), reduced the growth of
cancer cells, such as glioma (Tonjes et al., 2013) and leukemia (Garcia-Martinez et al.,
2009). As our data indicated that BCAT1 promotes the growth of SCLC both in vitro and
in vivo, we sought to determine whether BCAT1 could be targeted pharmacologically to
reduce the growth of SCLC cells. To test the hypothesis that pharmacological inhibition
of BCAT1 reduced the growth of SCLC cells, we first assessed the growth of mouse
SCLC cells in soft agar during three weeks of treatment with Gbp, which is a leucine
analog that has about 50-fold specificity for BCAT1 over BCAT2 and blocks the binding
of leucine to BCAT1 (Goto et al., 2005). Treatment with 20 mM gabapentin, which was
the concentration used to inhibit glioma growth (Tonjes et al., 2013), did not reduce the
growth of KP1 or KP3 cells in full medium, which suggested that targeting BCAT1
pharmacologically did not inhibit SCLC growth (Figure 2.10A). However, Gbp was
originally designed to relieve neurological disorders by targeting voltage-sensitive Ca?*
channels (Taylor, 1997), and a recent report indicated that the reduced proliferation of
HCT116 colon cancer cells by Gbp was independent of BCAT activity (Grankvist et al.,
2018). We postulated that Gbp could have effects independent of BCAT1 in SCLC;
therefore, we next chose to test the growth of SCLC cells following three weeks of
treatment with BI2 in full medium (Figure 2.10B and C). BI2 is a sulfonyl hydrazide (N’-
[(5-chloro-1-benzofuran-2-yl) carbonyl]-2-(trifluoromethyl) benzene-sulfonohydrazide),
which docks in the BCAT active site, presumably blocking ligand binding, and has
fifteen-fold specificity for BCAT1 over BCAT2 (Caballero et al., 2009; Hu et al., 2006). In

two of the three cells tested, KP1 and KP5, treatment with 10 uM BI2 dramatically
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Figure 2.10. Pharmacological inhibition of BCAT1 reduced the growth of SCLC

cells in vitro.

(A) Results of SCLC growth in soft agar with or without 20 mM gabapentin (Gbp).
After three weeks, wells were stained and imaged. Representative result from one of
three independent experiments. (B) Results of SCLC growth in soft agar with or
without 10 uM BCATc Inhibitor 2 (BI2). After three weeks, wells were stained and
imaged. Representative result from one of at least three independent experiments.
(C) After imaging, colonies =50 ym were quantified. n=3 replicates per cell and
treatment. Representative result from one of at least three independent experiments.
Data are mean number of colonies * standard error of mean relative to vehicle
control for each cell type. ns: not significant, p>0.05; ***: p<0.001, ****: p<0.0001,

two-tailed Student’s t-test.
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decreased the number of colonies formed (p= 9.24x10™* and p=4.64x10®, respectively),
indicating that BCAT1 can be targeted pharmacologically to inhibit the growth of a
subset of SCLC cells. However, while the growth of the third cell line tested, KP3, was
somewhat reduced in the presence of the inhibitor, the reduction in growth was not

significant (p=0.17).

2.2.7 Inhibition of BCAT1 reduces the transamination of leucine in SCLC

cells

The reduced growth of SCLC cells in soft agar following genetic or
pharmacological inhibition of BCAT1 indicated that BCAT1 promoted the growth of the
SCLC cells. We next sought to determine the mechanism of action. Rapidly dividing
cells require increased rates of biosynthesis of macromolecules, such as non-essential
amino acids, nucleotides, and proteins, which are all supported by BCAA metabolism
(Holecek, 2018; Mayers et al., 2016). To investigate the mechanism of action underlying
the reduced growth of SCLC following inhibition of BCAT1, we first focused on the most
well known function of the enzyme, which is the reversible transfer of the BCAA amine
group to a-ketoglutarate (a-KG) (Hall et al., 1993; Harper et al., 1984). We studied this
reaction in vitro because cell cultures are easier to propagate, handle, and process than
whole tumors. Furthermore, the growth phenotypes observed in vitro were more
apparent than in vivo, suggesting we might observe a more robust phenotype in cell
culture. We reasoned that changes in the direct metabolites (e.g., BCAAs, a-KG,

BCKAs, and glutamate) would inform us to which downstream pathways are potentially
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altered, which could explain the phenotype of decreased growth of SCLC. For example,
in leukemia cells, BCAT1 synthesizes BCAAs to enhance the activity of mTORC1 and
promote cell growth (Garcia-Martinez et al., 2009). However, the majority of published
literature indicates that BCAT1 usually drives the reaction toward the transamination of
BCAAs (Neinast et al., 2019; Suryawan et al., 1998), which has been shown to enhance
downstream processes like the synthesis of non-essential amino acids and nucleotides
(Mayers et al.,, 2016). Therefore, we hypothesized that BCAT1 promotes the
transamination of BCAAs in SCLC. Since SCLC expresses higher levels of BCAT1, we
suspected that SCLC would exhibit increased transamination of BCAAs compared to
preSC. As a proof of concept, we first compared the rate of a-ketoisocaproate (KIC)
production between lysates of SCLC cells treated with either vehicle or the inhibitor B2,
as well as between lysates of shRNA cells. In this assay, BCAT in cell lysates
transaminated leucine to KIC, which was then transaminated back to leucine by a
bacterial enzyme called leucine dehydrogenase. Leucine dehydrogenase utilized NADH
and decreased the absorbance of light at 340 nm (As40) (Figure 2.11A). Hence, a faster
rate of decrease in As4 indicated a faster rate of production of KIC, which meant a
faster rate of leucine transamination. Compared to DMSO-treated SCLC lysates, lysates
treated with BI2 showed a slower rate of decrease in As4o (Figure 2.11B). Additionally,
lysates of BCAT1-targeting shRNA cells exhibited slower rates of decrease in Asao,
suggesting that BCAT1 directly promotes the transamination of leucine in cell lysates.
To further test the role of BCAT1 in the transamination of leucine, we evaluated
CRISPR cells in the colorimetric assay. As shown in Figure 2.11C, both sgB1#1 and

sgB1#2 cell lysates exhibited slower rates of decrease in Asso, supporting the concept
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Figure 2.11. Targeting Bcat1 reduced the transamination of leucine in SCLC

cell lysates.

(A) Schematic of the colorimetric coupled-enzyme reaction. Leucine was
transaminated to KIC by BCAT. KIC was transaminated back to leucine by leuDH.

The leuDH-mediated reaction utilized NADH, which resulted in decreased A34O. Leu:

leucine; a-KG: a-ketoglutarate; KIC: a-ketoisocaproate; Glu: glutamate; LeuDH:
leucine dehydrogenase; NADH: nicotinamide adenine dinucleotide (NAD) +

hydrogen (H); A,,,: absorbance of light at 340 nm. (B) Quantification of the rate of
decrease in A, following inhibition of BCAT1. KP1 lysates were treated either with

vehicle (DMSO), or 5 uM BCATc inhibitor 2 (BI2). shScr, shB1#3, or shB1#11 cells
were treated with dox for forty-eight hours and lysed. shScr: scramble shRNA
control; shB1: shRNA targeting Bcat1. n=2 replicates per cell type and treatment.

a0 T standard error of mean relative to vehicle

Data are mean rate of decrease in A
or shScr. Representative result from one of three independent experiments. (C)

Quantification of the rate of decrease in A,,, using sgScr, sgB1#3, or sgB1#4

0

lysates. sgScr: scramble sgRNA control; sgB1: sgRNA targeting Bcat1. n=2

+ standard error of

replicates per cell type. Data are mean rate of decrease in A, +

mean relative to sgScr. Representative result from one of two independent

experiments.
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that BCAT1 promotes the transamination of leucine in SCLC cell lysates.

The cell-free colorimetric assay lacked certain factors that can influence the
BCAT reaction, such as a cell membrane with functional amino acid transporters. To
investigate whether BCAT1 enhances the catabolism of BCAAs in living cells, we first
incubated preSC and SCLC cells in Krebs buffer containing L- ['*C(U)]-leucine and
measured the amount of labeled CO; released over time. In this assay, the release of
CO; occurs in two parts (Figure 2.12A). First, the cells produce labeled KIC, which can
be secreted from the cell and oxidized following addition of hydrogen peroxide to the
medium. Alternatively, the cells can oxidize the KIC themselves, which occurs before
the addition of hydrogen peroxide. Thus, the measurement of total labeled CO, is an
indirect measurement of both the production of KIC, i.e., transamination, as well as its
further degradation, i.e., oxidation. Compared to preSC, we detected a higher rate of
radiolabeled CO2 produced from SCLC (p=0.017) (Figure 2.12B). To investigate
whether BCAT1 was responsible for the increased rate, we also included a group of
SCLC cells that were treated with 10 uM BI2 for 24 hours: the rate of radiolabeled CO,
production from Bl2-treated SCLC was attenuated to a level comparable to preSC
(p=0.031) (Figure 2.12B), suggesting BCAT1 enhances the catabolism of leucine.
Again, although BI2 has more affinity for BCAT1 than for BCAT2, and the tested
concentration only attenuated leucine catabolism in SCLC to that near preSC, there was
still the possibility that this phenotype was due to the combined inhibition of BCAT1 and
BCAT2. To determine whether BCAT1, specifically, enhanced leucine catabolism in

SCLC, we assessed the rate of radiolabeled CO, production in CRISPR cells when
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Figure 2.12. Targeting Bcat1 reduced the transamination of leucine in live SCLC cells. (Figure
2.12D was contributed by Ananieva, AS)

(A) Schematic of the radiometric leucine catabolism assay. Cells were rotated in sealed scintillation
vials containing Krebs buffer with [14C]-Ieucine. [14C]—Ieucine was taken up by cells and was
transaminated to [ C]-KIC by BCAT. BCKDH and other enzymes oxidized [ CJ-KIC onward to the

TCA cycle and released [ C]-CO,, which was trapped in NaOH following addition of HCIO, to the
cells. H,O, was used to oxidize [14C]—KIC that was transaminated and secreted into solution, and the

resulting [140]—002 was also trapped by NaOH. In (B) and (C), all [140]—CO2 was collected in the same
NaOH trap, which reflected total catabolism. In (D), the CO, from transamination and oxidation were

collected in separate NaOH traps. NaOH samples were analyzed by liquid scintillation counting. Leu:
leucine; a-KG: a-ketoglutarate; KIC: a-ketoisocaproate; BCKDH: branched chain ketoacid
dehydrogenase; Glu: glutamate; TCA: tricarboxylic acid. (B) Quantification of the rate of leucine
catabolism in preSC cells or SCLC cells treated with vehicle (DMSO) or BCAT1c inhibitor 2 (BI2). n=2

14
replicates per cell type and treatment. Data are mean pmol [ C]-CO, per hour + standard error of

mean relative to preSC and are the average of three independent experiments. (C) Quantification of
the rate of leucine catabolism in CRISPR-edited SCLC cells. sgScr: scrambled sgRNA control; sgB1:

sgRNA targeting BCAT1. n=2 replicates per cell type. Representative result of one of three

14
independent experiments. Data are mean pmol [ C]-CO, per hour + standard error of mean relative

to relative to sgScr. (D) Quantification of [14C]—Ieu transamination (left graph) and [14C]—KIC oxidation
(right graph) in CRISPR-edited SCLC cells. n=5-6 replicates per cell type. Representative result from
one of three independent experiments. Data are mean pmol [140]—002 per hour + standard error of

mean relative to sgScr. ns: not significant, p>0.05 (D); *: p<0.05 (B) & (D), two-tailed Student'’s t-test.
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given L- ["C(U)]-leucine. BCAT1-targeting cells tended to have decreased rates of
leucine catabolism compared to sgScr cells (Figure 2.12C). BCAA catabolism involves
reversible transamination and irreversible oxidation of the amino acids, and the majority
of tissues within the body do not perform both (Neinast et al., 2019; Sweatt et al., 2004).
Thus, we sought to determine whether the cells exhibited decreased transamination of
leucine, decreased KIC oxidation, or both. Therefore, we separated the two parts of the
catabolism by measuring labeled CO, before and after addition of hydrogen peroxide
and found that the BCAT1-targeting cells exhibited reduced rates of KIC production
(sgB1#3: p=0.035; sgB1#4: p=0.046), but not further oxidation (sgB1#3: p=0.94;
shB1#4: p=0.98) (Figure 2.12D). Therefore, we conclude that BCAT1 directly promoted

the transamination of leucine in SCLC without affecting the downstream degradation.

2.2.8 Knockdown of BCAT1 reduces the concentrations of glutamate,

glutamine, and aspartate in SCLC cells

The catabolism of BCAAs results in the production of glutamate, which can be
further utilized toward the endogenous production of other non-essential amino acids,
such as glutamine and aspartate (Mayers et al., 2016). Hence, the decreased
catabolism of leucine following inhibition of BCAT1 led us to hypothesize that BCAT1
increased the intracellular levels of glutamate, glutamine, and aspartate. Importantly,
the pyrimidine synthesis pathway utilizes glutamine and aspartate to generate uridine
monophosphate, which is the foundation for the pyrimidine nucleotides necessary for

DNA and RNA synthesis (Jones, 1980). The purine synthesis pathway also utilizes
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glutamine (Pedley & Benkovic, 2017), which further suggests that BCAA catabolism can
support the synthesis of DNA and RNA. Additionally, protein translation is heavily
dependent on amino acid and energy availability (Chee et al., 2019; Proud, 2004), and
glutamine can also be utilized to maintain energy homeostasis (Yang et al., 2014). To
investigate the relationship between BCAT1 and glutamate, glutamine, and aspartate,
we measured their concentrations inside CRISPR cells following withdrawal of leucine
and subsequent culture in leucine-containing medium. As shown in Figure 2.13
inhibiting BCAT1 through CRISPR-mediated editing resulted in significantly reduced
intracellular concentrations of glutamate (sgB1#3: p=3.4x10"*; shB1#4: p=2.5x10'3),
glutamine (sgB1#3: p=3.3x10; shB1#4: p=5.3x10"), and aspartate (sgB1#3: p=2.9x10"
% sgB1#4: p=9.2x10™). The decreased intracellular concentrations of these amino acids
following inhibition of BCAT1 were also consistent with the concept that there was a

shift toward the transamination of leucine in SCLC, which was enhanced by BCAT1.

2.2.9 Ectopic expression of BCAT1 promotes mTORC1 activity and protein

translation in preSC cells

To explore how BCAT1 influences metabolism in preSC cells, we sought to
determine how BCAT1 affected downstream signaling like the mTORC1 pathway and
protein translation. Since inhibition of BCAT1 reduced the transamination of leucine in
SCLC cells (see Figure 2.12D), and leucine is known to stimulate the activity of
mTORC1 (Jewell et al., 2015), we hypothesized that the ectopic expression of BCAT1

in preSC would result in decreased activity of mTORC1. However, because mTORCA1
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Figure 2.13. CRISPR-mediated knockdown of BCAT1 reduced the intracellular
levels of glutamate, glutamine, and aspartate. (Figure 2.12B was partially

contributed by Park, JJ)

(A) Schematic of the mass spectroscopy experiment to analyze intracellular amino
acids. KP1 cells transduced with pL-CRISPR.EFS.tRFP-sgScr, -sgB1#3, or -sgB1#4
were starved of leucine and then incubated in leucine-containing medium for the
indicated times. After freezing the cells, intracellular amino acids were determined by
mass spectroscopy. sgScr: scrambled sgRNA control; sgB1: sgRNA targeting
BCAT1. (B) Quantification of intracellular glutamate, glutamine, and aspartate in
CRISPR-edited cells. n=3 replicates per cell. Representative result from one of three
independent experiments. Data are mean pmol of amino acid + standard error of

mean relative to sgScr. **: p<0.01 and ***: p<0.001, two-tailed Student’s t-test.
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usually promotes protein translation, and our group previously found that ectopic
expression of Mycl increased the expression of Bcat?1 and increased protein translation
in preSC cells (Kim et al., 2016), there remained the possibility that BCAT1 could
promote the activity of mTORC1 and increase protein translation. Additionally, EIF2A
signaling was among the most significant molecular pathways related to the Myc/-driven
transformation of preSC cells (Kim et al., 2016). As EIF2A is critical to the initiation of
protein translation (Hinnebusch, 2014), we also asked whether BCAT1 could affect the
phosphorylation EIF2A signaling. To test these possibilities, we induced expression of
BCAT1 in preSC cells with doxycycline for forty-eight hours, followed by culture in low-
serum medium for eighteen hours (Figure 2.14A). Then, we cultured the cells in full
medium for eight hours and pulsed them with puromycin, a tRNA analog, for ten
minutes. After processing the cells for protein extract, we analyzed the extracts for
phosphorylation of RPS6K, which is indicative of mMTORC1 activity, by immunoblot. To
determine the effect on protein translation, we also blotted for puromycin. To investigate
whether ectopic expression of BCAT1 affected EIF2A signaling, we blotted for
phosphorylation of EIF2A. preSC cells overexpressing BCAT1 exhibited increased
phosphorylation of RPS6K compared to control, which indicated an increase in the
activity of mTORC1 (Figure 2.14B). The overexpressing cells also had an increased
rate of puromycin incorporation into protein, which indicated an increased rate of protein
translation compared to control, and decreased phosphorylation of EIF2A, which

indicated increased activity of EIF2A.
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Figure 2.14. Ectopic expression of BCAT1 in precancerous cells resulted in

increased mTORC1 activity and increased protein translation.

(A) Schematic of experiment to assess mTORC1 activity, protein translation, and
EIF2A inhibition in preSC cells. preSC cells transduced with pCW57.1-empty vector
(lane one) or pCW57.1-BCAT1 (lane two) were treated with doxycycline (dox). After
incubation in low-serum medium, followed by incubation in complete medium, cells
were pulsed puromycin. After cell collection and lysis, 20 ug of total protein from
each sample was run on SDS-PAGE gels. (B) Immunoblot for puromycin, BCAT1,
total and phosphorylated RPS6K, and total and phosphorylated EIF2A. ACTB blot
verified equal loading of total protein. The effect on EIF2A was observed in one blot,
the effect on RPS6K was observed in two blots, and the effect on puromycin

incorporation was observed in three blots.
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2.2.10 Knockdown of BCAT1 activates mTORC1, but not protein translation,

in SCLC cells

The mTORC1 pathway, which normally promotes protein translation, is widely
accepted to be pro-tumorigenic (Guertin & Sabatini, 2007) and is frequently activated in
SCLC (Umemura et al., 2014), suggesting that it may promote the growth of SCLC. In a
previously published report, our group determined that ectopic expression of Mycl
increased the expression of Bcat1 and drove the development of SCLC by supporting
protein translation (Kim et al., 2016). Since Bcat? mRNA was increased in SCLC
compared to preSC (see Figure 2.1A), and products of BCAT1, e.g., glutamate, are
incorporated into protein during translation, we hypothesized that BCAT1 enhanced
protein translation in SCLC cells. However, over the course of this dissertation, we
found that knockdown of BCAT1 reduced the transamination of leucine, an amino acid
known to increase the activity of mMTORC1 (see Figure 2.12D). This presented a
potential contradiction whereby knockdown of BCAT1 could increase the activity of
mTORC1 while decreasing protein translation. Thus, we sought to investigate how the
expression of BCAT1 affects these pathways in SCLC. We assessed the activity of
mTORC1 in BCAT1 CRISPR cells through immunoblot detection of phosphorylated
RPS6K at threonine 398 and phosphorylated EIF4AEBP1 at threonine 37 and 46
following culture in full medium (Figure 2.15A). These post-translational modifications
are directly mediated by mTORC1 and are commonly used to evaluate its activity
(Burnett et al., 1998). As shown in Figure 2.15B, the phosphorylation of RPS6K was

increased in BCAT1-targeted cells compared to control, which suggested an increase in
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Figure 2.15. CRISPR-mediated knockdown of Bcat1 increased mTORC1

activity.

(A) Schematic of experiment to assess mTORC1 activity in SCLC cells. KP1 cells
transduced with pL-CRISPR.EFS.tRFP-empty, -sgB1#1, -sgB1#2, -sgB1#3, or -
sgB1#4 were continuously cultured in complete medium and processed for protein
extract. 20 ug of total protein from each sample was run on SDS-PAGE gels.
Control: empty vector without sgRNA; sgB1: sgRNA targeting BCAT1. (B)
Immunoblot for BCAT1, RPS6K, and EIF4AEBP1 proteins, as well as pT389-RPS6K
and pS65-EIF4EBP1. ACTB blot verified equal loading of total protein. Immunoblot

representative of one experiment.
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the activity of mTORCA1.

To determine the role of BCAT1 in protein translation, we pulsed cells with
puromycin for ten minutes and then measured puromycin incorporation through
immunoblot (Figure 2.16A). We first investigated the effect on protein translation in
shRNA cells in full medium. As shown in Figure 2.16B, the amount of puromycin
incorporated into protein was decreased in shB1#3 and shB1#11 cells compared to
shScr cells, which indicated a reduced rate of protein translation. To expand on this, we
assessed sgScr, sgB1#3, and sgB1#4 cells using the same assay (Figure 2.17A), but
did not observe similar reductions in the incorporation of puromycin into protein (Figure
2.17B). However, we found that primary BCAT1 knockout cells, which were recently
cultured from tumors formed in the autochthonous GEMM, exhibited decreased
puromycin incorporation (Figure 2.18A and B). Thus, the similar rates of puromycin
incorporated into the CRISPR cells indicated that inhibition of BCAT1 did not increase
protein translation, and interestingly, the increased puromycin incorporation in the
shRNA cells and the primary knockout cells, which were cultured for less time than the
CRISPR cells, suggested that inhibition of BCAT1 in fact decreased protein translation
in SCLC under these conditions. The increased activity of mTORC1 in the BCAT1-
targeting CRISPR cells without a corresponding increase in the incorporation of
puromycin into protein raised the question of how inhibiting BCAT1 upregulates the
activity of mTORC1 without increasing protein translation. Thus, the experiments
described in the remaining sections were conducted in order to determine whether the

increased activity of mMTORC1 induced various forms of metabolic stress, which could
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Figure 2.16. shRNA-mediated knockdown of BCAT1 decreased protein

translation.

(A) Schematic of experiment to assess protein translation in SCLC cells. KP1 cells
transduced with Tet-pLKO-puro-shScr, -shB1#3, or -shB1#11 were treated with
either the vehicle (ddH,O) or doxycycline. They were then pulsed with puromycin
and processed for protein extract. 20 pug of total protein from each sample was run
on SDS-PAGE gels. shScr: scrambled shRNA control; shB1: shRNA targeting
BCAT1. (B) Immunoblot for puromycin and BCAT1. ACTB blot verified equal loading

of total protein. Immunoblot representative of two independent experiments.
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Figure 2.17. CRISPR-mediated knockdown of BCAT1 did not decrease protein

translation.

(A) Schematic of experiment to assess protein translation in SCLC cells. KP1 cells
transduced with pL-CRISPR.EFS.tRFP-sgScr, -sgB1#1, -sgB1#2, -sgB1#3, or -
sgB1#4 were continuously cultured in complete medium, pulsed with puromycin, and
processed for protein extract. 20 ug of total protein from each sample was run on
SDS-PAGE gels. sgScr: scrambled sgRNA control; sgB1: sgRNA targeting BCAT1.
(B) Immunoblot for puromycin and BCAT1. ACTB blot verified equal loading of total

protein. Immunoblot representative of one experiment.
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Figure 2.18. Deletion of BCAT1 in primary cancer cells cultured from tumors

resulted in decreased protein translation. (Figure contributed by Kim, KB)

(A) Schematic of experiment to assess protein translation in SCLC cells. Primary

cancer cells harvested from Bcat1+/+ (left two lanes) and Bcat1A/A (right two lanes)
lung tumors (figure 2.9) were continuously cultured in complete medium, pulsed with
puromycin, and processed for protein extract. 20 yg of total protein from each
sample was run on SDS-PAGE gels. (B) Immunoblot for puromycin. ACTB blot

verified equal loading of total protein. Immunoblot representative of one experiment.
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have explained the uncoupling of mMTORC1 to protein translation. However, we did not

obtain significant findings from those experiments.

2.211 BCAT1-mediated activity of mTORC1 does not influence the

integrated stress response in SCLC cells

We next asked how the inhibition of BCAT1 promoted the activity of mTORCA1,
but did not increase protein translation. Downstream targets of mMTORC1, e.g., RPS6K
and EIF4EBP1, are not the only regulators of protein translation; there are many
components of the translation initiation machinery besides RPS6 and EIF4E
(Hinnebusch, 2014). Thus, we sought to investigate whether the reduced expression of
BCAT1 was associated with the inhibition of critical components of the translational
machinery, which we postulated might counteract pro-translational signals from
mTORC1. For example, over the past decade, there have been multiple reports linking
aberrant activity of mMTORC1 to ER stress and the UPR, which inhibits translation
(Appenzeller-Herzog & Hall, 2012; Inoki et al., 2011; Ito et al., 2011; Kato et al., 2012;
Panda et al., 2018). Furthermore, EIF2A signaling was among the most significant
molecular pathways related to the Mycl-driven transformation of preSC cells (Kim et al.,
2016). Thus, we hypothesized that the increased activity of mTORC1 following inhibition
of BCAT1 could promote the phosphorylation and inactivation of EIF2A, which is a
marker for the integrated stress response (ISR), including the UPR (Walter & Ron,
2011). We postulated that the activity of mTORC1 and the phosphorylation of EIF2A

could be regulated by the cell cycle. Therefore, we sought to synchronize the CRISPR
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cells through overnight culture in a low-serum medium containing only 0.1% bovine
growth serum (BGS) and then track changes in biomarkers, e.g., phosphorylation of
RPS6K at threonine 398, phosphorylation of EIF2A at serine 51, and puromycin, over
time following subsequent culture in full medium (Figure 2.19A). As shown in Figure
2.19B, while both sgB1#3 and sgB1#4 cells exhibited increased phosphorylation of
RPS6K compared to sgScr at thirty minutes of culture in full medium, the effect was not
as robust for sgB1#3. Correspondingly, while the phosphorylation of EIF2a was
increased in sgB1#4 cells at four hours, this was not observed in sgB1#3 cells.
Furthermore, while both targeting sgRNAs were associated with decreased puromycin
incorporation into protein, particularly at eight hours of full medium, this effect was
minor. The lack of increased puromycin incorporation supported our earlier findings,
which suggested that the activation of mMTORC1, which resulted from the inhibition of
BCAT1, did not promote protein translation in SCLC cells. While the pattern of RPS6K
and EIF2A phosphorylation was inconclusive in determining the relationship between
mTORC1 and EIF2A, we postulated that the activity of mTORC1 in the sgB1#3 cells,
which was higher than in sgScr, but lower than in sgB1#4 was not sufficient to increase

the phosphorylation of EIF2A relative to control.

Next, we sought to achieve more consistent activation of mTORC1 between the
two targeting cells. As serum is made of many components, in addition to amino acids
and growth factors, we explored other experimental conditions to avoid potential
complications arising from manipulating such a complex component of the medium. We

next assessed the cells without pre-incubation in the low-serum medium because this
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Figure 2.19. CRISPR-mediated knockdown of BCAT1 did not consistently

inhibit EIF2A following serum synchronization.

(A) Schematic of experiment to assess mTORC1 activity, protein translation, and
EIF2A inhibition in SCLC cells. KP1 cells transduced with pL-CRISPR.EFS.tRFP-
sgScr, -sgB1#3, or -sgB1#4 were incubated in low serum medium and then
incubated in complete medium for the indicated times. They were then pulsed with
puromycin and processed for protein extract. 20 ug of total protein from each sample
was run on SDS-PAGE gels. sgScr: scrambled sgRNA control; sgB1: sgRNA
targeting BCAT1. (B) Immunoblot for puromycin, BCAT1, total and phosphorylated
RPS6K, and total and phosphorylated EIF2A. ACTB blot verified equal loading of

total protein. Immunoblot representative of one experiment.
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step was not necessary to observe the increased activity of mTORC1 previously
(Figure 2.20A) (see Figure 2.15B). As shown in Figure 2.20B, while the BCAT1-
targeting cells exhibited similar increases in the phosphorylation of RPS6K compared to
sgScr at thirty minutes after seeding, the phosphorylation of EIF2A was similar to the
control at all time points. Although sgB1#3 cells exhibited decreased incorporation of
puromycin compared to sgScr cells, sgB1#4 cells surprisingly displayed increased
incorporation of puromycin. These results suggested that the increased activity of
mTORC1 did not promote the phosphorylation of EIF2A, and were consistent with the
concept that mMTORC1 did not regulate protein translation in these cells; additionally, the

phosphorylation of EIF2A was not related to the incorporation of puromycin into protein.

The lack of increased phosphorylation of EIF2A in sgB1#4 cells, which was
observed in the previous two experiments, and the discrepancy in the incorporation of
puromycin, led us to postulate that synchronizing the cells was a necessary step. Next,
we assessed the cells after treatment with lovastatin for twenty-four hours and then
mevalonate for six hours (Figure 2.21A). This method is commonly used to arrest cells
in the G1 phase of the cell cycle and then release them from arrest once synchronized
(Keyomarsi, 1996). Under this condition, both BCAT 1-targeting cells exhibited increased
phosphorylation of RPS6K compared to sgScr, especially at four and eight hours after
release (Figure 2.21B). However, the phosphorylation EIF2A was similar to the control
at all time points and neither BCAT1-targeting sgRNA affected the incorporation of
puromycin into protein. This result suggested that mTORC1 did not promote the

phosphorylation of EIF2A, and was consistent with the concept that mTORC1 did not
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Figure 2.20. CRISPR-mediated knockdown of BCAT1 did not inhibit EIF2A

without synchronization of cells.

(A) Schematic of experiment to assess mTORC1 activity, protein translation, and
EIF2A inhibition in SCLC cells. KP1 cells transduced with pL-CRISPR.EFS.tRFP-
sgScr, -sgB1#3, or -sgB1#4 were continuously cultured in complete medium, pulsed
with puromycin, and processed for protein extract. 20 pg of total protein from each
sample was run on SDS-PAGE gels. sgScr: scrambled sgRNA control; sgB1: sgRNA
targeting BCAT1. (B) Immunoblot for puromycin, BCAT1, total and phosphorylated
RPS6K, and total and phosphorylated EIF2A. ACTB blot verified equal loading of

total protein. Immunoblot representative of one experiment.
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Figure 2.21. CRISPR-mediated knockdown of BCAT1 did not inhibit EIF2A

following synchronization of cells with lovastatin.

(A) Schematic of experiment to assess mTORC1 activity, protein translation, and
EIF2A inhibition in SCLC cells. KP1 cells transduced with pL-CRISPR.EFS.tRFP-
sgScr, -sgB1#3, or -sgB1#4 were incubated in lovastatin and then mevalonate for
the indicated times. They were then pulsed with puromycin and processed for
protein extract. 20 pg of total protein from each sample was run on SDS-PAGE gels.
sgScr: scrambled sgRNA control; sgB1: sgRNA targeting BCAT1. (B) Immunoblot for
puromycin, BCAT1, total and phosphorylated RPS6K, and total and phosphorylated
EIF2A. ACTB blot verified equal loading of total protein. Immunoblot representative

of two independent experiments.
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regulate protein translation.

We postulated that over time, the cells might have experienced selective
pressure against loss of BCAT1, so that they had somehow compensated to uncouple
the activity of mMTORC1 from the phosphorylation of EIF2A. Therefore, we assessed the
inducible CRISPR cells following preincubation in the low-serum medium and
subsequent culture in full medium (Figure 2.22A). We chose this condition because it
initially resulted in increased phosphorylation of RPS6K and EIF2A in the non-inducible
sgB1#4 cells (see Figure 2.19B). As shown in Figure 2.22B, both BCAT1-targeting cells
exhibited increased autophosphorylation of MTOR and phosphorylation of RPS6K
compared to control. However, while the phosphorylation of EIF2A was mildly increased
in both BCAT1-targeting cells at thirty minutes, it was decreased compared to control by
eight hours. The kinetic profiles of the phosphorylation of RPS6K and EIF2A were
strikingly different, suggesting that the phosphorylation of EIF2A was not regulated by
MmTORC1 in these cells. Additionally, the rate of puromycin incorporated into protein
was not noticeably different in BCAT1-targeting cells compared to the control,
consistent with the concept that protein translation was not regulated by mTORC1 in

SCLC cells.

There was a possibility that the parental cells, which the CRISPR cells were
derived from, had been cultured for too long and had undergone secondary changes

that impacted their metabolism and rendered them significantly different from cells in
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Figure 2.22. Conditional CRISPR-mediated knockdown of BCAT1 did not

inhibit EIF2A following serum synchronization.

(A) Schematic of experiment to assess mTORC1 activity, protein translation, and
EIF2A inhibition in SCLC cells. KP1-Cas9 cells transduced with LV-gRNA-zeocin-
sgScr, -sgB1#3, or -sgB1#4 were treated with doxycycline (dox). They were
incubated in low serum medium, followed by complete medium for the indicated
times. They were then pulsed with puromycin and processed for protein extract. 20
Mg of total protein from each sample was run on SDS-PAGE gels. sgScr: scrambled
sgRNA control; sgB1: sgRNA targeting BCAT1. (B) Immunoblot for puromycin,
BCAT1, total and phosphorylated RPS6K, total or phosphorylated MTOR, and total
and phosphorylated EIF2A. ACTB blot verified equal loading of total protein.

Immunoblot representative of one experiment.
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tumors. To help reduce the potential impact of the length of time in cell culture, we
investigated the relationship between mTORC1 and the ISR in primary cancer cells that
were recently cultured from tumors excised from the autochthonous GEMM. As we had
previously found that these primary knockout cells exhibited reduced incorporation of
puromycin into protein compared to control cells (see Figure 2.18B), we suspected that
these cells could reveal a phenotype encompassing loss of BCAT1, increased activity of
mTORC1, increased phosphorylation of EIF2A, and decreased puromycin
incorporation. We assessed the status of these biomarkers in cell lysates (Figure
2.23A), which were previously prepared in an effort to validate the knockout of BCAT1.
Unexpectedly, the cells from BCAT1 knockout tumors had differing mTORC1
phenotypes; one had decreased autophosphorylation of MTOR, whereas the other may
have had increased autophosphorylation (Figure 2.23B). The phosphorylation of RPS6K
appeared to be similar between all of the cell lines. The phosphorylation of EIF2A was
mixed, with cells from one knockout tumor displaying increased phosphorylation, and
the other displaying reduced phosphorylation relative to the controls. Thus, the mixed
phosphorylation of MTOR, the lack of effect on RPS6K, and the mixed phosphorylation
of EIF2A also suggested that mTORC1 did not regulate the phosphorylation of EIF2A in
SCLC cells. The fact that the overwhelming majority of our data fail to establish a link
between mTORC1 and the phosphorylation of EIF2A indicated that mTORC1 did not
induce the ISR in SCLC cells. Additionally, our data was consistent with the concept
that the activation of mMTORC1 following knockdown of BCAT1 did not increase protein

translation in SCLC cells.
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Figure 2.23. Deletion of BCAT1 in primary cancer cells did not produce a

consistent pattern of mMTORC1 activity and EIF2A phosphorylation.

(A) Schematic of experiment to assess mTORC1 activity and EIF2A inhibition in
+/+
SCLC cells. Primary cancer cells harvested from Bcat1 (left two lanes) and

Bcat1A/A (right two lanes) lung tumors (figure 2.9) were cultured in complete medium
and processed for protein extract. 20 pg of total protein was run on SDS-PAGE gels.
(B) Immunoblot for BCAT1, total and phosphorylated RPS6K, total or
phosphorylated MTOR, and total and phosphorylated EIF2A. ACTB blot verified
equal loading of total protein. The original BCAT1 and ACTB blots were produced by
Kim, KB and displayed protein from more than four samples, but the EIF2A, MTOR
and RPS6K blots were produced by Butler, N and only used four of those same
samples. Gaps within the BCAT1 and ACTB blots were to omit some samples to
allow vertical matching to the other blots. Immunoblot is representative of one

experiment.
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2.2.12 Knockdown of BCAT1 does not decrease autophagy in SCLC cells

Our data indicated that when BCAT1 was inhibited, SCLC cells exhibited
decreased growth in soft agar (see Figures 2.3 and 2.4), decreased transamination of
leucine (see Figure 2.12D), and increased activity of mTORC1 (see Figures 2.15 and
2.19-2.22). The activity of mTORC1 did not appear to induce the ISR or determine the
rate of protein translation in SCLC cells (see Figures 2.19-2.23). However, mTORC1
can regulate multiple other pathways that impact cell growth, such as autophagy
(Hosokawa et al., 2009; Jung et al., 2009; Kim et al., 2011; Rabanal-Ruiz et al., 2017).
Autophagy is a normal housekeeping process in which a cell sequesters its own
macromolecules and organelles to degrade them. This helps to maintain cellular
homeostasis by recycling old and damaged components, and can relieve stress due to
factors such as amino acid insufficiency and the production of reactive oxygen species.
Importantly, autophagy can promote cancer cell survival. For example, in hepatocellular
carcinoma cells, BCAT1 was found to induce chemoresistance to cisplatin, which was

attenuated by chloroquine, i.e., an inhibitor of autophagy (Zheng et al., 2016).

Since the inhibition of BCAT1 in SCLC cells enhanced the activity of mTORC1,
and mTORC1 inhibits autophagy, we hypothesized that knockdown of BCAT1 could
inhibit autophagy in SCLC. This concept was supported by the fact that ectopic
expression of BCAT1 in hepatocellular carcinoma cells increased the expression of
autophagy-related genes, whereas knockdown of BCAT1 reduced the expression of

autophagy-related genes (Zheng et al., 2016). We investigated the relationship between
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BCAT1 and autophagy in sgScr, sgB1#3, and sgB1#4 cells through immunoblot
analysis of MAP1LC3A/B-II levels (Figure 2.24); measurement of MAP1LC3A/B-Il is a
common first step in investigating autophagy. The lysates analyzed were the same ones
from the experiments described in section 2.2.10, which spanned multiple conditions of
either synchronizing cells or not. The amount of MAP1LC3A/B-Il in the lysates was not
noticeably decreased in BCAT1-targeting cells compared to control, which indicated that

the inhibition of BCAT1 did not decrease autophagy in SCLC cells.

2.2.13 Knockdown of BCAT1 does not increase mitochondrial function in

SCLC celils

BCAT1 has been shown to increase the activity of mMTORC1 in breast cancer
cells, which in turn enhanced mitochondrial biogenesis (Zhang & Han, 2017).
Additionally, BCAA transamination utilizes a-KG, which is an important component of
the TCA cycle that generates intermediates for oxidative phosphorylation (Zdzisinska et
al., 2017). Our data indicated that the inhibition of BCAT1 reduced the transamination of
leucine and activated mTORC1 in SCLC cells. We also postulated that the inhibition of
BCAT1 could increase the intracellular levels of a-KG. Therefore, we hypothesized that
the inhibition of BCAT1 could increase mitochondrial function in SCLC. Importantly,
mitochondrial respiration is the primary source of reactive oxygen species (ROS) in
cells, and while ROS have been implicated in tumorigenesis, high levels of ROS can
induce cell death (Alfadda & Sallam, 2012). We postulated that high levels of ROS

could inhibit the growth of SCLC cells; therefore, we also sought to determine whether
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Figure 2.24. CRISPR-mediated knockdown of BCAT1 did not affect autophagy.

(A) Schematic of experiments to assess autophagy in SCLC cells. Lysates in B-D
were the same as those analyzed in figures 2.19-2.21. ACTB blots were the same as
in figures 2.19-2.21. 20 pg of total protein from each sample was run on SDS-PAGE
gels. sgScr: scrambled sgRNA control; sgB1: sgRNA targeting BCAT1. (B)
Immunoblot for MAP1LC3A/B-II in cells following serum synchronization. ACTB blot
verified equal loading of total protein. Immunoblot representative of one experiment.
(C) Immunoblot for MAP1LC3A/B-II in cells without synchronization. ACTB blot
verified equal loading of total protein. Immunoblot representative of one experiment.
(D) Immunoblot for MAP1LC3A/B-II in cells following synchronization with lovastatin.
ACTB blot verified equal loading of total protein. Immunoblot representative of two

independent experiments.
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the inhibition of BCAT1 increased the production of ROS.

To test the hypothesis that inhibition of BCAT1 increased mitochondrial function,
which depletes oxygen, we assessed the rate of oxygen consumption in shRNA cells
using the Agilent Seahorse mito stress test (Figure 2.25A). In this assay, cells were
adhered to the bottom of XF24 cell culture microplates, which were placed into an XF
analyzer with probes to measure the dissolved oxygen in the medium. Over time, the
cells were automatically treated with compounds, including oligomycin, which is an ATP
synthase (mitochondrial complex V) inhibitor, BAM15, which is a mitochondrial
protonophore uncoupler, antimycin A, which is a complex lll inhibitor, and rotenone,
which is a complex | inhibitor. By subtracting the lowest rate of oxygen consumption
obtained following treatment with antimycin A and rotenone from the last rate obtained
before treatment with oligomycin, we determined the cells’ basal respiration. Neither
shB1#3 nor shB1#11 cells exhibited significantly different basal respiration compared to
shScr cells (shB1#3: p=0.43; shB1#11: p=0.81) (Figure 2.25B). By subtracting the
lowest rate of oxygen consumption obtained following treatment with antimycin A and
rotenone from the maximum rate obtained following treatment with BAM15, we
determined the cells’ maximal respiration. shB1#3 cells exhibited significantly
decreased maximal respiration compared to shScr cells, but shB1#11 cells did not
(shB1#3: p=0.032; shB1#11: p=0.81) (Figure 2.25C). Thus we were unable to conclude
the effect of BCAT1 on mitochondrial function from this experiment. To further test the
role of BCAT1 in SCLC mitochondrial function, we next assessed the rates of oxygen

consumption in sgScr, sgB1#1, sgB1#2, sgB1#3, and sgB1#4 cells (Figure 2.26A).
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Figure 2.25. shRNA-mediated knockdown BCAT1 did not increase

mitochondrial function.

(A) Mitochondrial function was assessed in KP1 cells, which were transduced with
Tet-pLKO-puro-shScr, -shB1#3, or -shB1#11 and treated with doxycycline (dox).
Cells were treated at the indicated time points with oligomycin, BAM15, or antimycin
A and rotenone. Representative oxygen consumption rate (OCR) profile of shScr
cells from one of three independent experiments. Data are mean pmol O,, per minute
+ standard error of mean. (B) Basal oxygen consumption was calculated. Data are
mean pmol O, per minute + standard error of mean relative to shScr and are the
average of three independent experiments. (C) Maximal oxygen consumption was
calculated. Data are mean pmol O, per minute + standard error of mean relative to
shScr and are the average of three independent experiments. shScr: scrambled
shRNA control; shB1: shRNA targeting BCAT1. n=4 replicates per cell type. ns: not

significant, p>0.05 (B) & (C); *: p<0.05 (C), two-tailed Student’s t-test.
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Figure 2.26. CRISPR-mediated knockdown BCAT1 did not increase

mitochondrial function.

(A) Mitochondrial function was assessed in KP1 cells, which were transduced with
pL-CRISPR.EFS.tRFP-sgScr, -sgB1#1, sgB1#2, sgB1#3, or sgB1#4. The cells were
treated at the indicated time points with oligomycin, BAM15, or antimycin A and
rotenone. Representative oxygen consumption rate (OCR) profile of sgScr cells from
one of three independent experiments. Data are mean pmol O, per minute +
standard error of mean. (B) Basal oxygen consumption was calculated. Data are
mean pmol O, per minute + standard error of mean relative to sgScr and are the
average of three independent experiments. (C) Maximal oxygen consumption was
calculated. Data are mean pmol O, per minute + standard error of mean relative to
sgScr and are the average of three independent experiments. sgScr: scrambled
sgRNA control; sgB1: sgRNA targeting BCAT1. n=4 replicates per cell type. ns: not

significant, p>0.05 (B) & (C); *: p<0.05 (C), two-tailed Student’s t-test.
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None of the BCAT1-targeting cells exhibited significantly different basal consumption
compared to control (sgB1#1: p=0.86; sgB1#2: p=0.95; sgB1#3: p=0.62; sgB1#4:
p=0.64) (Figure 2.26B), and only sgB1#4 cells exhibited significantly increased maximal
respiration (sgB1#1: p=0.96; sgB1#2: p=0.39; sgB1#3: p=0.14; sgB1#4: p=0.047)
(Figure 2.26C), which suggested that the inhibition of BCAT1 did not increase

mitochondrial function.

To determine whether the inhibition of BCAT1 increased the production of ROS,
which was not expected due to the insignificant effect on oxygen consumption, we
treated sgScr, sgB1#3, and sgB1#4 cells with 2’, 7'—dichlorofluorescin diacetate
(DCFDA), which was oxidized by ROS into the fluorescent molecule 2, 7'-
dichlorofluorescein (DCF) (Figure 2.27A). DCF was detected by fluorescence emitted at
535 nm. As shown in Figure 2.27B, neither of the BCAT1-targeting cells showed a
significant difference in the fluorescence emitted at 535 nm compared to sgScr cells,
which indicated no difference in the oxidation to DCF. This was consistent with the
concept that the inhibition of BCAT1 did not increase mitochondrial function or increase

the levels of ROS.

2.3 Discussion

In this chapter, we described the novel finding that BCAT1 was important for the

growth of SCLC. We determined, for the first time, that the level of BCAT1 protein was
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Figure 2.27. CRISPR-mediated knockdown BCAT1 did not increase reactive

oxygen species.

(A) Schematic to assess reactive oxygen species (ROS) levels in SCLC cells. KP1
cells transduced with pL-CRISPR.EFS.tRFP-sgScr, -sgB1#1, sgB1#2, sgB1#3, or
sgB1#4 were washed, stained with DCFDA, and washed again. The fluorescence at
530 nm was used as a readout for ROS. (B) Quantification of ROS levels. n=2
replicates per cell type. Representative result from one of three independent
experiments. Data are mean fluorescence + standard error of mean relative to

sgScr. sgScr: scrambled sgRNA control; sgB1: sgRNA targeting Bcat1.
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increased in mouse SCLC cells relative to precancerous cells and that BCAT1 was
detectable in human SCLC cell lines. We also asked whether BCAT1 regulates the
growth of SCLC cells and found that knockdown of BCAT1 with multiple genetic models
resulted in decreased growth of SCLC cells in soft agar. Additionally, following deletion
of Bcat1, we observed decreased tumor burden in an autochthonous GEMM. To
determine the mechanism of action of BCAT1 in SCLC, we investigated metabolites of
BCAT1 as well as related signaling pathways. In those studies, we found that
knockdown of BCAT1 reduced the transamination of leucine without affecting
downstream oxidation of KIC. We also found that knockdown of BCAT1 resulted in
decreased intracellular levels of non-essential amino acids, such as glutamate,
glutamine and aspartate. Interestingly, knockdown of BCAT1 increased the activity of
mMmTORC1 as measured by phosphorylation of RPS6K and autophosphorylation of
MTOR without a corresponding increase in protein translation. Taken together, the
decreased growth of SCLC in soft agar and in the autochthonous GEMM following
inhibition of BCAT1 indicated that BCAT1 promoted the growth of SCLC both in vitro
and in vivo. While we have not yet determined the specific mechanism of action of
BCAT1 in SCLC, our current data provides possibilities to investigate further, such as
production of KIC, maintenance of non-essential amino acid levels, or regulation of

mTORCH1.

Aberrant metabolism is a hallmark of cancer (Hanahan & Weinberg, 2011) and is
an attractive target to treat tumors for which standard chemotherapy does not produce

durable responses, such as SCLC (Farago & Keane, 2018). In our previous study, we
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found that expression of Myc family members in preSC was associated with increased
expression of Bcat? mRNA (Kim et al., 2016). Since BCAA metabolism and the role of
Bcat1 expression was previously uncharacterized in SCLC, we used SCLC as a model
and set out to determine the role of Bcat7 in tumor development and growth. We first
asked what the expression of BCAT1 was in SCLC. We found that the expression of
Bcat1 transcript and BCAT1 protein was strikingly increased in mouse SCLC compared
to preSC (Figure 2.1A and B). We also found that BCAT1 protein expression was
detectable in human SCLC (Figure 2.1C). This raised the possibility that BCAT1

promoted the development of SCLC.

We next asked whether BCAT1 was sufficient to induce the cancerous
transformation of preSC. One feature of the transformation from preSC to SCLC is
increased anchorage-independent growth (Kim et al., 2016). Unexpectedly, we found
ectopic expression of BCAT1 protein did not increase the number of preSC colonies
that grew in soft agar (Figure 2.2), which indicated that BCAT1 alone was not sufficient
to induce their anchorage-independent growth and suggested that BCAT1 alone was
also not sufficient to induce the cancerous transformation of preSC. However, we did
not determine whether expression of Bcat! was required for the cancerous
transformation of preSC cells. MYC family members bind to the promoters of many
genes (Fernandez et al., 2003; Li et al., 2003) and the oncogenic effects of Mycl might
require a network of alterations in addition to aberrant expression of Bcat1. It is possible
that inhibiting Bcat1 gene expression could perturb the necessary network of alterations

and inhibit the anchorage-independent growth of preSC cells. Thus, future studies
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should compare the growth of preSC cells in soft agar with and without inhibition of

BCAT1.

The elevated expression of BCAT1 in mouse SCLC relative to preSC raised the
question of whether it had a role in the growth of SCLC cells. We found that genetic
knockdown of BCAT1 reduced the growth of SCLC cells in soft agar (Figures 2.3 and
2.4), which indicated that BCAT1 was necessary for the growth of SCLC cells. Prior to
the start of this thesis project, only a couple of studies directly tested the effect of
BCAT1 expression on the growth of cancer, including glioma (Tonjes et al., 2013) and
nasopharyngeal carcinoma (Zhou et al., 2013). Those studies found that BCAT1
promoted glioma and nasopharyngeal carcinoma growth, and over the course of
performing the work described in this thesis, other studies published similar
observations and demonstrated that BCAT1 was an important mediator of the growth of
a broader set of cancers (Gu et al., 2019; Hattori et al., 2017; Mayers et al., 2016; Raffel
et al., 2017; Thewes et al., 2017; Wang et al., 2018; Wang et al., 2015; Ye et al., 2020;
Zhang & Han, 2017; Zheng et al., 2016; Zhu et al., 2017). Thus, the decreased growth
of the BCAT1 knockdown cells in soft agar adds to a growing body of evidence that
indicates increased expression of BCAT1 is critical for cancer cell growth. It also raised

the possibility that BCAT1 could be important for the growth of SCLC tumors.

Due to the decreased growth of SCLC cells in vitro following knockdown of
BCAT1, we sought to determine whether the knockdown of BCAT1 would decrease the

growth of SCLC tumors in vivo. Unexpectedly, the growth of allograft tumors arising
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from cells with shRNA or sgRNA targeting Bcat?! was not consistently decreased
compared to those arising from control cells (Figures 2.5-2.7A and B; Figure 2.8B and
C), which suggested that the expression of Bcat1 might not be required for the growth of
SCLC tumors. However, we found that targeting Bcat?1 with shRNA#3 or sgRNA#4
tended to result in fewer allograft tumors (Figures 2.5A and B; Figure 2.6B, Figure
2.7B), that mice injected with cells edited with sgRNA#4 had significantly increased
durations of tumor-free survival as measured by the number of days to detect raised
masses under the skin (Figure 2.8A), and that cells cultured from allografts arising from
sgRNA#3 or sgRNA#4 cells tended to exhibit reduced knockdown of BCAT1 protein
compared to the injected parental cells (Figures 2.8D). These results were consistent
with the concept that Bcat?! was necessary for the growth of SCLC tumors and
suggested that cells with high expression of BCAT1 were under selective pressure to
grow in subcutaneous allografts. Furthermore, we postulated that the absence of
interactions between the lung microenvironment and the SCLC cells in the allograft
experiments could have prevented a potential BCAT1-knockdown phenotype. Indeed,
deletion of Bcat? in the recently developed Rb14*/Tp53**/RbI2**/Bcat1*” mice, which
provided the advantage of avoiding selective pressure on the cells in vitro and allowed
for the evaluation of SCLC growth in the lung microenvironment, resulted in reduced
tumor burden compared to Rb14*/Tp53*%/RbI2**/Bcat1** mice (Figure 2.9), providing
direct evidence that Bcat? is required for the efficient growth of SCLC in vivo. The
reason why we were able to observe obvious differences in tumor growth in the
autochthonous model, but not the allograft models remains to be determined. A likely

explanation is that the autochthonous model overcame the selective pressure to



156

maintain elevated levels of BCAT1. For example, cells cultured from allografts arising
from sgRNA#3 or sgRNA#4 cells tended to exhibit reduced knockdown of BCAT1
protein compared to the injected parental cells (Figures 2.8D), but cells cultured from
tumors in the Rb1%%/Tp53*%/RbI2**/Bcat1*® mice contained extremely low levels of
BCAT1 protein (Figure 2.9C). This is likely because the allografts were formed from
mixed populations of cells, some of which likely did not efficiently knock down BCAT1
and thus had a growth advantage, whereas Bcat1?? cells had the gene deleted,
avoiding expression of BCAT1 protein altogether. Taken together, the decreased growth
of subcutaneous allografts arising from shB1#3 cells, the observation that sgB1#4 cell
injections tended to form fewer allografts, the possible selection for high expression of
BCAT1 in CRISPR allografts, and the decreased tumor burden following genetic
deletion of Bcat? in the autochthonous GEMM suggested that Bcat? was required for

the growth of SCLC in vivo.

Standard chemotherapy does not produce durable responses for the majority of
SCLC patients, which underscores a need for novel therapies (Demedts et al., 2010).
Thus, we asked whether BCAT1 could be targeted with drugs to inhibit the growth of
SCLC. Unexpectedly, treatment with 20 mM gabapentin, which was the dose used to
treat glioma cells (Tonjes et al., 2013), did not reduce the number of SCLC colonies in
soft agar (Figure 2.10A). However, gabapentin was not originally designed to target
BCAT1 (Taylor, 1997) and might have had off-target effects in the SCLC cells.
Treatment with BCATc inhibitor 2, which is a small molecule inhibitor of BCAT1

(Caballero et al., 2009; Hu et al., 2006), and BCAT2 to a much lesser extent,
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significantly reduced the growth of two out of three SCLC cell types tested in soft agar
(Figure 2.10B and C). This further indicates that BCAT1 contributes to the growth of at
least a subset of SCLC cells and supports the concept of targeting BCAT1 to reduce the
growth of SCLC. Thus, the results of our growth assays add to the increasing body of
research that indicates BCAT1 promotes cancer growth. Interestingly, targeting aberrant
expression of Bcat? mRNA in hepatocellular carcinoma (Zheng et al., 2016) reduced
chemoresistance to cisplatin. It would be interesting to test the hypothesis that BCATc
inhibitor 2 renders SCLC cells more sensitive to chemotherapy. Patients might benefit
from combining BCATc inhibitor 2 with chemotherapy, either to use lower doses of
chemotherapy initially, or to increase the effect of chemotherapy following recurrence of

the tumor.

We next sought to determine the mechanism of action and asked how BCAT1
changed the metabolism of BCAAs in SCLC. Following knockdown of BCAT1 or its
inhibition with Bl2, we observed impaired leucine transamination (Figure 2.11 and
Figure 2.12) and decreased intracellular glutamate (Figure 2.13B). This was in
agreement with the majority of previous work that showed BCAT1 transaminated
BCAAs toward production of BCKAs and glutamate (Mayers et al., 2016), although a
small number of studies reported BCAT1 actually generated BCAAs (Garcia-Martinez et
al., 2009). Thus, while the role of BCAT1 in BCAA metabolism might depend on cell
type or cell context, BCAT1 promotes the transamination of leucine in SCLC. While
BCAT1 did not affect downstream oxidation of KIC in SCLC cells (Figure 2.12D), which

has been observed in NSCLC (Mayers et al., 2016), it would be interesting to test the
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effect of KIC on SCLC growth in vivo. Recent work has shown that immune function can
be modulated by KIC secreted by glioma cells (Silva et al., 2017), raising the possibility

that KIC secreted by SCLC cells can aid in immune evasion and promote tumor growth.

Nucleotide biosynthesis, which is critical to cell division, is dependent on amino
acid metabolism (Huang et al., 2018; Jones, 1980; Pedley & Benkovic, 2017). As
glutamate can be utilized toward the production of glutamine and aspartate, which can
then be used for de novo purine and pyrimidine synthesis, we asked whether BCAT1
increased the levels of those amino acids in SCLC cells. Indeed, following knockdown
of BCAT1, we found lower intracellular levels of glutamine and aspartate (Figure 2.13B).
These results are consistent with the hypothesis that BCAT1 promoted the growth of
SCLC by transaminating leucine to generate glutamate for the synthesis of glutamine
and aspartate in order to fuel nucleotide biosynthesis. This mechanism has recently
been reported in NSCLC (Mayers et al., 2016). As glutamine and aspartate are limiting
factors for cell proliferation (Birsoy et al., 2015; Sullivan et al., 2015), the increased
glutamate, glutamine, and aspartate should be investigated further as a potential

mechanism of action for BCAT1 in SCLC.

Previous work from the Park lab showed that SCLC cells are dependent on
increased protein translation (Kim et al., 2016), which is normally stimulated by
mTORC1 in response to amino acids, e.g., leucine, and growth factors. Here, the
altered metabolism of BCAAs raised the question of how BCAT1 influenced mTORC1

and protein translation. We found that CRISPR-mediated knockdown of BCAT1
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increased the phosphorylation of RPS6K (Figure 2.15), which suggested that BCAT1
inhibited mTORC1. Given that leucine is a potent stimulator of mMTORC1 (Jewell et al.,
2015), and that we found that BCAT1 increased leucine transamination in SCLC cells,
this result was expected. However, the observation that BCAT1 inhibited mTORC1 led
us to expect decreased protein translation, which would be inconsistent with the
concept that BCAT1 promoted the growth of SCLC. Surprisingly, there was no
difference in the amount of puromycin incorporated into protein following CRISPR-
mediated knockdown of BCAT1 (Figure 2.17B), which indicated that BCAT1 did not
inhibit protein translation. Interestingly, shRNA-mediated knockdown of BCAT1 (Figure
2.16B), or deletion of Bcat1 in cells cultured from the autochthonous model (Figure
2.18B), was associated with decreased protein translation, which suggested that

BCAT1 might actually promote protein translation in SCLC, despite inhibiting mTORCH1.

As the previously mentioned findings contradict conventional wisdom, which
dictates the increased activity of mTORC1 should enhance protein translation (Showkat
et al., 2014), we sought to elucidate how inhibition of BCAT1 could activate a positive
regulator of translation, but not increase translation. One possibility was that inhibition of
BCAT1 disrupted energy homeostasis: translation requires a significant amount of ATP
and activation of mTORC1 has been shown to result in a lower ATP/AMP ratio in kidney
cells (Ito et al., 2011). Also, the products of BCAT1, including a-KG and BCKAs, can be
used to fuel the TCA cycle and generate ATP (Harper et al., 1984). However, oxidation
of KIC was not significantly affected by inhibition of BCAT1 (Figure 2.12D) and we did

not observe significant differences in mitochondrial function (Figure 2.25 and Figure
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2.26), which suggested BCAT1 was not likely to regulate ATP levels. This finding was
similar to that observed in pancreatic ductal adenocarcinoma and NSCLC (Mayers et

al., 2016).

We next asked whether BCAT1 could regulate the integrated stress response,

which would detect amino acid insufficiency through GCN2, oxidative stress through
HRI, ER stress through PERK, and viral infection through PKR (Pakos-Zebrucka et al.,

2016). As discussed before, we observed significant decreases in the intracellular
concentrations of glutamate, glutamine, and aspartate following inhibition of BCAT1
(Figure 2.13B), raising the possibility that GCN2 could have been activated. We also
measured the levels of reactive oxygen species in SCLC cells because BCAT1 was
recently shown to protect against oxidative stress (Hillier et al., 2018). However, we did
not observe differences in the levels of reactive oxygen species following inhibition of
BCAT1 (Figure 2.27), which suggested that inhibition of BCAT1 was unlikely to increase
oxidative stress. Additionally, hyperactivation of mMTORC1 has been shown to contribute
to endoplasmic reticulum stress and induce the unfolded protein response, which could
induce the ISR and lead to cell death if unresolved (Di Nardo et al., 2009; Ito et al.,
2011; Kato et al., 2012; Ozcan et al., 2008). Consistent with this concept, the inhibition
of mMTORC1 with rapamycin has been reported to partially suppress the phosphorylation
of PERK and EIF2A during treatment with tunicamycin, an ER stress-inducing agent,
resulting in decreased apoptosis and increased cell survival (Dong et al., 2015).
However, while CRISPR-mediated inhibition of BCAT1 consistently activated mTORCA1,

it did not consistently correlate to the phosphorylation of EIF2A (Figure 2.19-2.23). This



161

indicated that inhibition of BCAT1 did not result in activation of the integrated stress
response. How CRISPR-mediated inhibition of BCAT1 promotes mTORC1 activity, but
is not sufficient to increase protein translation remains elusive, but it might be related to
decreased substrates of protein translation, e.g., glutamate, glutamine, and aspartate. It
might be that when BCAT1 is inhibited, the concentrations of those amino acids are low
enough to inhibit protein translation, but the concentrations of overall amino acids are
high enough to avoid activation of GCN2 and phosphorylation of EIF2A. Thus, future
experiments should determine whether supplementing glutamate, glutamine, or

aspartate can rescue the growth of SCLC cells in soft agar.

Despite the limited treatment options and poor clinical outcomes, the treatment
strategy for SCLC has remained unchanged for decades (Farago & Keane, 2018).
While immunotherapies are gaining traction as useful therapeutic options, first-line
immunotherapy only increases the median overall survival by 2-3 months (Horn et al.,
2018; Paz-Ares et al., 2019). While few studies have explored the potential for targeting
tumor metabolism in SCLC (Chalishazar et al., 2019; Huang et al., 2018; Khanzada et
al., 2006; Morita et al., 2018), we are the first to show that BCAT1 is important for the
growth of this tumor. Interestingly, our findings suggest that BCAT1 reduces the activity
of mMTORCH1, but does not inhibit protein translation in SCLC. While the mechanism of
action remains to be determined, and our findings are far from being applied to any
novel therapeutic strategy, this study is significant in demonstrating that the inhibition of
a relatively unknown metabolic enzyme, i.e., BCAT1, inhibits the growth of SCLC, a

NCI-designated recalcitrant tumor.
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Chapter 3: Perspectives

Cancer cells require increased synthesis of a variety of macromolecules, such as
non-essential amino acids, nucleic acids, lipids, and ATP, in order to generate the
proteins, DNA, RNA, and cellular membranes necessary to sustain cell division
(Pavlova & Thompson, 2016). To increase macromolecule biosynthesis, cancer cells
frequently exhibit altered metabolism (Hanahan & Weinberg, 2011), which could be an
especially valuable therapeutic target for recalcitrant tumors, such as SCLC. Despite a
poor five-year survival of 6%, the standard treatment of SCLC has not changed for the
past few decades, which underscores the necessity for novel therapeutic targets
(Demedts et al., 2010). Previous studies of altered amino acid metabolism in SCLC
have focused on few amino acids, such as arginine and methionine. For example,
arginine supports the growth of SCLC by fueling polyamine biosynthesis and through
activation of mMTORC1 (Chalishazar et al., 2019). Until now, the role of branched chain
amino acid metabolism had not been investigated. The results described in chapter 2
provide insight into the role of BCAT1 and BCAA metabolism in the growth of SCLC.
Specifically, the data focus on how BCAT1 affects SCLC growth and how BCAT1

affects the metabolism of leucine and downstream signaling in SCLC cells.

We show that BCAT1 is highly expressed in SCLC compared to preSC and that
its inhibition reduced the growth of SCLC in vitro and in vivo. We also show that BCAT1
promoted the transamination of leucine without affecting further oxidation. Furthermore,

inhibition of BCAT1 resulted in decreased intracellular levels of glutamate, glutamine,
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and aspartate. Since glutamine and aspartate are limiting factors for cell proliferation,
the aforementioned result suggests that BCAT1 might support the growth of SCLC by
maintaining elevated levels of glutamine and aspartate. Inhibition of BCAT1 also
increased the activity of mTORC1, which would normally be expected to increase
protein translation. However, protein translation was not increased following inhibition of
BCAT. We hypothesized that inhibition of BCAT1 could induce the integrated stress
response, which would inhibit protein translation, but the phosphorylation of EIF2A was
not consistently increased following knockdown of BCAT1. Thus, activation of the
integrated stress response does not explain the disconnect between mTORC1 and

protein translation in SCLC.

While this work provides a better understanding of how BCAT1 affects SCLC
growth and provides potential mechanisms of action to investigate further, several
questions remain about the role of BCAT1 in the cancerous transformation of preSC
cells, the mechanism of action in SCLC cells, and the potential for SCLC therapy. For
example, it is unclear whether the BCAT1-mediated transamination of leucine is
important for the growth of SCLC. It would be interesting to investigate whether leucine
is used for the synthesis of glutamate, glutamine, and aspartate in these cells, and
whether the decreased levels of glutamate, glutamine, and aspartate are responsible for
the decreased growth of SCLC cells following knockdown of BCAT1. Additionally, we
still have not been able to explain the unexpected observation that inhibition of BCAT1
resulted in increased activity of mTORC1 without a corresponding increase in protein

translation. This chapter will present hypotheses that could potentially answer these
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questions, as well as experiments to test them. Finally, we will explore the potential of

BCAT1 as a therapeutic target for SCLC.

3.1 What is the role of BCAT1 in the cancerous transformation of preSC cells?

In chapter 2, we found that the expression of BCAT1 was increased in SCLC
compared to preSC. Based on that, we hypothesized that BCAT1 could promote the
development of SCLC, which we investigated using precancerous cells with or without
ectopic expression of BCAT1. We found that ectopic expression of BCAT1 did not
increase the anchorage-independent growth of preSC cells, which suggested that
BCAT1 was not sufficient for their cancerous transformation. However, there may still
be a role for BCAT1 in preSC cells. In this section, we discuss some of those

possibilities.

3.1.1 Is BCAT1 required for the transformation of preSC?

Expression of a single oncogene does not always result in cancerous
transformation. For some oncogenes, even extremely potent ones such as RAS, high
expression can actually result in premature senescence (Serrano et al., 1997). While we
found that overexpression of BCAT1 was not sufficient for the cancerous transformation
of preSC, it might participate in a network of alterations that are required for the

transformation. Supporting the concept that BCAT1 is necessary, preSC cells
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transformed with Mycl exhibited increased expression of BCAT1 (Kim et al., 2016).
However, some human SCLC cells express significantly less BCAT1 than others,
suggesting that some SCLC cells may find alternate routes to transformation. To test
whether BCAT1 is necessary for the transformation of SCLC, we propose to knock
down BCAT1 in preSC cells and assess their growth in soft agar. If knockdown cells
grow in soft agar, then BCAT1 is not required for the cancerous transformation.
However, if they do not grow in soft agar, then BCAT1 is required. These experiments
could give insight into the mechanisms underlying the early development of SCLC,
which is critical given the fact that the majority of SCLC patients present with late-stage

disease.

3.1.2 How does BCAT1 promote protein synthesis in preSC cells?

In chapter 2, we found that ectopic expression of BCAT1 in preSC cells
increased mMTORC1 activity and increased protein translation. However, we found the
opposite phenotype in SCLC cells; knockdown of BCAT1 in SCLC cells increased
mTORC1 activity, which made sense, given that inhibition of BCAT1 also reduced the
transamination of leucine, although it did not increase protein translation. It would be
interesting to explore the mechanism behind the observation in preSC cells because it
might give insight into the early development of SCLC and because there are currently
no previous reports showing BCAT1 to have opposite functions in different stages of the
same cancer. How BCAT1 activates mTORC1 in preSC cells may also be related to

leucine. While BCAT1 usually transaminates leucine to KIC, some cells with abnormally
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high expression of BCAT1 exhibit transamination of BCKAs back to BCAAs (Garcia-
Martinez et al., 2009; Hattori et al., 2017). Thus, it is possible that aberrant expression
of BCAT1 in preSC cells increases the transamination of BCKAs to BCAAs, which
would be predicted to activate mTORC1. To test this, we could use stable isotope
tracing. For example, we could give the cells ['*C]-BCKA for twenty-four hours and
measure the amount of ['°C]-BCAA in the cells by liquid chromatography/mass
spectroscopy. Additionally, since the transamination would require glutamate as a
nittogen donor, we could give the cells ["°N]-glutamate and measure the amount of
['>NJ-BCAA in the cells. These methods have recently been used in a report studying
the function of BCAT1 in leukemia (Garcia-Martinez et al., 2009). If preSC cells
ectopically expressing BCAT1 have more [**C]-BCAA or [°N]-BCAA than control cells,
that would suggest that BCAT1 promotes the transamination of BCKAs to BCAAs in

preSC cells, leading to increased activity of mTORC1.

To determine whether the increased activity of mMTORC1 was responsible for the
increased protein translation, we could treat cells with rapamycin to attenuate the
activation of mMTORC1 back to that of control cells. In this experiment, we would expect
that without rapamycin, preSC cells with BCAT1 overexpression would exhibit more
incorporation of puromycin into protein than control cells, but when treated with
rapamycin, the amount of puromycin incorporated would be similar to that of control
cells. The results of the experiments proposed in this section could give novel insight
into the development of SCLC. If inhibition of BCAT1 prevents preSC cells from forming

colonies in soft agar, that would suggest that BCAT1 is required for the transformation
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to preSC. If ectopic expression of BCAT1 increases production of BCAAs and if
increased activity of mMTORC1 promotes protein translation, then that would suggest a
model whereby BCAT1 is required for the cancerous transformation of preSC cells at

least in part by promoting mTORC1 activity and increasing protein translation.

3.2 What is the mechanism of action of BCAT1 in SCLC cells?

In chapter 2, we showed that inhibition of BCAT1 reduced the growth of SCLC
cells, which indicated that BCAT1 promotes their growth. A major unanswered question
is how BCAT1 promotes the growth of SCLC cells; so far, we have yet to determine the
specific mechanism of action. We measured some of the direct metabolites of BCAT1
and investigated a subset of pathways relevant to the metabolites, such as protein
translation, the integrated stress response, autophagy, and mitochondrial respiration.
While we found that those pathways were either not significantly altered or not
consistently altered, there are other interesting potential mechanisms that should be
explored. For example, glutamine and aspartate might be limiting factors for cell growth
(Birsoy et al., 2015; Sullivan et al., 2015), hyper activation of mTORC1 could induce
negative feedback loops (Elghazi et al., 2010; Takano et al., 2001; Tremblay et al.,
2001), and BCKAs might modulate immune function in the native tumor
microenvironment (Silva et al., 2017). This section explores potential mechanisms of
action of BCAT1 in SCLC, which are informed by changes in the metabolites of BCAT1

and changes in downstream signaling.
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3.2.1 Are increased levels of glutamate, glutamine, or aspartate important

for SCLC growth?

In chapter 2, we found that the intracellular levels of glutamate, glutamine, and
aspartate where decreased following knockdown of BCAT1. As glutamine and
glutamate are important for the synthesis of nucleic acids, and they are limiting factors
for cell proliferation, investigating the role of these non-essential amino acids could
provide novel insight into the metabolic needs of SCLC (Birsoy et al., 2015; Sullivan et
al., 2015, 2018). One question is whether BCAAs are transaminated by BCAT1 to
sustain high levels of glutamate, glutamine, and aspartate, or whether BCAAs indirectly
sustain those amino acids. To investigate this, we could give SCLC cells a known
concentration of [15N]-Ieucine for some time and then measure the concentration of
['°N]J-leucine remaining in the medium after the assay, which would allow us to
determine specifically how much [°N]-leucine the cells have taken up. We would also
measure the intracellular and extracellular concentrations of ['°N]-glutamate, ['°N]-
glutamine, and ['°N]-aspartate to determine how much of the ['°N]-leucine was
transaminated for the synthesis of those amino acids. If we detect labeled glutamate as
well as labeled glutamine or aspartate within the cells, then that would suggest that
BCAT1 transaminates leucine to fuel the biosynthesis of those amino acids and possibly
nucleotides. In that case, we could then determine if BCAAs fuel nucleotide
biosynthesis by giving SCLC cells ['°N]-leucine and measuring the amount of labeled

DNA. If only glutamate is labeled, that would suggest that BCAT1 does not increase the
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levels of glutamine and aspartate. We would then focus on the contribution of glutamate
alone. To determine whether the increased levels of glutamate, glutamine, and
aspartate are important for the growth of SCLC, we could culture BCAT1 knockdown
cells in soft agar and supplement with those amino acids. We would expect that giving
those amino acids to the cells would rescue their growth in soft agar. Supplementing
with each amino acid alone would determine whether one of them is more important
than the others. If single amino acids alone do not rescue the growth in soft agar but
multiple amino acids do, it would suggest that increased levels of multiple amino acids
are required for the cell growth, which could be tested by supplementing with a

combination of the three.

3.2.2 What is the effect of increased activity of mTORC1?

In chapter 2, we showed that inhibition of BCAT1 reduced the growth of SCLC
cells in soft agar and also increased the activity of mTORC1. As mTORC1 is normally
thought to promote cell growth (Kim & Guan, 2019), and mutations in the mTORCA1
pathway are frequently observed in SCLC (George et al., 2015), the observation of
decreased SCLC cell growth despite increased mTORC1 activity was surprising.
However, hyper activation of mTORC1 has been shown to inhibit PISBK/AKT signaling
through a negative feedback loop involving activation of RPS6K and inhibition of insulin
receptor substrates (Manning, 2004). As AKT promotes cell survival, a reasonable
hypothesis is that high expression of BCAT1 serves to limit the activity of mTORC1 so

that mTORC1 does not induce the negative feedback loop that inhibits AKT and
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decreases cell survival. To test this hypothesis, we could compare the levels of
phosphorylated MTOR, phosphorylated RPS6K, IRS1 and/or IRS2, and phosphorylated
AKT in SCLC cells with or without knockdown of BCAT1 and with or without rapamycin.
If the aforementioned hypothesis were true, then we would expect that knockdown of
BCAT1 would produce increased phosphorylation of MTOR and RPS6K, decreased
levels of IRS1 and/or IRS2, and decreased phosphorylation of AKT. If this were due to
activation of mTORC1, then treatment with rapamycin would be expected to attenuate
those effects. To determine whether mTORC1-mediated negative feedback reduces the
viability of SCLC cells, we could use flow cytometry to measure the number of cells
stained that are positive for Annexin V/7AAD with or without rapamycin. In that
experiment, we would expect that knockdown of BCAT1 would increase the number of
cells stained with of Annexin V/7AAD, and that treatment would rapamycin would

attenuate that effect.

3.2.3 Are BCKAs important for SCLC growth in vivo?

BCKAs can be oxidized to fuel cell growth. For example, KIC can be oxidized to
acetyl-CoA, supporting the synthesis of fatty acids and facilitating expansion of the cell
membrane (Lee et al., 2019). However, we found that inhibition of BCAT1 did not affect
downstream oxidation of KIC, making it unlikely that BCAT1 promotes the synthesis of
lipids in SCLC. Alternatively, other cell types in the tumor microenvironment, such as
immune cells, can be affected by cancer cell-derived BCKAs. For example, a recent

report showed that BCKAs secreted by glioma cells can be taken up by macrophages
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and that this reduces the phagocytic activity of the macrophages (Silva et al., 2017).
Thus, it is possible that the KIC secreted by SCLC cells modulates the phagocytic
activity of macrophages in order to facilitate immune evasion, which is a hallmark of
cancer (Hanahan & Weinberg, 2011). To test this hypothesis, we could determine
whether conditioned medium from SCLC cells affects the ability of macrophages to take
up BCKAs. We would give SCLC cells [*C]-BCAA and collect the medium after some
time, which would contain ["*C]-BCKA. We would then culture macrophages in that
medium and determine whether they have detectable levels of [>C]-BCKA or ['*C]-
BCAA. If they do, then that would indicate that BCKAs secreted from SCLC could be
taken up by macrophages. To determine whether factors secreted by SCLC can alter
the function of macrophages, we could assess the engulfment of fluorescent beads by
macrophages in the presence of fresh medium or SCLC-conditioned medium. If
engulfment is decreased in the conditioned medium, then that would suggest that SCLC
cells secrete something that decreases phagocytic activity. To investigate the role of
BCKAs, specifically, we could assess the engulfment of fluorescent beads in the
presence or absence of BCKAs. If the presence of BCKAs reduces the engulfment of
the beads, then that would suggest that BCAT1 facilitates immune evasion by producing
KIC and negatively regulating the phagocytic activity of macrophages. If the SCLC
conditioned medium reduces the phagocytic activity, but BCKAs do not, then it would be
interesting to explore what other factors can be secreted by SCLC that can inhibit

macrophage function.
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3.3 What is the therapeutic potential for SCLC therapy?

Although SCLC only represents about 15% of lung cancer cases (Howlader et
al., 2020), it is highly metastatic and often recurs with resistance to chemotherapy.
Additionally, SCLC has an extremely low 5-year survival rate (Wang et al., 2017) and
has been designated as a recalcitrant cancer (Gazdar & Minna, 2016), underscoring the
lack of progress made toward therapeutic improvement. The identification and
characterization of novel therapeutic targets is urgently needed in order to improve
patient outcomes. Interestingly, the metabolism of BCAAs is gaining traction as an
important mediator of tumor growth; over the past decade, BCAT1 has been shown to
promote the growth of several types of cancer cells (Mayers et al., 2016; Tonjes et al.,
2013; Wang et al., 2015; Zhang & Han, 2017; Zhou et al., 2013). However, the role of
BCAT1 in SCLC growth had not been investigated previously. In this dissertation, we
showed that targeting BCAT1, genetically or pharmacologically, reduced the growth of
SCLC cells in soft agar. We have also shown that deletion of BCAT1 reduced the
growth of SCLC tumors in vivo under some conditions. Those results suggest that
elevated expression of BCAT1 is important for the growth of SCLC and underscore the
potential utility of BCAT1 as an attractive candidate to treat SCLC. This section explores

the potential for BCAT1 to be targeted pharmacologically for future treatment of SCLC.
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3.3.1 Does pharmacological inhibition of BCAT1 reduce SCLC growth in

mice?

An ideal drug target for cancer is one that is not widely expressed in non-
cancerous cells, one that significantly reduces cancer growth when inhibited, and one
that can be inhibited without severe toxicity. Unlike BCAT2, BCAT1 is restricted to a few
tissue types, especially the brain and gonads (Suryawan et al., 1998). Previous reports
have shown that BCAT1 can be targeted with drugs to inhibit the growth of cancers
such as glioma and leukemia (Garcia-Martinez et al., 2009; Tonjes et al., 2013). In
chapter 2, we showed that treating SCLC cells with the same concentration of
gabapentin used to treat glioma cells was not effective in reducing cell growth in vitro.
However, gabapentin has recently been shown to suppress cell proliferation
independently of BCAT1 (Grankvist et al., 2018). Therefore, we postulated that
gabapentin could have had unforeseen effects on SCLC cells regardless of the effect on

BCAT1.

In chapter 2, we also showed that treatment with BCATc inhibitor 2 (BI2), whose
only known targets are BCAT1 and BCAT2 (Goto et al., 2005), reduced the growth of
SCLC cells in vitro. Further, we showed that knockdown of BCAT1 reduced the growth
of SCLC in vivo. These observations raise the question of whether treatment with BI2
can reduce the growth of SCLC in the Trp53/Rb/Rbl2 preclinical model, which is a
necessary step toward investigating BI2 in humans. We propose to further investigate

whether inhibition of BCAT1 could be useful for the treatment of SCLC by determining
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the efficacy and toxicity of BI2 in mice. To determine the efficacy of BI2, we could treat
tumor-bearing mice with BI2 or vehicle and then compare tumor burden between those
two groups. If BI2 were to reduce tumor burden, then that would give further evidence
that BCAT1 could be a useful target for SCLC. To assess the toxicity of BI2, we could
include two groups of non-tumor-bearing mice, one group treated with vehicle and the
other treated with Bl2, and measure weights of the mice throughout the course of
treatment. If BI2 were not toxic to non-tumor-bearing mice at the chosen dose, then the
group treated with BI2 would maintain weight comparable to the group given the
vehicle. However, if BI2 were toxic to non-tumor-bearing mice, then we would expect
the group treated with BI2 to lose weight over time compared to the group given vehicle.
Taken together, if we were to find that treatment with BI2 significantly reduced the tumor
burden in tumor-bearing mice, but did not significantly reduce the weight of non-tumor-
bearing mice, then that would suggest that BCAT1 could be inhibited pharmacologically
to reduce the growth of SCLC and that targeting BCAT1 with BI2 would be unlikely to
result in severe toxicity. As chemotherapy can produce severe toxicity, the results of this
experiment could be significant in working toward an effective and safer alternative to

chemotherapy.

3.3.2 Can targeting BCAT1 improve the efficacy of chemotherapy?

After initial treatment with standard chemotherapy, SCLC often recurs with
resistance to the same drugs. Further, the only approved second-line chemotherapy is

topotecan, which only produces a response rate of about 22% and a median overall
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survival of 5§ months (Hagmann et al.,, 2015). Thus, second-line chemotherapeutic
options are limited for the majority of patients. It would benefit patients if their tumors
could be made more sensitive to chemotherapy. Interestingly, BCAT1 has been shown
to increase the chemoresistance of hepatocellular carcinoma cells to cisplatin (Zheng et
al., 2016). Thus, it would be interesting to investigate whether treatment with BI2 could
sensitize SCLC cells resistant to standard chemotherapy, such as cisplatin and
etoposide. To test this possibility, we could generate chemoresistant cells by treating
them with cisplatin and culturing the cells that survive. Then we could treat those cells
with vehicle, chemotherapy plus vehicle, BI2 plus vehicle, or BI2 plus chemotherapy
and assess their growth in soft agar. In testing this, we would expect chemotherapy plus
vehicle to produce similar numbers of colonies to vehicle alone. If BI2 sensitizes cells to
chemotherapy, then we would expect chemotherapy plus BI2 to produce fewer colonies.
However, if BI2 plus chemotherapy produces similar numbers of colonies to
chemotherapy or vehicle, then that would suggest BCAT1 does not promote

chemoresistance in SCLC under the conditions of the experiment.

The data presented in this dissertation emphasize the progress made in
understanding the role of BCAA metabolism in SCLC. In chapter 2, we determined that
BCAT1 was not sufficient to transform preSC cells to SCLC. Future work on the role of
BCAT1 in preSC should explore whether BCAT1 is required for their transformation to
SCLC and determine how BCAT1 promotes protein translation in preSC cells.
Importantly, our data suggested that the elevated expression of BCAT1 was important

for the robust growth of SCLC. We showed that BCAT1 promoted a shift toward
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increased transamination of leucine in SCLC and increased intracellular concentrations
of non-essential amino acids, such as glutamate, glutamine, and aspartate. Surprisingly,
our data suggest that BCAT1 reduced the activation of mTORC1 without reducing
protein translation. Future studies on the mechanism of action of BCAT1 in SCLC
should explore the importance of KIC in the tumor microenvironment, explore the
importance of elevated levels of glutamate, glutamine, and aspartate, and determine
whether mMTORC1 induces a negative feedback loop through inhibition of AKT. In
chapter 2, we also found that treatment with BI2 reduced the growth of SCLC in vitro.
Future studies should assess the efficacy and safety of treating SCLC tumors with BI2
in vivo. While there are still gaps in our understanding of the role of BCAT1 in the
development and maintenance of SCLC, it is clear that BCAA catabolism is increased in
SCLC and that BCAT1 can be inhibited to reduce the growth of SCLC. Future studies
will explore the possibility of using BCAT1 as a novel therapeutic target for SCLC, which

is urgently needed to improve patient outcomes.



177

Chapter 4: Materials and methods

4.1 Cell culture

Murine precancerous neuroendocrine cells (preSC) and SCLC cells were derived
from early-stage neuroendocrine lesion and primary lung tumor, respectively, developed
in Rb1/Trp53-mutant GEMM as previously described (Schaffer et al. 2010; Kim et al,
2016). Human SCLC lines, NCI-H1184, NCI-H209, NCI-H2141, NCI-H2171, NCI-H69
and NCI-H82, were obtained from the ATCC. Human glioblastoma cell line U-87 MG
was a gift from Roger Abounader at University of Virginia. PreSC and SCLC cells were
routinely dissociated using 0.5% trypsin EDTA (Gibco 15400-054) and cultured in
RPMI-1640 medium (Hyclone SH30096.01) supplemented to 1%
penicillin/streptomycin/glutamine (Gibco 10378-016) and 10% bovine growth serum
(BGS) (Hyclone SH3054.03). 293T cells, which were a gift from Amy Bouton, were

routinely cultured in DMEM (Corning 10-013-CV) supplemented with 10% BGS.

4.2 Cloning and lentivirus production and concentration

A cDNA fragment encoding mouse Bcat? (ENSMUSTO00000111742.7) was
generated by PCR using primers that included 5’- EcoRI and 3’-Notl sites. The cDNA
was inserted between the same sites of the pENTR4 vector (Invitrogen) and then

transferred to the pCW57.1 vector (a gift from David Root, Addgene plasmid # 41393)
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using the LR Clonase Il enzyme mix (Invitrogen). Empty vector or the pCW57.1-Bcat1
plasmid was co-transfected into 293T cells, along with psPAX2 (a gift from Didier Trono,
Addgene plasmid # 12260) and pMD2.G (a gift from Didier Trono, Addgene plasmid #
12259), using polyethylenimine (Sigma Aldrich). Forty-eight hours after transfection, the
viral supernatants were collected into 50 mL conical tubes and stored at 4°C. Seventy-
two hours after transfection, viral supernatants were collected again and pooled with the
first collection. The pools were filtered (0.45 ym) into new 50 mL tubes and mixed with a
4X concentrator solution (40% PEG-8000 and 1.2M NaCl in PBS pH adjusted to 7.1 and
filtered through 0.2 ym) at 3:1. The tubes were rotated at 4°C overnight and centrifuged
at 3220 x g for one hour. The supernatant was aspirated and the pellet was re-

suspended in 0.5 mL serum-free RPMI.

Bcat1-targeting CRISPR guide RNAs were designed using the Dharmacon
CRISPR design tool and are as follows; sgBcat1#1: 5-GGATGCTCCGCGCCGTTTGC
and 5-GCAAACGGCGCGGAGCATCC, sgBcat1#2: 5-
GTCTTTCTCCAGCAAACGGCG and 5-CGCCGTTTGCTGGAGAAAGAC, sgBcat1#3:
5-GCGCCGTTTGCTGGAGAAAG and 5-CTTTCTCCAGCAAACGGCGC, sgBcat1#4:
5-GAAGACCAGCGAATCCGGGTC and 5-GACCCGGATTCGCTGGTCTTC. As
control, a scramble sequence was generated from guide #1 using the Invivogen
Scramble siRNA tool: 5-GCGGTGTCCCGTCCGTAGCT and 5-
AGCTACGGACGGGACACCGC. The oligos were synthesized by Invitrogen, annealed

in a BioRad MyCycler, and inserted into the pL-CRISPR.EFS.tRFP vector (a gift from
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Benjamin Ebert, Addgene plasmid # 57819) following the published protocol. Lentivirus

production and concentration was as described above.

4.3 Generation of BCAT1 over-expression and knockdown cells

To generate over-expression cells, 1x10° preSC cells were plated in each of 6-
cm dishes the evening before concentrating and adding virus. Following addition of
virus, the medium was changed to fresh RPMI-1640 containing 0.2 mM glutamine, 10%
BGS and 5 yg/mL polybrene. Following an overnight incubation in virus, the cells were
cultured in complete RPMI for another day. Forty-eight hours after infection, the cells
were selected with 0.25 pg/mL puromycin, which was refreshed every two days until
cells on the uninfected control plate were completely killed, which takes six days. To
induce expression of BCAT1, cells were treated with 0.5 yg/mL doxycycline for forty-
eight hours. The third plate was left without virus to be used as a control for puromycin

selection.

To generate CRISPR-based knockout cells, 1x10° KP1 mouse SCLC cells were
seeded in wells of a 6-well plate the evening before concentrating and adding virus. The
cells were incubated in RPMI1640, glutamine, BGS, polybrene and scramble or Bcat1-
targeting virus overnight. The next day, expression of RFP was confirmed by
fluorescent microscope and the cells were FACS sorted based on RFP to obtain only

the positive populations.
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4.4 Immunoblot analyses and antibodies

Whole cell lysates used in Western blot analyses were prepared using RIPA
buffer with Pierce protease inhibitor mini tablet added. Lysates were normalized using
the Micro BCA Protein Assay Kit from Thermo Scientific and analyzed using 10, 12.5 or
15% SDS-PAGE gels. Proteins separated in these gels were then transferred to
Amersham Hybond PVDF membranes (GE). Membranes were blocked for one hour in
5% non-fat dry milk in TBST and probed overnight at 4°C with primary antibodies diluted
in 3% milk in TBST. After washing three times for five minutes in TBST, secondary
antibodies were diluted in 3% milk in TBST and transferred on top of each membrane.
After a two hour room temperature incubation in secondary antibody and washing with
TBST, each membrane was briefly incubated in Pierce ECL Western Blotting Substrate
and imaged using the chemiluminescent function of the BioRad Chemidoc XRS.
Primary antibodies specific to phospho-Thr389-RPS6K (#9234), RPS6K (#9202),
phospho-Ser65-EIF4AEBP1  (#9451), EIF4EBP1 (#9452), phospho-Ser51-EIF2A
(#9721), EIF2A (#9722), and MAP1LC3A/B (#12741) were obtained from Cell Signaling
Technologies. Primary antibody specific to phospho-MTOR (sc-293133), MTOR (sc-
517464) ACTB (sc-8432), and GAPDH (sc-166574) was obtained from Santa Cruz
Biotechnology. Primary antibodies specific for BCAT1 were obtained from Invitrogen
(MA5-25892) and Origene (TA504360). Primary antibody specific for puromycin
(MABE343) was obtained from EMD Millipore. Secondary anti-mouse (sc-516102) and

anti-rabbit (sc-2357) antibodies were obtained from Santa Cruz Biotechnology.
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4.5 Soft agar colony formation assays

UltraPure LMP Agarose (Invitrogen 16520-100) was dissolved at 0.8% and 1% in
water and autoclaved. 2X RPMI was prepared by mixing one packet of RMP| Medium
1640 (Gibco 31800-022) with 500 mL H20O and two grams NaHCO3 and adjusted to pH
7.4. The RPMI was filtered (0.2 ym) and just prior to plating, it was pre-warmed and
supplemented with 20% BGS and 0.4 mM glutamine. For the bottom layer, 1% agarose
and 2X RPMI was mixed 1:1 and 0.5 mL was transferred to wells of a 12-well plate.
After letting solidify for one hour, each cell line was dissociated, suspended in 2X RPMI

and mixed 1:1 with 0.8% agarose.

To test the effect of BI2 on colony formation, 0.5 mL (1x104 cells) of each
cell/lagarose mixture was transferred on top of the bottom layer of six wells of 12-well
plates. After letting solidify for two hours, three wells of each cell line were given
complete RPMI with DMSO and three wells were given complete RPMI with 10 uM BI2.
The medium was replenished every day and after three weeks the colonies were
stained with nitro blue tetrazolium chloride. Each well was individually imaged with a
macroscope-mounted camera and ImageJ was used to convert each image to 8-bit.
Nikon NIS-Elements software was used to determine scale and measure all colonies
=50 ym. The stained percentage of each DMSO well was averaged and the stained

percentage of each BI2 well was normalized to this average to yield the percent area.
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To test the effect of Bcat1 knockout on colony formation, 0.5 mL (1x10* cells) of
each cell/agarose mixture was transferred on top of the bottom layer of three wells of
12-well plates. After letting solidify for two hours, each well was given complete RPMI,
which was replenished every day for three weeks. After three weeks, the wells were
stained and the stained percentage was determined as described above. The stained
percentage of the sgScramble wells was averaged and the stained percentage of each

BCAT1-targeting well was normalized to that average to yield the percent area.

4.6 Subcutaneous allografts

sgScramble, sgBCAT1#3 and sgBCAT1#4 cells were dissociated and suspended
in serum-free RPMI. Subsequently, the single-cell suspensions were loaded into
syringes and 0.5x10° cells were injected into the right flank of 6 or 7 nude mice, which
were anesthetized with 2,2,2-tibromoethanol. To induce knockout, the mice were given
doxycycline chow to ingest ad libitum. To determine tumor-free survival, the mice were
closely monitored each day for tumor formation. Once tumors were apparent, they were
measured with calipers every day until the length grew to 1.5 cm, at which time the
mouse was euthanized by 2,2,2-tibromoethanol overdose and cervical dislocation.
Following euthanasia, tumors were excised from the mouse, weighed and snap-frozen
on dry ice. To compare knockout in tumors to knockout in cell lines, the tumors were

chopped with a razor and lysed with RIPA buffer. The protein concentrations of tumor
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lysates and of cell line lysates, which were prepared at the time of injection, and the
separation of protein was performed as described above. The membranes were probed
for BCAT1 and ACTB and the density of each band was determined using Image Lab.

The density of BCAT1 was normalized to ACTB to determine the knockout efficiency.

4.7 Assessment of leucine catabolism

6x10” preSC and SCLC cells were pre-incubated in complete RPMI with DMSO
or 10 uM BI2 for twenty-four hours before assessment. Afterward, they were counted
again and in duplicate, 3x10” were washed twice by 5-minute centrifugation in pre-
warmed Krebs buffer (128 mM NaCl, 4.7 mM KCI, 1.2 mM KH2POy4, 1.2 mM MgCly, 25
mM NaHCOj;, 5 mM D-glucose, 2 mM CaCl,, 20 mM HEPES pH7.4, and 0.25 mM
glutamine in H2O) with DMSO or BI2. The cell pellets were then suspended in 2 mL
Krebs buffer with ~650 CPM [U-14C] leucine, 1 mM unlabeled leucine and DMSO or
BI2. The cells were transferred to 20 mL scintillation vials, which were then sealed with
rubber stoppers holding a center chamber above the cells, which was subsequently
filled with 0.3 mL of 2M NaOH. Additionally, two blank vials contained buffer without
cells. The vials were incubated on a shaker in a 37°C incubator for two hours and then
0.5 mL of 3% HCIO4 was injected into the cell solution. After a one hour incubation, 0.5
mL of 30% H20, was injected and the vials were shaken for another hour. Following the
last incubation, the NaOH was pipetted out of the center chamber and into new
scintillation vials containing 8 mL of scintillation solution (National Diagnostics LS-273).

To determine the specific activity, 10 yL samples of the 2 mL blank solution were
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transferred into new vials with scintillation fluid. CPMs were obtained using a Beckman
LS 6500 and after blanking, the pmols of [14C] CO, from the experimental vials were
calculated from the specific activity. Assessment of Bcat1 knockout cells was essentially

the same, except without incubation in DMSO or BI2.

4.8 Measurement of intracellular amino acids

2x10° preSC and SCLC cells were starved of leucine by washing once in pre-
warmed PBS and then incubating for one hour in DMEM with dialyzed serum and
without leucine (Crystalgen 226-024). They were then centrifuged and given DMEM
supplemented with dialyzed serum and 0.4 mM leucine. After a thirty minute incubation,
they were washed once in ice-cold PBS, split into two eppendorf tubes and snap-frozen
on dry ice. The pellets were processed and intracellular amino acids were analyzed by
mass spectroscopy in the Biomolecular Analysis Facility at University of Virginia. This

procedure was also used to analyze BCAAs in BCAT1 knockout cells.

4.9 Puromycin incorporation assays

After inducing BCAT1 expression or knockdown by treating cells with 0.5 pg/mL
or 0.2 ug/mL doxycycline for 48 hours, 0.5x10° cells were incubated in 150 pL of growth
medium with 10 pg/mL puromycin for ten minutes. Afterward, cells were collected from

each well, centrifuged at 300 x g for three minutes, washed once with ice-cold PBS and
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lysed with RIPA buffer. 20 pg of total protein was run on two 12.5% SDS-PAGE gels
and probed for puromycin or ACTB as described above. Subsequently, the ACTB

membrane was stripped and probed for Bcat1.

4.10 Time course analysis of mMTORC1 activity, ER stress and puromycin

incorporation

sgScramble, sgBCAT1#3 and sgBCAT1#4 cells were incubated in four 6-cm
dishes, each, containing low-serum (0.1%) RPMI for seventeen hours. Afterward, three
plates per cell line were given growth medium with 10% BGS and incubated for half,
four and eight hours; the fourth plate was left with low-serum medium as a baseline and
cells were collected immediately after giving the other plates complete RPMI (zero
hours). At each time point, cells were collected, washed once with ice-cold PBS and
snap-frozen on dry ice. Once the last time point was collected, all pellets were lysed
with RIPA buffer and protein was quantified and separated as described above.
Membranes were then probed for BCAT1, ACTB, puromycin, and phosphorylated and

total EIF2A, RPS6K, and EIF4EBP1.

4.11 Assessment of mitochondrial function

Mitochondrial function was assessed using the Agilent Seahorse mito stress test.

Wells of a XF24 cell culture microplate were coated in Cell-Tak adhesive and allowed to
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air-dry. 2.75x10° cells were adhered to four wells per cell type after incubating at 37°C
for thirty minutes in 100 L RPMI with 2 mM glutamine. The medium was changed to
675 pL unbuffered DMEM with 1 mM pyruvate, 2 mM glutamine, and 10 mM glucose,
which was brought to pH 7.35-7.4 at 37°C. The plate was incubated at 37°C for thirty
minutes while the sensor cartridge was loaded. The plate was transferred to an XF
analyzer and at the wells were treated at the indicated time points with 2 uM oligomycin,
10 yuM BAM15, 2 uM antimycin A, or 0.1 uM rotenone. Basal oxygen consumption was
calculated by subtracting the lowest OCR obtained following treatment with antimycin A
and rotenone from the last OCR obtained before treatment with oligomycin. Maximal
oxygen consumption was calculated by subtracting the lowest OCR obtained following
treatment with antimycin A and rotenone from the maximum OCR obtained following

treatment with BAM15.

4.12 Measurement of Reactive Oxygen Species

The levels of reactive oxygen species were determined using abcam’s DCFDA
cellular ROS assay kit. 7.7X10° KP1 cells transduced with pL-CRISPR.EFS.tRFP-
sgScr, -sgB1#1, sgB1#2, sgB1#3, or sgB1#4 were washed once with 770 pL PBS
warmed to 37°C. Cells were then stained with 770 yL DCFDA by incubating at 37°C for
thirty minutes in the dark. Cells were washed with 770 yL 1X buffer and resuspended in
220 pL 1X buffer supplemented with 10% serum. For each cell type, 100 uL (3.5X10°
cells) were transferred to two wells of a black, clear-bottom ninety-six well plate. The

fluorescence at 530 nm was used as a readout for ROS.
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