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ABSTRACT OF THE DISSERTATION

Defining Metabolic Flexibility in Skin Carcinomas

by

Carlos Galvan
Doctor of Philosophy in Molecular Biology
University of California, Los Angeles, 2025

Professor William Edward Lowry, Chair

Among the numerous changes associated with the transformation to cancer, cellular metabolism
is one of the first discovered and most prominent. Cancers were thought to be driven by metabolic
changes including increased glycolysis and lactate generation. To that end, it was previously
established that inhibition of pyruvate oxidation can promote glycolysis, and in some cases
promote tumorigenesis. However, studies have identified cancers are metabolically flexible and
can use multiple nutrients to sustain their growth. We previously showed that inhibition of
glycolysis in cutaneous squamous cell carcinoma (SCC) initiating cells had no effect on
tumorigenesis, despite the perceived ubiquity of the Warburg effect, which was thought to drive
carcinogenesis. Instead, these SCCs were metabolically flexible and sustained growth through
glutaminolysis, another metabolic process frequently implicated to fuel tumorigenesis in various
cancers. Here we aim to understand metabolic flexibility in two types of skin cancer, SCC and
melanoma. In SCC we focused on glutaminolysis and genetically blocked this process through
glutaminase (GLS) deletion in SCC cells of origin. Genetic deletion of GLS had little effect on

tumorigenesis due to the upregulated lactate consumption and utilization for the TCA cycle,



providing further evidence of metabolic flexibility. We went on to show that posttranscriptional
regulation of nutrient transporters appears to mediate metabolic flexibility in this SCC model. To
define the limits of this flexibility, we genetically blocked both glycolysis and glutaminolysis
simultaneously and found that this abrogation of both of these carbon utilization pathways was
enough to prevent both papilloma and frank carcinoma. In melanoma, we explored the role of
pyruvate oxidation ability to drive melanoma formation through the deletion of mitochondrial
pyruvate carrier 1 (Mpc1) in melanoma initiating cells. Using the Braf/Pten model, the best model
available to study melanoma in vivo, we find that deletion of Mpc1 decreases melanoma
formation. Although different models, these data point towards the treatment of cancer through
metabolic manipulation and complete cancer abrogation will require multiple interventions on

distinct pathways.
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CHAPTER 1
INTRODUCTION
Cancer incidence, progression, treatments

Over the years cancer cases have increased due to several factors such as age,
environmental exposures, or socioeconomic status. There were approximately 20 million new
reported cancer cases in 2022, and 9.7 million deaths from cancer worldwide (1). This disease
has become a global health issue, and the complexity of cancer requires a more complete
understanding of exactly how cancer cells grow and become resistant to current treatments. In
the United States, skin cancer is the most diagnosed type of cancer (2). There are multiple types
of skin cancers, but the most common are squamous cell carcinoma (SCC) and basal cell
carcinoma. The most deadly and invasive type of skin cancer is melanoma, which only accounts
for 1% of all skin cancer cases. In the United States, however, melanoma accounts for the highest
skin cancer related deaths and there are more than 8,000 people expected to die of melanoma
in 2024 (3). All these skin cancers have similar risk factors such as chronic exposure to UV
radiation, genetics, or increased age. Patients with skin cancers often have them surgically
removed, however, upon late detection or if left untreated, cancer cells can spread throughout the
body and become lethal. At times, surgical resection is not enough to fully eliminate the cancer,
so they often need a more aggressive type of intervention such as radiation therapy, immune
therapy or targeted drug therapy.

Here, we focused primarily on SCC and identify how this cancer is growing to target its
metabolism as a potential therapeutic. Additionally, we include work on melanoma and how
targeting metabolism in this cancer influences its progression and invasiveness. These studies
demonstrate the effectiveness of manipulating metabolism in cancer and elucidate new

therapeutic targets in skin cancers.



Squamous cell carcinoma — mutations, risks and stages

Squamous cell carcinoma (SCC) is known to initiate in the epidermis due to an
accumulation of mutations in genes such as RAS, NOTCH, P53, CDKN2A, etc. (4-9). Hair follicle
stem cells (HFSCs) are adult stem cells that reside in the epithelial bulge of the hair follicle and
are normally quiescent (10). Although critical for maintaining hair growth, wound healing, and hair
follicle formation in the skin, we and others showed that these cancers can arise due to
transformation particularly of HFSCs using murine transgenic and chemically induced
carcinogenesis protocols (11-13). Upon oncogenic mutations of p53 and Kras in various cells
within the hair follicle, HFSCs were the only cells that had the capacity to initiate SCCs (12).

The most common risk factor for developing SCC is chronic exposure to ultraviolet (UV)
radiation, typically causing SCC to develop in regions of the body that are exposed to the sun,
such are head, neck, and limbs. There is also an increased risk of developing SCC with age or
due to genetics. Usually, SCC are treated by surgical removal, however, SCC can metastasize at
later stages making surgical removal not sufficient to eliminate the cancer. Additionally, after
surgical removal of an SCC, the cancer can recur with a higher risk of metastasis to lymph nodes
or other cutaneous areas such as ears and lip (14). SCC can also arise in or spread to other
areas that are much more difficult to treat such as in the head and neck, leading to much higher
rates of mortality (7,15). Interestingly, SCC is the most common cancer that develops in organ
transplant patients. Typically, organ transplant patients have higher risk of SCC after their
transplants due to immunosuppressive medication (16). Studies have found that this increase in
SCC risk and development with immunosuppression can be due to the types of
immunosuppressive drugs patients take such as azathioprine (17). This drug is primarily used to
prevent transplant rejection; however, this drug can induce DNA damage and mutagenesis
associated with SCC (18).

In patients, SCC are primarily staged 1-4 by histology based on the percentage of well-

differentiated cells vs undifferentiated cells in the tumor (14). Well-differentiated cells in a cancer
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setting can be described as cancer cells that look like cells from the normal tissue the cancer
came from (19). Undifferentiated or poorly differentiated cells in cancer lack specialized structure
or functions and have a better ability to grow and spread faster than well-differentiated cells (20).
That said, when characterizing the histology of tumors, the higher the percentage of
undifferentiated cells vs well-differentiated cells, the higher the stage of the SCC (14). Aside from
the type of differentiated cells present in tumors, the location of tumors also plays a role in staging.
A stage 1, SCC is observed in the epidermis or has spread to other layers of the skin. During
stage 2 of SCC, the cancer spread into other layers of the skin, but cells have more characteristics
that have the ability to spread to adjacent lymph nodes or other healthy organs (21). At stage 3,
the cancer reaches lymph nodes in proximity but has not invaded other tissues (21). SCCs
detected at stage 4 have spread to lymph nodes, but likely have also metastasized to other tissues

such as brain, lung, or liver (21).

Melanoma — mutations, risks, and stages

Melanoma is highly mutated with common mutations being BRAFV6%° PTEN, NRAS, NF1,
etc. (22). Melanocyte stem cells are cells that have the primary role of creating pigment producing
cells called melanocytes (23). Melanocytes normally produce melanin, which is a brown pigment
that gives skin its color and protects the skin from some of the sun’s damaging effects (23). Upon
oncogenic mutations, melanocytes grow uncontrollably and give rise to melanoma (23-26).
Although a less common type of skin cancer, melanoma is the most deadly due to its increased
ability to spread throughout the body (3).

Lighter skin individuals are more likely to develop melanoma. Increased age and genetics
are also risk factors for developing melanoma (3). Like SCC, chronic exposure to UV radiation is
linked with development of this cancer (3). Patients with melanoma can get the cancer surgically
removed if detected early, but majority of the cases require more aggressive treatments due to

the highly metastatic nature of the cancer. Therapies like immunotherapy and targeted drug
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therapies have spiked in interest to treat this cancer (27). At times, the aggressiveness and
plasticity of this cancer requires more than one therapy. For example, melanomas that are
resistant to targeted therapies, have been found to be sensitive to another form of cell death called
ferroptosis (28).

Melanoma in the clinic is classified in stages 0-4. During stages 0-2 the melanoma has
not spread to distance lymph nodes and is subcategorized based on thickness or ulceration (29).
Initially, the larger the tumor, measured by thickness, the higher the stage (29). However, in later
stages such as 3 and 4, thickness is dispensable. Metastasis begins to occur in stage 3, as the
melanoma spread to lymph nodes or neighboring areas in the skin, however, the cancer has not
spread to other healthy tissues at this stage(29). Stage 4 is characterized like stage 3 but, the

melanoma has spread to other tissues such as lungs, brain, and spinal cord (29).

Energy Metabolism and the Warburg Effect

Cells have demands for energy to survive and produce ATP to sustain themselves.
During the process of cellular respiration, cells utilize glucose to generate large amounts of ATP
in the presence of oxygen. Glucose is broken down through glycolysis, and then enters the TCA
cycle to undergo oxidative phosphorylation leading to the generation of ATP. Although
unfavorable, cells can also generate ATP via fermentation, which occurs in the absence of
oxygen (anaerobic), and results in glucose being metabolized to produce lactate (30,31). This
process is unfavorable because it produces a much lower amount of ATP compared to
respiration.

For many years, the field of cancer metabolism revolved around a theory proposed by
Otto Warburg, known as the Warburg Effect. He believed that cancer cells had defective
mitochondria causing the shift from oxidative phosphorylation to glycolysis as their energy
source in the presence or absence of oxygen (30,31). Furthermore, cancer cells exhibited a shift

in their metabolism to favor glycolysis and lactate production (30). However, over the years,
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studies have shown that in cancer cells, mitochondrial respiration remains functional while still
exhibiting high glucose utilization for lactate production (32). Moreover, instead of switching from
one pathway to another, cancer cells simply reprogram their metabolism for growth favoring
glycolysis. The reprograming of metabolism in cancer cells has now become an emerging
hallmark of cancer as it is essential for proliferation, tumorigenesis, and metastasis of cancer
(33). Initially, lactate was thought to just be a “waste” product during glycolysis, however, recent
studies have found that lactate can drive various processes that benefit cancer cells (34). The
accumulation of lactate can acidify the tumor microenvironment which promotes angiogenesis,
immune resistance, and metastasis (34). Additionally, cancer cells can take up and oxidize
lactate to enter the TCA cycle as an energy source (35-38). Due to the new discoveries of
cancer metabolism over the years, many studies have focused on nutrients that contribute to
cancer growth and energy, primarily concentrating on glucose, lactate, and more recently,

glutamine (Figure 1).

Glucose uptake and metabolism in cancer

Glucose is one of the main sources of energy for cancer cells and the increase in
glucose uptake is facilitated by the increase expression of glucose transporters (GLUTSs) (39). In
normal physiology, there are 14 known GLUTs, however, GLUT1 has elevated expression levels
in various cancer (Figure 1) (39,40). Once glucose enters the cells, it is metabolized via
glycolysis using several enzymes that catalyze this process. Hexokinase (HK) catalyzes the
first step of glycolysis and has four isoforms with HK2 being most prevalent in cancer (41).
Enolase (ENO) is the enzyme that converts 2-phophoglycerate (2PG) to phosphoenolpyruvate
(PEP). This reaction is at the latter half of glycolysis, but the overexpression of ENO has been
linked to increased tumorigenesis, overall cancer survival, angiogenesis, and many more pro-
tumorigenic properties (41). There are three isoforms of ENO, and each is overexpressed in

cancers based on the type of cancer and tissue (42). Glucose is then metabolized into pyruvate,
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and pyruvate can enter the TCA cycle via mitochondrial pyruvate carrier 1 (Mpc1) to further be
used for oxidative phosphorylation (Figure 1). However, as previously mentioned, pyruvate
generally favors producing lactate instead of entering the mitochondria for ATP production via

TCA and oxidative phosphorylation.

Lactate generation and transport in cancer

Pyruvate and NADH can be converted into lactate and NAD+ by the enzyme Lactate
dehydrogenase (LDH) (Figure 1) (43). LDH has multiple isoforms, but in tumors, LDHA is one of
the most studied in cancer because it is overexpressed in nearly every solid tumor and is
elevated in aggressive cancers (41). Interestingly, although not an energetically favorable
reaction, LDHA can also catalyze the reversible reaction to convert lactate into pyruvate (44).
This reverse conversion is typically observed in cases where cancers use lactate as an energy
source and convert it to pyruvate to fuel the TCA cycle (45). Lactate is transported in and out of
the cell using monocarboxylate transporters (MCTs). There are four MCT isoforms that can
transport lactate, but MCT1 and MCT4 have been observed most dominant in cancer (Figure 1).

It's also important to note that MCT1 can also facilitate pyruvate transport (46).

Glutaminolysis in cancer

A process known as glutaminolysis has been shown to replenish the TCA cycle in
conditions where glucose metabolism favors lactate production instead of fueling the TCA cycle.
During this process the amino acid glutamine is taken up by cells, converted to glutamate, and
glutamate can then be converted to alpha-ketoglutarate and enter the TCA cycle (Figure 1) (47).
This process has been seen in multiple cancers and show that glutamine can sustain cancer
cell growth both in vitro and in vivo (48-51). Cancer cells take up glutamine using the
transporter SLC1AS5 (ASCT2) and once in the cell, glutamine enters the mitochondria to be

converted into glutamate by the enzyme glutaminase (GLS) (52,53). From here, glutamate can
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continue with glutaminolysis and be converted into alpha-ketoglutarate to fuel the TCA cycle
using the enzyme glutamate dehydrogenase. Although essential for replenishing the TCA cycle
in cancer, glutamate can also have other roles in the cell (52). Glutamate can be directed to
produce non-essential amino acids such as alanine, aspartate, and phosphoserine. It can also
generate glutathione (GSH) which plays a crucial role in redox homeostasis. Additionally, it can
act as a signaling molecule to regulate pathways important for cancer maintenance such as
mTOR. Although glutamate has essential roles in the cell, the generation of glutamate by
glutamine is dependent on GLS. This enzyme has two isoforms, GLS1 and GLS2, with GLS1

generally being overexpressed in cancer and GLS2 being suppressed in cancers (47,54).

Measuring metabolic flux in cancer

The glucose transporter, GLUT1, is highly expressed in cancers and studies used this
finding to create an imaging technique to readout glucose uptake in vivo, called
Fluorodeoxyglucose-positron-emission tomography (FDG-PET) (55). This technique is used on
patients to detect tissues or tumors that exhibit high amounts of glucose uptake. Patients are
injected with the radiotracer, '®F-FDG, and then scanned using PET. FDG is a glucose analog
and can enter the cells via glucose transporters, however it cannot be metabolized like glucose
and accumulates to give a readout of relative glucose uptake (56). In the lab, FDG-PET can
also be used to understand glucose uptake in murine models, but because this technique only
gives a readout of glucose uptake and not glucose metabolism.

Carbon-13 isotope tracing can be used in vivo or in vitro to understand the flux of
metabolic pathways in cells, tissues, or cancer. In tumors, the most common carbon tracers
used are 3C-6 D-Glucose, '*C-5 L-Glutamine, and '3C-3-Lactate as these three nutrients are
most prominent for energy generation in cancer cells. The labeled nutrient is introduced to
cultured cells, organoids, or mouse models and can enter cells and be metabolized. The

metabolite intermediates and products derived from labeled nutrients are labeled with the
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carbon-13 isotope which can be detected through mass spectrometry. Glucose, glutamine, and
lactate carbon labeling all give a deeper understanding of what pathways these nutrients

contribute to cancer metabolism and during metabolic flexibility.

Metabolic flexibility in cancer

Metabolic reprograming has been established as a new hallmark of cancer as cancer
cells are flexible and can adapt for survival (57). Studies have demonstrated evidence of
metabolic flexibility when targeting glycolysis, the process that was believed to be the main fuel
source for cancer cells. Studies in lung cancer have shown upon inhibition of glycolysis via
mTOR manipulation, cancer cells adapt and use glutamine as a primary source for energy (58).
Another study inhibited glycolysis using PI3K/mTOR inhibitors but found that cancer cells
instead take up lactate and use it for the TCA cycle (59). Interestingly a study using lactate
carbon-13 labeling in human patients with lung cancer showed that lactate contributed more to
the TCA cycle than glucose metabolism (45). During metastasis, metabolic flexibility also comes
into play. For example, a study focusing on breast cancer cell metastasis to the brain
demonstrated that in the absence of glucose, cancer cells survived because of compensation
from gluconeogenesis, glutamine, and branched chain amino acids (60). Gluconeogenesis uses
lactate or other amino acids to generate glucose. This process has been observed in cancer
and in some cases is key for metabolic flexibility.

The general theme with cancer survival and metabolism is that cancer cells adapt and
use nutrients they have available to them. Since many studies have focused on targeting
glycolysis, cancer cells have relied heavily on other nutrients like lactate or glutamine. This
could be due to the increased concentration of these nutrients in cancer compared to
physiological levels. Due to the increased production of lactate in cancer, the concentration of
lactate in the blood increases to 10-30mM, where physiological concentration of lactate is 1.5-

3mM (34). Of all circulating amino acids in plasma, glutamine is the most abundant at
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concentrations of 0.6-0.9 mmol/l (61). Since glutamine can also fuel cancer cells, it’s likely that
availability of this amino acid in plasma plays a role in its increased use in cancer. Therefore,
when studying metabolism in cancer, it is important to keep in mind that metabolic flexibility is

likely to occur, and the model used should allow for this flexibility.

Modeling cancer in vitro and in vivo

For therapies to reach human subjects, therapies need to be tested in an in vivo system
prior to clinical trials. Many times, discovery studies begin using in vitro cell culture where
cancer cells are cultured in a dish as a two-dimensional layer (Figure 2A). Recently, organoids
have become a revolutionary model to study cell-cell interactions in a disease environment.
Organoids are also grown in vitro in a dish but employ a three-dimensional structure (Figure
2A). This framework has its advantages over two-dimensional culture for disease modeling due
to their cellular complexity and similarities to disease environments and physiology. Using
culture models has many advantages for cancer research such as the ease of controlling the
environments of cells in a dish, ease of using multiple treatments/drugs screenings, and ability
to genetically manipulate genes to study initiation or progression of cancer. However, the
mammalian body is such an interconnected system that studying cancer using in vivo systems
is essential to move forward with reproducibility and effectiveness in humans. Depending on the
disease or condition studied, many in vivo models exist such as mice, drosophila, zebrafish, or
C.elegans.

The best and most common model to study cancer are mouse models since they are
genetically and biologically similar to humans (62). Due to significant effort in the field,
genetically engineered mice and systems aid in recapitulating human mutations in mice (Figure
2A) (62). Since metabolism is required for growth and tumorigenesis, many studies have
focused on identifying targets that manipulate metabolism in cancer to decrease proliferation or

simply kill the cancer. However, most of the time small molecule inhibitors developed to target a
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single pathway show promise in an in vitro model, but when used in an in vivo model, doesn’t
have the same effect. Many small molecule inhibitors targeting metabolism have failed in vivo,
likely due to metabolic flexibility of cancer. In vivo, cancer cells potentially have access to a
much more sophisticated environment due to the presence of vasculature, circulation,
lymphatics, the nervous system, the immune system, etc. Therefore, it is possible that blockade
of an individual pathway in vitro blocks cell growth simply because nutrients that allow for
flexibility are not present in cell culture systems. Thus, it is important to model cancer using in
vivo models when studying cancer metabolism so they can have access to circulating blood, or
other ways to fulfill flexibility and survival.

Studies have also taken advantage of both in vivo and in vitro models in combination to
further study disease. Both models can be used to study tumors derived from human patients.
Because we can't test specific hypotheses on human patients, using human derived cells to
culture in two- or three-dimensions and add to an in vivo model allows us to experiment using
cells that are most accurately representing human cancer (Figure 2B). Additionally, it is
advantageous to culture mouse derived tumor cells to model a more accurate profile of cells in
vivo. Many times, aggressive cancers like melanoma develop so quickly that treatments and
longitudinal studies can’t be conducted because of overall mouse health and ethical regulations.
Therefore, collecting the cancer cells from mice and culturing them captures cells with an in vivo
background and allows for detailed experiments to fully characterize these cells and treatment

approaches (Figure 2C).

Modeling Squamous Cell Carcinoma

Hair follicle stem cells (HFSCs) have been identified as cancer initiating cells in murine
models upon oncogenic mutations like KRAS and p53 (12). Using a Keratin 15 (K15) promoter
to target HFSCs specifically, we have been able to study SCC initiation and progression under

wild-type and different knockout conditions. To grow SCC, we used a well-established skin
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chemical carcinogenesis murine model of SCC to allow for the deletion of metabolic activity just
prior to induction of oncogenesis in adult mice. The two-stage skin carcinogenesis utilizes a
mutagen, 7,12-dimethylbenz-[a]- anthracene (DMBA), and a tumor growth-promoting agent, 12-
O-tetradecanoylphorbol-13-acetate (TPA), to induce stimuli driving transformation (63,64).
Shortly after topical application of DMBA onto the dorsal skin of mice, there are mutations in the
RAS family of proto-oncogenes in the bulge region of the hair follicle (64). Then, after continual
delivery of the TPA promoting agent, the stem cell region of the hair follicle increases DNA
synthesis and cell proliferation, developing clonal outgrowths called papilloma (64). Papilloma
then transform into SCC and at the genetic level, correlating with trisomy of chromosomes 6 and
7 and mutations in TP53 (64).

In vitro models have been used to study SCC, however, in vivo models have more of a
resemblance to the human SCC and tumor microenvironment (65). The two-stage DMBA-TPA
skin chemical carcinogenesis model we use is advantageous as it recapitulates mutations,
pathology, and genetic changes seen in human SCCs. This process takes about 10-15 weeks to
generate benign tumors and 20-30 weeks to generate SCC, so this model also allows us to
study the entire initiation and progression of this cancer. Thus, aside from understanding how to
target this cancer, we are able to understand the metabolism during the initiation and
progression of SCC that can lead to therapeutics for the prevention of this cancer as well.
Additionally, using this in vivo model recapitulates the architecture and cellular composition of
the skin to tumor transition and elucidates the characteristics of natural regenerative properties

in mammals to contribute to the overall knowledge of stem cell maintenance and reversibility.

Modeling Melanoma
Melanocyte stem cells (MeSCs) are adult stem cells that reside the hair follicle bulge and
function to generate melanocytes for pigmentation (23). Upon oncogenic mutations in MeSCs,

these cells give rise to melanoma. Over the years, scientists have used both in vitro and in vivo
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models to study melanoma. Studies beginning to explore potential targets for melanoma usually
being in two-dimensional cell culture but are not the most realistic model to study melanoma
since done in vitro (Figure 2A) (66). Moreover, melanoma in culture is primarily used for high
throughput screens that give insights to melanoma tumorigenesis or targeted therapies (66).
One of the most common in vivo models used to study melanoma is the BRAF/PTEN
genetically engineered mice model (24). Human melanomas express the BRAF mutation and
activation of pro-cancer kinases due to the silencing of tumor suppressor gene PTEN (26). With
BRAF and PTEN mutations the most expressed mutations in melanoma, scientists have
generated mouse models with Cre-inducible systems to induce the activation of the BRAF
mutation and loss of PTEN specifically in cancer initiating melanocytes (Figure 2A) (26). This
BRAF/PTEN mouse model also metastasizes to lymph nodes and other organs, similar to
human melanoma (26). Histology of melanomas in the mouse model also exhibit proliferative
characteristics and pathology as seen in human melanoma (26). Moreover, this in vivo mouse
model exhibits genetic, pathological, and metastatic characteristics that recapitulate melanoma
seen in human patients. Using these genetically engineered mice, genes can also be
manipulated to study drug targets and sensitivity in different types of staged melanoma (66).
Due to the aggressive nature of this cancer, ethical protocols, and lethality of melanoma in mice
restrict the study of later stages of melanoma at times, melanoma cells from in vivo models are
collected and cultured to study melanoma transformation and targets (Figure 2C). The
advantage of collecting cells from an in vivo mouse model for culture is that the cancer cells
have already become adjusted to the tumor microenvironment and can continue to exhibit the
genetic manipulations done in the mouse. Another common approach to study anti-melanoma
drugs is using Xenograft models (Figure 2B) (25). In these models, immunocompromised mice
are injected with human melanoma cells giving researchers a model where the human derived
melanoma can be studied in an in vivo setting where cells can interact with the tumor

microenvironment and blood vessels in a mammalian system (66).
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Preface

SCC demonstrates metabolic flexibility; however, the nature and limits of this flexibility
are not fully understood. In melanoma, the metabolic flexibility and manipulation of metabolism
by targeting pyruvate oxidation warrants further investigation. Work in Chapter 2 and 3 highlight
key metabolic pathways cancer cells use to adapt and survive. Moreover, Chapter 3 focuses on
how nutrient transporters are mediating this adaptability. The limits of metabolic flexibility in SCC
have not been defined and Chapter 2 highlights a combination of targets to prevent SCC
tumorigenesis. In Chapter 4, we explore how targeting metabolism in melanoma influences
tumor progression and discover how effective the deletion of Mpc1 is in this cancer. The work
from this thesis aims to address (1) how metabolically flexible these cancers are (2)
mechanisms to metabolic flexibility (3) limits of metabolic flexibility and (4) elucidate new

potential therapeutic targets for skin cancers.
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Figure 1 Cancer Energy Metabolism Glucose is transported into the cell through glucose
transporter GLUT1 and undergoes glycolysis to produce pyruvate. Pyruvate can then produce
Lactate through the enzyme Lactate Dehydrogenase (LDH), or it can enter the mitochondria via
the Mitochondrial Pyruvate Carrier (MPC1) to then fuel the TCA cycle. Lactate can be
transported in and out of the cell by monocarboxylate transporters 1 (MCT1) and 4 (MCT4).
Glutamine can also enter the cell through Glutamine transporter ASCT2, and then enter the
mitochondria to be converted to Glutamate via Glutaminase (GLS). That Glutamate can then be

converted int alpha-ketoglutarate (a-KG) to fuel the TCA cycle and generate ATP.
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A. Cells can be cultured in a two-dimensional layer or in three dimensional organoids in vitro.
Genetic mouse models are in vivo models that can manipulate genes to study the effects of
those genes in disease. B. Tumor cells can also be derived from patients and be cultured in a
two-dimensional layer or as organoids in vitro. Patient derived tumor cells can also be
administered into in vivo Xenograft mouse models. C. Tumor cells generated on mice can be

collected for in vitro culture as well.
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CHAPTER 2
Metabolic flexibility in Squamous Cell Carcinoma
INTRODUCTION

SCC and essentially every other solid tumor are known to show evidence of a metabolic
transition known as the Warburg effect where cancer cells choose to increase glucose uptake
as a nutrient and use it to produce lactate leading to acidification of tissue, a process also
known as aerobic glycolysis (1, 2). This observation has led to serious effort to block various
targets in the glucose utilization pathway for the treatment of cancer. However, to date, these
approaches have not been successful (3). We previously showed that genetic deletion of lactate
dehydrogenase A (LDHA) in cancer initiating cells of the epidermis led to a marked decrease in
the Warburg effect as measured by glucose uptake and lactate production (4). However, SCC
formed despite lack of LDHA, suggesting that cancer cells do not necessarily rely on glucose
metabolism for their growth and transformation. Instead, these data raised the possibility that
cancer cells show metabolic flexibility which allows them to grow by up-regulating alternative
pathways that generate adenosine triphosphate (ATP) and biosynthesis of key materials to
allow for increased proliferation. As potential evidence of flexibility, we also showed that tumors
lacking LDHA activity exhibited increased glutamine consumption (4); however, we did not
experimentally investigate in the previous study whether this increased glutamine metabolism
enabled tumor growth in the absence of LDHA.

Glutaminolysis has also emerged as a key metabolic pathway in a variety of cancer
models (5,6). Glutamine is imported into cells via plasma membrane glutamine transporters and
can be converted to glutamate through the action of glutaminase (GLS) enzymes in the
cytoplasm or mitochondria (7). Glutamate can be converted to alpha-ketoglutarate which can
enter into the tricarboxylic acid (TCA) cycle to power oxidative phosphorylation and production
of ATP in the mitochondria. In addition, recent data show that many human tumors consume

lactate through monocarboxylate transporters, and convert it into pyruvate by lactate
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dehydrogenase, and then use that pyruvate anapleurotically in the TCA cycle (8). Therefore,
cancer cells can acquire carbon-based nutrients to power the TCA cycle either through uptake
of glucose, lactate, or glutamine, all of which have been shown to be up-regulated in many
human cancers. Despite numerous studies suggesting that glutaminolysis could be a driver of
tumorigenesis, this has yet to be tested genetically in vivo in murine cancer models, particularly
in SCC. To date, efforts to block glutaminolysis with small-molecule inhibition of GLS activity
have not yet led to clinically available therapies for patients despite intense effort (6, 9-11).

In the current study, we use a well-established murine model of SCC coupled with
genetic deletion of LDHA and GLS to test the limits of cancer metabolic flexibility (12, 13). In this
model, genetic manipulation is inducible in HFSCs, which are known to initiate SCC in murine
epidermis (14, 15). Coupled with chemical carcinogenesis, this model allows for the deletion of
metabolic activity just before induction of oncogenesis in adult mice. Because the tumorigenesis
begins at the skin surface, the entire process is tractable over time allowing for detailed
quantification of oncogenesis and precise measurement of the role various metabolic pathways
play in this process. We exploited this model to probe the role of glutaminolysis in SCC initiation
or progression and, in doing so, define metabolic flexibility in SCC as well as the limits of that
flexibility.

RESULTS

Glutamine metabolism (Fig. 1A) has previously been implicated as a key metabolic
activity in tumor progression in a variety of cancer models (11, 16, 17, 18-20). Here, we sought
to understand whether glutamine metabolism plays a role in tumor initiation or progression of
SCC. We previously demonstrated that HFSCs serve as cells of origin for SCC and that the
tumors formed share many physiological and metabolic similarities with SCC formed in human
skin (14, 21, 22). We acquired transcriptome data from dimethylbenz[a]anthracene (DMBA)/12-
O-tetradecanoylphorbol 13-acetate (TPA)-induced SCC to determine which metabolic pathway

genes were altered at the RNA level. We found that many of the genes involved in
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glutaminolysis and glutamine metabolism elevated in murine SCC derived from HFSCs (Fig.
1A). An ontological analysis for metabolic substrates showed a robust enrichment in gene
expression for genes related to mostly glycolysis and glutaminolysis, as expected (Fig. 1B).
Ontological analysis for biological processes increased in SCC compared to normal skin
demonstrate classical transformations in cancer such as promotion and enhancement of cell
division, cell migration, and signaling pathways (Fig. S1A), consistent with transcriptome
transformation in cancer. We then examined cancer genome data (Gene Expression database
of Normal and Tumor tissues, GENT2) to assess the relative mRNA levels in normal versus
tumorigenic human tissues, which pointed toward higher expression of GLS, the enzyme that
converts glutamine to glutamate as the first step of glutaminolysis, and other enzymes involved
in glutamine metabolism in many tumor types (Fig. S1, B and C). Next, we performed liquid
chromatography mass spectrometry (LCMS)—based metabolomics to measure the relative
levels of metabolites in HFSC-induced SCC and found elevated levels of several metabolites
involved in glutamine metabolism (Fig. 1C). In addition, in a model of HFSC-induced
tumorigenesis, we found that deletion of LDHA did not markedly affect tumor production but did
show evidence of metabolic compensation by glutaminolysis (Fig. 1, D to F). On the other hand,
transcriptional analysis of LDHA-null tumors did not show changes in expression of genes
related to glutaminolysis raising the question of how this compensation was mediated (Fig.
S1D).

Since SCC tumors showed increased glutaminolysis-related gene expression, we sought
to determine the role of glutaminolysis in the initiation or progression of SCC through deletion of
GLS in HFSCs before initiating tumorigenesis. Crossing mice floxed for GLS (GLS1 fI/fl, the
Jackson Laboratory) with mice transgenic for K15-CrePR allowed for an inducible deletion of
GLS in HFSCs upon administration of the progesterone inhibitor mifepristone (Fig. 2A). To
induce tumorigenesis, we relied on the established chemical carcinogenesis protocol using

DMBA as a mutagen followed by repeated stimulation of proliferation by TPA (13).
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Both WT and GLSK® models produced papilloma, well-differentiated SCC, moderately
differentiated SCC, and keratoacanthoma (Fig. 2B). We quantified time to tumor formation,
number of tumors, and volume of tumors but did not detect any statistically significant
differences in cancer formation in mice with or without GLS expression in cancer cells of origin
(Fig. 2C). On the other hand, we did find that 6% of tumors that formed in mice with GLS
deletion in cancer cells of origin became necrotic, which we did not observe in animals with GLS
activity (Fig. 2C).

To examine whether the genetic deletion of GLS in HFSCs effectively created tumors
lacking GLS activity, we used immunostaining, GLS activity assays, and LCMS-based
metabolomics. Immunostaining of WT tumors showed high GLS expression particularly on the
epithelial edge of tumors formed after DMBA/TPA, whereas immunostaining of GLSX® tumors
resulted in negligible GLS staining (Fig. 3A). We also used a GLS activity assay to measure the
relative activity of the enzyme in protein lysates generated from WT and GLSX° tumors and
found a decrease in GLS activity in the GLSX® tumors (Fig. 3A). While it is clear that our genetic
strategy to eliminate GLS activity from cancer cells of origin and subsequent tumors was
successful, we did find cells that were strongly positive for GLS expression in the mesenchyme
surrounding the nascent tumors (Fig. S2A). These CD45* cells were also positive for CD11b,
suggesting that they are macrophages (Fig. S2, B and C). Because our genetic strategy was not
designed to target immune cells, it is not unexpected to find GLS-positive cells within the
mesenchyme, and these will be the subject of future investigation.

To investigate whether GLS-deleted tumors show evidence of metabolic changes
despite relative lack of phenotypic change, we performed metabolic tracing with *C-glutamine
and LCMS-based metabolomics. Tumors with labeled glutamine showed that both the oxidative
and reductive pathways for glutamine utilization were abrogated in GLS-deleted tumors (Fig.

3B), consistent with a loss of GLS activity. On the other hand, metabolomics also showed
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consistent decreases in glucose conversion to pyruvate and lactate in the absence of GLS in
papilloma, but not in SCC (Fig. 3C).

RNA sequencing (RNA-seq) of WT and GLS*° tumors showed a relatively small number
of gene expression differences caused by loss of GLS activity. When looking particularly at
genes related to proliferation, epithelial-mesenchymal transition (EMT), or stemness, there were
no significant changes (Fig. 3D). Immunostaining for Ki67, proliferation marker, and cleaved
caspase 3, apoptosis marker, also showed no changes between WT and GLS*® tumors (Fig.
S3, Aand B). Because the activity of GLS was previously linked to hypoxia signaling, we looked
at hypoxia-inducible factor target genes but did not find any differences (Fig. S3C). Furthermore,
ontological analysis showed that several pathways appeared to be enriched; however, the
enrichment was driven by a small number of genes mostly related to ECM and did not point to
obvious physiological changes caused by the deletion of GLS (Fig. S3D).

Since 3C-glutamine and "*C-glucose tracing in GLSK® tumors revealed decreased
glutamine and glucose consumption, we examined whether GLSX° tumors increased
consumption of lactate, another abundant nutrient in circulation. '*C-lactate tracing revealed a
large increase in lactate uptake in GLSK® tumors (Fig. 4A) and TCA cycle products, suggesting
that increased lactate uptake was able to power the TCA cycle to compensate for the loss of
glutaminolysis.

As described previously, LDHAXC tumors appeared pathologically identical to tumors
expressing LDHA (Fig. 1E). We pulsed mice bearing LDHAX® tumors with '*C-labeled glucose
before tumor harvesting and as expected, found diminished tumor glucose uptake, conversion
of glucose to lactate, and decreased tumor levels of glucose and lactate, confirming abrogation
of glucose metabolism in the absence of LDHA activity described in our previous study (Fig. 5, A
and B). In addition, we reexamined metabolomic data from tumors generated by HFSCs lacking
the mitochondrial pyruvate carrier (MPC). In this model, tumorigenesis was also unaffected by

blocking pyruvate oxidation, providing yet another example of metabolic flexibility (4). Increased
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glucose, lactate, glutamine, and glutamate levels in MPC-null tumors suggested a potential up-
regulation of glycolysis and glutaminolysis (Fig. 5C).

The data from Figs. 4 to 6 suggest that SCC-initiating cells have metabolic flexibility for
carbon sources to power metabolic pathways, so we hypothesized that perhaps deletion of two
carbon sources might be sufficient to starve cells attempting transformation. To test this
hypothesis, we crossed animals floxed for both LDHA and GLS with K15-CrePR transgenic
mice in an attempt to abrogate both glucose utilization and glutaminolysis (Fig. 7A). We then
treated double-floxed mice with DMBA/TPA to induce tumorigenesis. After 10 to 20 weeks, we
routinely detected papilloma in all genotypes (Fig. 7B) but never observed the formation of an
SCC in GLSX°LDHAK® mice. By the end of the experiment, when the control animals had to be
euthanized, there were no papilloma or SCC that lacked both LDHA activity and GLS
expression in any of the GLSX°L DHAK® mice (Fig. 7B). This suggests that those papilloma that
lacked both LDHA and GLS that might have formed in GLSX°LDHAK® mice probably underwent
regression. Careful chronological examination of tumorigenesis in the WT, GLS*®, LDHAK®,
and GLS*°LDHAXC tumors showed that all tumors formed in GLS*°LDHAX® mice were benign
papilloma, which then either underwent necrosis or regression (Fig. 7, B to D).

Previous studies indicate that SCCs do not rely on glycolysis and lactate production for
their growth and instead rely on glutamine metabolism. Here, although we targeted glutamine
metabolism, cancer cells continued to grow as they are flexible and use lactate to grow. When
targeting both GLS and LDHA to ultimately starve the cancer cells from their carbon sources,
the cells fail to transform into SCC. This work elucidates how adaptable cancer cells are and the
importance of targeting metabolism in combination. The identification of the two enzymes
essential for SCC tumorigenesis allows us to explore the therapeutic potential of these targets

using small molecule inhibitors to recapitulate our genetic results.
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Fig. 1. Glutamine metabolism is up-regulated in SCC.

(A) Schematic showing metabolic reprogramming in glutamine metabolism from normal skin to
SCC. Glutamine is metabolized into TCA cycle, and ATP is synthesized from TCA cycle—derived
glutamine. ASCT2 (SLC1A5), GLS, and GOT2 gene expression in skin (n = 5) and SCC (n = 6).
Statistical significance (*P < 0.05, **P < 0.01, and ***P < 0.001) was calculated using a two-
tailed t test. (B) Ontological analysis from metabolomics workbench for metabolic substrates
increased in SCC compared to normal skin. THF, tetrahydrofolate. (C) Metabolomic pool
volcano plot of normal skin versus papilloma (benign tumor) initiated by DMBA/TPA skin
chemical carcinogenesis. Dashed lines indicate adjusted P < 0.05 or logx(fold change) of 20 or
<0. Colored dots represent metabolites significantly increasing (red) or decreasing (green)
during the skin to tumor transition. (D) Schematic of enzymes used in glycolysis, lactate
production, and glutaminolysis. (E) Tumors from WT and LDHAX® mice stained for hematoxylin
and eosin (H&E). Scale bars, 10 um. (F) Schematic of fully labeled glutamine isotopomer
conversion. Data represent percent of M5-labeled glutamine and M5-labeled glutamate in
tumors [n = 3 (WT), n = 9 (LDHAXO)] after '*Cs-glutamine infusion. Metabolic pool data
representing relative amounts of glutamine and glutamate in tumors [n =9 (WT), n =27
(LDHAKO9)]. Statistical significance (*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001) was

calculated using a two-tailed t test. Figure 1 (A, D, and F) were produced using BioRender.
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Fig. 2. Loss of GLS does not affect SCC initiation, progression, or pathology.
(A) Schematic of transgenic mice used to knock out GLS in HFSCs coupled with topical SCC
chemical carcinogenesis using DMBA and TPA. Figures 2A was produced using BioRender. (B)

Dorsal tumors from WT and GLSK° mice stained for H&E. Scale bars, 50 um. (C) Quantification
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of time to papilloma [n = 40 (WT), n = 88 (GLSX°)] initiation and SCC [n =12 (WT), n=29

(GLSK°)] formation. Each data point represents a tumor of that genotype. Quantification of

volume of papilloma [n = 11 (WT), n = 25 (GLSK®)] and SCC [n = 8 (WT), n = 26 (GLS*®)]. Each

data point represents a tumor of that genotype. Quantification of the number of papilloma [n = 6

(WT), n=10 (GLS*®)] and SCC [n =6 (WT), n = 10 (GLSX°)] formed per mice. Each data point

represents a mouse of that genotype. Data shown represent tumors present at the end of the

experiment. Quantification of percent and types of tumors formed per genotype: WT (papilloma

= 48%; SCC = 30%; regress = 23%; necrotic = 0%) and GLSX® (papilloma = 57%; SCC = 30%);

regress = 8%; necrotic = 6%). Data shown represent tumor quantifications from the beginning to

the end of the experiment.
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Fig. 3. Loss of GLS in tumors alters glutamine and glucose metabolism.

(A) WT or GLSK® SCC immunostaining for GLS and KERATIN 5, an epidermal marker. Cell
nuclei were stained with 4',6-diamidino-2-phenylindole (DAPI). Quantification of mean intensity
epithelial GLS fluorescence in WT (n = 15) and GLSX® (n = 15) SCCs. GLS activity in WT (n =
2) and GLSK® (n = 6) SCC lysates. (B) Schematic of fully labeled glutamine isotopomer
conversion. Data represent percent of M5-labeled glutamine and M2-labeled asparagine in
papilloma [n =4 (WT), n =3 (GLS*®)] and SCC [n = 5 (WT), n = 8 (GLS*?)] after *Cs-glutamine
infusion. OAA, oxaloacetate. (C) Schematic of fully labeled glucose isotopomer conversion.

Data represent percent of M3-labeled pyruvate and M3-labeled lactate in papilloma [n =6

35



(WT), n=6 (GLS*®)] and SCC [n =2 (WT), n = 5 (GLSX°)] after *Cs-glucose infusion. (D) RNA-
seq data of WT (n = 2) or GLS*® (n = 5) tumors showing transcription levels of proliferation,
HFSC, epithelial, and mesenchymal markers. Figure 3 (B and C) was produced using
BioRender. Statistical significance (*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001) for

(A) to (D) was calculated using a two-tailed f test.
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Fig. 4. Increased lactate transporter and uptake in GLS*° SCC.
(A) Schematic of fully labeled lactate isotopomer conversion. Data represent percent of M3-
labeled lactate, M2-labeled citrate/isocitrate, M2-labeled succinate, M2-labeled fumarate, and
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M2-labeled malate in SCCs [n = 3 (WT), n = 5 (GLS°)] after '3C;-lactate infusion. Statistical

significance (***P < 0.001) was calculated using a two-tailed t test. CoA, coenzyme A. Figure

4A was produced using BioRender. Statistical significance (****P < 0.0001) was calculated

using a two-tailed t test.
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Fig. 5. Posttranscriptional increased glucose transporter at the cell surface.

(A) Schematic of glycolysis, lactate production, and glutaminolysis. (B) Schematic of fully
labeled glucose isotopomer conversion. Data represent percent of M6-labeled glucose and M3-
labeled lactate in tumors [n = 8 (WT), n = 7 (LDHAK®)] after '3Ce-glucose infusion. Metabolic
pool data representing relative amounts of glucose and lactate in tumors [n = 24 (WT), n = 21
(LDHAK®)]. (C) Metabolic pool data representing relative amounts of glucose, lactate, glutamine,
and glutamate in tumors [n = 6 (WT), n = 9 (MPCX°)]. Figure 5 (A and B) was produced using
BioRender. Statistical significance (*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001) for

(B) and (C) was calculated using a two-tailed f test.
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Fig. 7. Targeting both glutaminolysis and glycolysis in SCC.

(A) Schematic of transgenic mice used to knock out GLS and LDHA in HFSCs coupled with
topical SCC chemical carcinogenesis using DMBA and TPA. (B) Quantification of time to
papilloma n = 40 (WT), n = 88 (GLSX®), n = 15 (LDHAK®), and n = 12 (GLS*°LDHAKO) initiation.
Each data point represents a tumor of that genotype. Quantification of the number of papilloma
[n=6 (WT), n=10 (GLS*®), n = 6 (LDHAK®), n = 5 (GLSXCLDHAX®)] and SCC [n=6 (WT), n =
10 (GLSK9), n = 6 (LDHAX®), n = 5 (GLSX°LDHAXO)]. Each data point represents a mouse of that
genotype. Data shown represent tumors present at the end of the experiment. Quantification of
percent and types of tumors formed per genotype: WT (papilloma = 48%; SCC = 30%; regress
= 23%; necrotic = 0%), GLSK® (papilloma = 57%; SCC = 30%,; regress = 8%; necrotic =

6%), LDHAKOC (papilloma = 41%; SCC = 55%; regress = 4%; necrotic = 0%),

and GLS*CLDHAXO (papilloma = 0%; SCC = 0%; regress = 67%; necrotic = 33%). (C) Necrotic
tumors from GLSXCLDHAK® mice stained for H&E. Scale bar, 50 ym. Images

of GLSK°LDHAK® mouse over time undergoing papilloma regression. (D) Schematic of summary
of phenotypic results for GLSK°LDHAK® mice. Figure 7 (A, C, and D) was produced using

BioRender.
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Fig S1. Metabolism is increased broadly in cancers

(A) Ontological analysis for biological processes increased in SCC compared to normal skin. (B)
GLS gene expression in pharynx n = 3 (normal), n = 15 (cancer); lung n = 508 (normal), n =
2362 (cancer); uterus n = 58 (normal), n = 432 (cancer); stomach n = 117 (normal), n = 1028
(cancer); tongue n = 11 (normal), n = 30 (cancer); oral n = 15 (normal), n = 371 (cancer) based
on the Gene Expression database of Normal and Tumor tissue 2 (GENT2) data analysis.
Statistical significance (*p<0.05; **p<0.01; ***<0.001; ****p<0.0001) was calculated using a two-
tailed t test. (C) ASCT2, GLS, GOT2, AGC2, and ASNS gene expression in skin n = 263
(normal), n = 547 (cancer) based on GENT2 data analysis. Statistical significance (*p<0.05;
**p<0.01; ***<0.001; ****p<0.0001) was calculated using a two-tailed t test. (D) RNA-seq data of
WT (n=5) or LDHAX® (n=5) tumors showing transcription levels of genes related to

glutaminolysis.

42



Keratin 5 DAPI MERGED

GLS

DAPI MERGED

CD45




DAPI MERGED

Fig S2. GLS+ are present in immune cells in tumor mesenchyme

(A) WT or GLSKO SCC immunostaining for GLS and KERATINS, an epidermal marker.
Magnified images of strong GLS positive cells in mesenchyme of tumor. Scale bar, 100pum. (B)
WT or GLSKO SCC immunostaining for immune cell surface marker CD45. Magnified images of
strong CD45 positive cells in mesenchyme of tumor. Cell nuclei were stained with DAPI. Scale
bar, 100pm. (C) WT or GLSKO SCC immunostaining for macrophage marker CD11b. Magnified
images of strong CD11b positive cells in mesenchyme of tumor. Cell nuclei were stained with

DAPI. Scale bar, 100um.
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Fig S3 Extended characterization of GLS-deleted tumors

(A) WT or GLSKO SCC immunostaining for Ki67, a proliferation marker, and DAPI for cell
nuclei. Quantification of percentage of Ki67 positive cells in WT (n=9) and GLSKO (n=5) SCCs.
Scale bar, 100um. (B) WT or GLSKO SCC immunostaining for Cleave-Caspase-3, an apoptosis
marker, and DAPI for cell nuclei. Quantification of percentage of Cleave-Caspase-3 positive
cells in WT (n=11) and GLSKO (n=5) SCCs. Scale bar, 100um. (C) RNA-seq data of WT (n=2)
or GLSKO (n=5) tumors showing transcription levels of HIF target genes. (D) Ontological

analysis for biological processes increased in GLSKO SCCs compared to WT SCCs.
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CHAPTER 3
Mechanisms of nutrient transporter in response to metabolic flexibility
INTRODUCTION
Transporters for nutrients are upregulated in cancers and go hand in hand with
upregulation of their respective metabolic pathways. As demonstrated in Chapter 2, upon
targeting of an enzyme in a single metabolic pathway, cancer cells are flexible to use another
nutrient for their growth. Transgenic mice were used to knockout enzymes facilitating
metabolism and growth in cancer, such as lactate dehydrogenase a (LDHA) and glutaminase
(GLS). When knocking out these enzymes in cancer initiating cells for SCC, each single
knockout condition resulted in metabolic flexibility facilitated by nutrient transporters like GLUT1
(glucose), ASCT2 (glutamine), and MCT1/4 (lactate). In this chapter, we examine the
mechanisms of metabolic flexibility focusing on nutrient transporters and their regulation of
growth in SCC.
RESULTS
To being to understand how glucose metabolism is influenced in GLSX® SCC, we
immunostained for GLUT1, a glucose transporter known to be up-regulated in SCC, and found
diminished expression in GLSX® tumors (Fig. 1A). Furthermore, fluorodeoxyglucose (FDG)-
positron emission tomography (PET) imaging, which measures the rate of FDG uptake as a
proxy for glucose uptake in tumors of live animals, also showed signs of decreased glucose
uptake in the absence of GLS specifically in papilloma (Fig 1B) (1). Since there was elevated
lactate metabolism in the GLSX° tumors independent of glycolysis, we looked for evidence of
changes in lactate transporter expression in GLSX® tumors by staining for monocarboxylate
transporter 1 (MCT1) and monocarboxylate transporter 4 (MCT4). These two transporters are
known to allow both lactate and pyruvate to traverse the plasma membrane in both directions as
needed (2). We found that MCT1 expression was unchanged in GLS*® tumors, but MCT4 was

up-regulated in GLSX® tumors, providing an explanation for the increased lactate uptake and
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utilization in GLSK® tumors (Fig 2A and B). However, neither MCT1 nor MCT4 was differentially
expressed at the RNA level, consistent with a posttranscriptional mechanism by which MCT4
protein is changed in these tumors (Fig 2C).

These results suggesting metabolic flexibility in GLSX® tumors and capability to switch to
a different carbon source through altering expression of nutrient transporters, in particular
MCT4, prompted us to reexamine metabolic flexibility and nutrient transporter expression in
tumors initiated by HFSCs lacking LDHA. These data, coupled with our observations about
lactate transporter, MCT4, prompted us to ask whether glucose transporters are potentially
dynamically regulated to mediate metabolic flexibility. We therefore immunostained for GLUT1,
the glucose transporter, and found that GLUT1 protein expression at the cell membrane was
strongly down-regulated in LDHAX® tumors but up-regulated in MPCX® tumors (Fig 3A and B).

Again, RNA-seq showed no changes in the expression of glucose transporter in LDHA-
null tumors (Fig 3C) suggesting a posttranscriptional mechanism for the changes in GLUT1
protein levels. To identify such a mechanism, we looked at expression of thioredoxin-interacting
protein (TXNIP), which is known to regulate GLUT1 levels at the plasma membrane (Fig 3D)
(3). We stained for these two proteins in the various tumor models described here to see
whether a correlation of expression of these proteins could serve to explain the membrane up-
or down-regulation of metabolite transporters in response to genetic manipulation of LDHA or
MPC. Immunohistochemistry (IHC) for TXNIP and GLUT1 showed a remarkable anticorrelation
as previously described, and quantification of total expression for both of these proteins showed
that TXNIP is expressed much lower in MPC-null tumors, and the converse was true in LDHA-
null tumors (Fig 3E).

We next immunostained for ASCT2, a plasma membrane glutamine transporter, in our
models of tumors initiated by HFSCs. GLS*° tumors showed a significant decrease in ASCT2
protein consistent with the decrease in glutamine uptake and metabolism in these tumors (Fig

4A). ASCT2 protein at the membrane showed a strong increase in LDHA-null tumors, providing
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a potential mechanism by which glutaminolysis was induced in these tumors (Fig 4B). Profiling
multiple WT and GLS*® tumors using RNA-seq analysis showed that neither ASCT2 nor other
relevant transporters were differentially expressed (Fig 4C). ASCT2 is thought to form a
complex with activated epidermal growth factor receptor (EGFR) (4), which is also known to be
highly active in Ras-driven SCC (5, 6). We immunostained for active phosphorylated EGFR
(PEGFR) and indeed found strong expression at the cell membrane in SCC driven by
DMBA/TPA (Fig 4D), consistent with high EGF signaling activity. In tumors generated

by GLSX® HFSCs, pEGFR expression appeared to be localized to the cytoplasm rather than the
plasma membrane, as shown by high-resolution confocal microscopy (Fig 4E and F). When
looking at RNA-seq analysis for several pathways of downstream EGFR signaling such as
mitogen-activated protein kinase (MAPK), phosphoinositide 3-kinase-protein kinase B (PI3K-
AKT), and phospholipase C gamma (PLCg), there were scattered differentially expressed
genes, but none of the pathways examined pointed to a change in signaling overall (Fig. S1A).
Moreover, to probe for changes in EGFR signaling at the protein level, we also carried out a
series of Western blots and immunostains for antibodies that recognize activity of signaling
proteins (fig. S1, B and C). We found that there was an elevation of pEGFR expression in

the GLS*® tumors, despite the fact that there was diminished EGFR enrichment at the cell
membrane. Downstream signaling of EGFR, however, was not consistent with the elevated
EGFR expression seen in GLS* tumors. Despite elevation of EGFR activity as measured by
this antibody, this did not correlate with increased tumor progression, perhaps because of the
localization of the activity within the cell as opposed to just the overall activity. On the other
hand, in tumors from the LDHAX® background, the pEGFR was at the membrane and expressed
at a higher level, similar to what was observed for ASCT2 (Fig 4G). Therefore, the elevated
glutaminolysis observed in LDHAKX® tumors and diminished glutamine uptake observed

in GLS*® tumors could be due to dynamic regulation of active EGFR with ASCT2 at the

membrane (Fig 4H).
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The fact that genetic abrogation of two metabolic pathways blocked cancer formation
and the intriguing pattern of nutrient transporter expression in single pathway deletions led us to
hypothesize that perhaps coupling genetic blockade of glutaminolysis with small-molecule
inhibition of lactate uptake could diminish tumor progression in the DMBA/TPA model. AZD0095
is an established inhibitor of MCT4, the transporter we showed that was up-regulated
in GLSK tumors (Fig 2B). We treated both WT and GLS*® tumor model mice with this inhibitor
to test whether blocking the primary means of metabolic flexibility would have an effect
on GLS*C tumors. We tracked tumor formation and progression in WT and GLS*° models
before and after treatment with AZD0095 and found that, once lactate uptake was inhibited by
AZDO0095, the trajectory of tumorigenesis was diminished, specifically in tumors arising from
deletion of GLS in cancer cells of origin (Fig 5A and B). Therefore, these data point toward the
utility of blocking multiple metabolic pathways to treat cancer and demonstrate the importance
of nutrient transporter regulation as a key mediator of metabolic flexibility.

Our data also show that when LDHA activity is blocked, an increase of glutamine uptake
coincides with the up-regulation of the ASCT2 transporter (Fig 5C). Conversely, when GLS
activity was genetically blocked, lactate uptake was increased along with expression of MCT4
transporter at the cell membrane (Fig 5C). Furthermore, we expanded previous findings to
demonstrate that the GLUT1 transporter is key to the promotion and diminution of glycolytic
activity observed in LDHA- and MPC-deleted tumors (Fig 3). The regulation of these
transporters did not appear to be at the transcriptional level, as RNA-seq failed to identify
changes in RNA expression of any of these transporters. These results suggest that interactions
between these transporters and proteins, such as EGFR and TXNIP, mediate the regulation of
cell membrane localization of these transporters, which then appear to drive metabolic flexibility
(Fig 5C). We have yet to identify a mechanism for regulation of MCT4 at the membrane which
can explain the increase in lactate uptake in the absence of GLS, but this will be an active area

of investigation going forward. The mechanisms proposed here demonstrate that cancer cells

53



have a rather elegant means with which to compensate for loss of function of a metabolic
pathway by simply putting more transporter at the membrane for an alternate pathway. Another
outstanding question from this study is how cells appear to sense a deficiency in nutrient uptake

from one pathway to then up-regulate alternative transporter concentration at the membrane.
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Fig. 1. Loss of GLS in tumors alters glutamine and glucose metabolism.

(A) WT or GLSK® SCC immunostaining for glucose transporter, GLUT1. Cell nuclei were stained
with DAPI. Quantification of mean intensity GLUT1 fluorescence in WT (n = 91) and GLS*® (n =
56) SCCs. Scale bars, 100 um. (B) Mean "8F-FDG SUV signal of papilloma [n=7 (WT), n=12
(GLS*®)and SCC [n =4 (WT), n= 15 (GLSX°)]. H, heart; Br, brain; K, kidneys; L, liver; B,
bladder. Statistical significance (*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001) for (A)

and (B) was calculated using a two-tailed ¢ test.
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Fig. 2. Increased lactate transporter and uptake in GLSX® SCC.

(A) WT or GLS¥° SCC immunostaining for lactate transporter, MCT1. Cell nuclei were stained
with DAPI. Quantification of mean intensity MCT1 fluorescence in WT (n = 39) and GLSK® (n =
36) SCCs. ns, not significant. Scale bars, 100 um. (B) WT or GLSX® SCC immunostaining for

lactate transporter, MCT4. Cell nuclei were stained with DAPI. Quantification of mean intensity
MCT4 fluorescence in WT (n = 33) and GLSX® (n = 27) SCCs. Statistical significance (****P <

0.0001) was calculated using a two-tailed t test. Scale bars, 100 um. (C) RNA-seq data

of WT (n = 2) or GLSX® (n = 5) tumors showing transcription levels of lactate transporters.
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Fig. 3. Posttranscriptional increased glucose transporter at the cell surface.

(A) WT or MPCX° SCC immunostaining for glucose transporter, GLUT1. Cell nuclei were
stained with DAPI. Quantification of mean intensity GLUT1 fluorescence in WT (n = 56)

and MPCX° (n = 49) SCCs. Scale bars, 100 ym. (B) WT or LDHAX® SCC immunostaining for
glucose transporter, GLUT1. Cell nuclei were stained with DAPI. Quantification of mean
intensity GLUT1 fluorescence in WT (n = 61) and LDHAX® (n = 65) SCCs. Scale bars, 100 pum.
(C) RNA-seq data of WT (n = 5) or LDHAK® (n = 5) tumors showing transcription levels of
glucose transporters. (D) Schematic of TXNIP inhibiting GLUT1. (E) WT, LDHAK®,

or MPCX° tumor serial sections were probed for TXNIP and GLUT1. Lines in zoomed images
mark boundaries of tissue structures and highlight anticorrelation between TXNIP and GLUT1.
Quantification of TXNIP expression [n = 3 (WT), n= 3 (LDHAK®)land [n =4 (WT),n=6
(MPC¥9)] SCCs. Quantification of GLUT1 expression [n = 3 (WT), n = 4 (LDHAX®)] and [n = 4
(WT), n =6 (MPCK°)] SCCs. Scale bars, 50 um. Figure 3D was produced using BioRender.
Statistical significance (*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001) for (A), (B), and

(E) was calculated using a two-tailed t test.
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Fig. 4. Inhibition of the Warburg effect drives increase in glutamine transporter and
uptake.

(A) WT or GLSX® SCC immunostaining for glutamine transporter, ASCT2. Cell nuclei were
stained with DAPI. Quantification of mean intensity ASCT2 fluorescence in WT (n = 8)

and GLSK° (n = 8) SCCs. Statistical significance (****P < 0.0001) was calculated using a two-
tailed t test. Scale bars, 100 um. (B) WT or LDHAX® SCC immunostaining for glutamine
transporter, ASCT2. Cell nuclei were stained with DAPI. Quantification of mean intensity ASCT2
fluorescence in WT (n = 23) and LDHAK® (n = 74) SCCs. Statistical significance (**P < 0.01)
was calculated using a two-tailed t test. Scale bars, 100 um. (C) RNA-seq data of WT (n = 2)
or GLS*® (n = 5) tumors showing transcription levels of glutamine transporters. (D) Confocal
microscopy for WT SCC immunostaining for ASCT2 and pEGFR. Scale bar, 20 ym.

(E) WT or GLS*® SCC immunostaining for pEGFR. Cell nuclei were stained with DAPI.
Quantification of pEGFR membrane enrichment in WT (n = 8) and GLSX® (n = 8) SCCs.
Statistical significance (***P < 0.001) was calculated using a two-tailed ¢ test. Scale bars, 100
um. (F) Confocal microscopy of WT or GLSX® SCC immunostaining for pPEGFR. Scale bar, 10
um. (G) WT or LDHAX® SCC immunostaining for pEGFR. Cell nuclei were stained with DAPI.
Quantification of pPEGFR membrane enrichment in WT (n = 9) and LDHAX® (n = 9) SCCs.
Statistical significance (*P < 0.05) was calculated using a two-tailed t test. Scale bars, 100 ym.
(H) Schematic proposing ASCT2 and EGFR localizations in WT and GLS*® SCCs. Figure

4H was produced using BioRender.
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Fig. 5. Targeting both glutaminolysis and glycolysis in SCC.
(A) Tumor rates for WT (n = 26) and GLS*® (n = 73) tumors during DMBA/TPA chemical
carcinogenesis. (B) Tumor rates for WT (n = 11) and GLSK® (n = 45) tumors treated with

AZDO0095 on day 137. Rates quantified before and after AZD0095 treatments. (C) Schematic of
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proposed mechanisms of metabolic flexibility in LDHAK® and GLS*° HFSC-induced

SCCs. Figure 5C was produced using BioRender.
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(A) Schematic of EGFR downstream signaling and RNA-seq data of WT (n=2) or GLS*® (n=5)
tumors showing transcription levels of EGF target genes: EGFR, PIK3-AKT, and MAPK-ERK
target genes. Statistical significance (*p<0.05; **p<0.01; ***<0.001; ****p<0.0001)

was calculated using a two-tailed t test. Figure 3A was produced using Biorender.(B) Western
blots of WT and GLSK® SCCs probed for proteins associated with activated

EGFR signaling. (C) WT or GLSX® SCC immunostaining for downstream EGFR signaling, pAKT
and pERK. Cell nuclei were stained with DAPI. Quantification of mean fluorescence intensity of
PAKT, WT (n=46) and GLS*® (n=22), and pERK, WT (n=41) and GLS*® (n=22), in SCCs. Scale

bar, 100um.
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CHAPTER 4
Inhibition of pyruvate oxidation diminishes melanoma progression
INTRODUCTION

Emerging evidence suggests that cell fate can be influenced by changes in metabolic
flux. For example, the activation of stem cells in the hair follicle, intestine and brain has been
shown to be regulated by pyruvate oxidation [1]. In addition, there is extensive evidence that
stem cells can serve as cancer cells of origin, and tumor cells are well-established to show
profound metabolic changes that are thought to drive proliferation and metastasis [2]. One
common metabolic change associated with cancer is increased glycolysis, namely the Warburg
effect [3]. It was previously established that inhibition of pyruvate oxidation can promote
glycolysis, and in some cases promote tumorigenesis [4]. Here we explored a role for pyruvate
oxidation in melanocyte stem cell regulation and their ability to drive melanoma formation.
Melanocyte Stem Cells (MeSCs) reside in the hair follicle bulge adjacent to hair follicle stem
cells (HFSCs) [5]. MeSCs of the hair repeatedly proliferate and differentiate during each hair
cycle to pigment the hair follicles. It has been recently shown that quiescent melanocytes are a
cell of origin for Melanoma [6], the most devastating type of skin cancer due to its highly
metastatic potential. At the molecular level, activating mutations in RAS-RAF-MEK-ERK
signaling pathway are found in the majority of the cutaneous melanomas[7]. For over 100 years,
carcinogenesis has been coupled to metabolic changes, particularly the Warburg effect,
whereby tumor cells take up high amounts of glucose and secrete lactate as a product of
glycolysis[8]. Because of the near ubiquity of this observation across cancers, it was presumed
that glycolysis and lactate secretion was critical for oncogenesis[4]. However, we previously
showed that genetic deletion or promotion of the Warburg effect in nascent squamous cell
carcinoma had no effect on tumorigenesis, except at the metabolic level where tumors exploited
metabolic flexibility by increasing their utilization of glutamine through a process called

glutaminolysis[9]. Over the last 10 years we have identified metabolic pathways that are
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specifically enriched in hair follicle stem cells and showed that manipulation of these pathways
can strongly regulate hair follicle stem cell activation[1]. We hypothesized that many adult stem
cells in various tissues share enrichment for glycolytic metabolism that we observed in HFSCs,
and therefore would respond to inhibition of pyruvate oxidation in a similar manner. As the key
mediator of pyruvate oxidation, the mitochondrial pyruvate carrier is made up of multiple
subunits of the proteins Mpc1 and Mpc2[10]. Genetic deletion of this complex during embryonic
development is lethal, and many groups have used conditional deletion to remove this activity
from a variety of tissues. In each tissue, loss of Mpc led to distinct effects, some beneficial, in
others deleterious.
RESULTS

To determine the role of pyruvate oxidation in MeSC homeostasis we created transgenic
animals bearing alleles for both Tyr-CreER and floxed Mpc1. At the start of the hair cycle, the
first observable event macroscopically is pigmentation due to melanocytes generated from
MeSCs, therefore measuring time to pigmentation is an accurate reflection of MeSC activation.
As shown in Figure 1, deletion of Mpc1 before the start of the second adult hair cycle by
Tamoxifen administration did not appear to affect the pigmentation, timing of the hair cycle, of
follicular morphogenesis, or the number of melanocytes, suggesting that inhibition of pyruvate
oxidation is not necessary for MeSC activation (Fig 1A-C). We confirmed that Mpc1 deletion did
have an effect on metabolism in targeted cells by sorting MeSCs and performing metabolomics
on mice pulsed with C13-Glucose (Fig 1D. In MeSCs with Mpc1 deletion, we did detect an
increase in lactate production and inhibition of pyruvate oxidation as measured by C13
incorporation into TCA metabolites and amino acids (Fig 1D). The fact that Mpc1 deletion did
not affect MeSC activation is not consistent with a similar deletion in HFSCs, which led to a
strong activation and premature initiation of the hair cycle or ISCs and NSCs, which in both

cases led to increased proliferation.
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As MeSCs have been shown to be cells of origin for Melanoma, we next tested whether
deletion of Mpc1 in MeSCs would affect their ability to initiate or propagate melanoma. We
crossed mice to generate transgenic animals with Tyr-CreER, floxed-Mpc1, Lox-Stop-Lox
BrafV600F, and floxed-Pten alleles, a combination that has become the accepted standard for
murine melanoma GEMM. Remarkably, mice lacking Mpc1 in MeSCs showed reduced tumor
burden, but no change in the time to tumor initiation (Fig 2A). Western blotting from these
tumors confirmed deletion of Mpc1 (Fig 2B). Probing tumors histologically, we found that Mpc1
deleted tumors presented with a less invasive phenotype, and diminished proliferation as
measured by expression of Sox10 and Mcm2 (Fig 2C and D). As another measure of tumor
grade, we used FDG-PET imaging to examine glucose uptake in Braf/Pten driven tumors with
and without Mpc1. In fact, Mpc1 KO tumors showed considerably less FDG uptake consistent
with a lower tumor grade (Fig 2E). We also derived cell lines from these same melanoma
described in Fig 2 to assess the effect of inhibition of pyruvate oxidation in vitro. In fact, cell lines
derived from Mpc1 KO tumors still demonstrated a lower proliferation rate, as shown in vivo (Fig
2F and G). Furthermore, treating wildtype melanoma tumors with UK5099, an established small
molecule inhibitor of Mcp1 (IC50 = 50nM), also slowed cell division in vitro, consistent with the
Mpc1 deleted tumors in vitro and in vivo (Fig 2F and G).

To summarize, inhibition of pyruvate oxidation did not appear to have an effect on the
self-renewal or differentiation of melanocytes, but did show an effect on melanoma formation
from melanocyte stem cells. Despite the fact that Mpc inhibition in associated with elevation of
glycolysis which is thought to drive cancer formation, we found just the opposite to be true,
namely that inhibition of pyruvate oxidation in fact led to diminished melanoma aggressiveness

both in vivo and in vitro.
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Figure 1. Deletion of Mpc1 in MeSCs does not affect melanogenesis or pigmentation

A, Macroscopic images of mice 2 months after deletion of Mpc1 via recombination under the
control of the inducible TyrCreER transgene showed no effect on pigmentation in hair. B,
Histological images of wildtype and Mpc1 deletion animals did not show microscopic effects on

melanogenesis. C, Microscopic imaging of Tomato allele combined with Mpc1 deletion under
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TyrCreER did not lead to altered numbers of MeSCs as shown and quantified. D, Metabolomics
on sorted MeSCs (via Tomato expression) showed diminished TCA cycle intermediates and

amino acids as would be expected if pyruvate oxidation is blocked by the loss of Mpc1.
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Figure 2. Deletion of Mpc1 during melanonamgenesis abrogates tumor progression
A, Macroscopic images and quantification of mice with (left) and without Mpc1 (right) in MeSCs

after induction of expression of Braf and loss of Pten. The number of tumors was diminished in
the Mpc1 KO mice compared to control, but the time to tumor formation was not affected. B,
Western blotting with tumor tissue with and without Mpc1 was performed to validate the deletion
in the tumors. C, Microscopic imaging of tumor tissue showed that Mpc1-deleted tumors had
reduced proliferation of the melanoma compared to wildtype. D, Histological staining of tumors
suggested reduced invasion and progression in the absence of Mpc1. E, Immunostaining with
markers of melanoma and recombination (tdTomato) confirmed that Mpc1 tumors show
diminished invasion. F. Live animal FDG-PET imaging showed a diminished overall tumors as

70



measured by FDG uptake, confirming the macroscopic analysis in A. G, left, Cell lines isolated
from the tumors described showed reduced proliferation in the absence of Mpc1. Right,
treatment of wildtype cell lines with UK5099, which blocks Mpc1 function, suppressed
proliferation of melanoma cells in vitro. H, Metabolomics with c13-glucose to compare glucose
utilization in wildtype and Mpc1-KO tumors showed evidence of both diminished pyruvate
oxidation (malate and fumarate labeling), and increased one carbon metabolism (serine and

glycine) and effects on the Pentose Phosphate Pathway
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CHAPTER 5
CONCLUSION

These projects have identified metabolic flexibility, limits to flexibility, and therapeutic
targets in SCC and melanoma. Although both skin cancers exhibit differences in their response
to altering metabolism, our data potentially point toward therapeutic combinatorial strategies to
target cancer initiation and progression. In SCC, targeting LDHA or GLS alone is not effective in
preventing SCC formation because cancer cells adapt and use other metabolic pathway to
grow. However, targeting both LDHA and GLS in combination is effective to starve cancer cells
from their carbon sources and prevent SCC formation. These results elucidate the effectiveness
of targeting glycolysis, lactate metabolism, or glutaminolysis in combination. Using this, we can
identify metabolic targets, such as transporters and enzymes, associated with these processes
in combination moving forward. In melanoma, we did see a single knock out of Mpc1 was
effective in decreasing progression of the cancer. Although it did not fully eliminate the cancer,
using a combination of Mpc1 inhibition and other enzymes or transporters like GLS, ASCT2,
GLUT1, MCT4 would be of interest moving forward to completely abolish tumorigenesis.

While previous studies argued that blockade of individual metabolic nodes could be an
effective treatment strategy, our data argue otherwise. It is worth speculating that the difference
between these outcomes could be due to the cancer models being used, namely, in vitro versus
in vivo. Our data in SCC are consistent with studies showing that instead multiple metabolic
pathways must be targeted to overcome metabolic flexibility of cancer cells, including a previous
in vivo study in lung cancer showing that tumors that are insensitive to inhibition of glycolysis or
GLS alone, are sensitive to the combination of both glycolysis and GLS inhibition (1-3).

In vivo, cancer cells have access to the tumor microenvironment, circulation, and immune cells,
so it is possible that targeting one pathway in vitro can be effective because it does not have
access to other nutrients or cell types that are present in vivo. As a result, therapeutic

abrogation of cancer progression will probably require pharmacological targeting of more than
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one pathway as our genetic data presented here suggest. Fortunately, extensive effort has been
devoted to creating small-molecule inhibitors of various metabolite uptake and utilization
pathways such as CB839 (GLS), GSK2837808A (LDHA), UK5099 (Mpc1l), and AZD0095
(MCT4). All these compounds show good safety profiles; however, none of these compounds by
themselves effectively block tumor progression but perhaps could be more efficacious in
combination. It is worth noting that another approach with the drug 6-Diazo-5-oxo-I-norleucine

(DON) is beginning to show promise in clinical trials (4-6). However, this compound appears to

target many proteins in the glutamine utilization pathway and perhaps has targets outside of the
glutamine pathway, in which case would be consistent with the hypothesis that it is necessary to
target multiple metabolic nodes to treat cancer.

While our study to target melanoma through metabolism is focused on one metabolic
target, Mpc1l, this alone was enough to impact tumorigenesis and lead to a less aggressive
melanoma. On the same theme as SCC, it is likely targeting Mpc1l in melanoma will need to be
combined with another therapeutic or metabolic target to fully diminish the cancer. Since
melanoma is so deadly due to its aggressiveness, our results highlight the importance to
continue to study Mpcl inhibition in melanoma. Future studies include treating melanoma with
UK5099, Mpcl inhibitor, chronically over time at different time points in vivo to track when Mpcl
inhibition is most effective. UK5099 can be formulated in chow and fed to mice as early as post
weaning exhibiting a chronic treatment of Mpc1l inhibition. Additionally, it would be interesting to
combine UK5099 treatment with another metabolic target, or another therapeutic for melanoma
such as immunotherapy or radiation therapy. To extend that study, focusing on melanoma that
is resistant to other therapies would be interesting to treat with Mpc1l inhibition to observe if
targeting metabolism in melanoma is most effective pre- or post-therapeutic intervention by

other approaches.
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Of the many striking results, the GLSX°LDHAX® mice that failed to generate SCC was
very exciting and led to question exactly how these double knock out mice regress or become
necrotic. Since we have a general timeline of when papilloma do form in these mice, we can
generate these mice, begin the chemical carcinogenesis, and at the timepoint we observe these
papilloma begin to form or regress, we collect the papilloma and characterize them for
metabolomics, RNAseq, immunoblotting, and histology. It can be that the papilloma might not
rely on the generation of lactate or glutamine being used for TCA, and solely grow using
glucose metabolism for TCA cycle derived ATP. However, as they try to transform, their
machinery required the use of enzymes like LDHA and GLS to facilitate the transformation. It
would be interesting to specifically focus on the immune cells during this process. Since we did
observe a presence of macrophages in the wildtype and knock out SCCs, its likely they are also
present during the papilloma development in the GLS*°LDHAX® mice. The macrophages
observed, however, were not infiltrating the tumor, instead they were in the tumor mesenchyme.
Macrophages have elevated glutamine metabolism to sustain their growth (7), so it’s possible
they are driven to the tumor for glutamine since cancer cells can’t use the glutamine in either
GLSX° or GLS*CLDHAK® mice. In the double knock out specifically, it could be the immune cells
take up all the nutrients that the cancer cells can’t use because their machinery to metabolize
them is knocked out. This could then create more powerful immune cells that could potentially
infiltrate tumors at the papilloma phase and cause regression. Specific promoters that target
certain immune cells could also be used down the line to knock out GLS or LDHA alone or in
combination with the HFSC knockouts which only target the epithelial cells in the tumor.
Nonetheless, characterizing the role of immune cells during this process is key to identify the
crosstalk between cancer cells, immune cells, and regression.

Our data also point toward the need to inhibit multiple pathways to achieve effective
cancer therapy and circumvent the metabolic flexibility. We hypothesize that in the double-

mutant tumors deleted for LDHA and GLS, HFSCs failed to up-regulate alternative pathways to
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substitute for the loss of glutaminolysis and lactate utilization as compensatory mechanisms
and, as a result, failed to fuel the TCA cycle leading to tumor growth. As a test of these
hypothesis, we showed that blocking the activity of a nutrient transporter (MCT4) specifically
diminished tumorigenesis in GLSX® tumors and had no effect on tumorigenesis in GLS-
expressing cells. Therefore, it is worth speculating that inhibition of nutrient uptake could be an
effective strategy to treat cancer. Future efforts will be devoted to both understanding the
biochemical mechanisms underlying nutrient transporter expression at cancer cell membranes
and developing methods to inhibit metabolic flexibility for the treatment of cancer.

As mentioned before, there are various small molecule inhibitors that target the enzymes
or transporters that we focused on in our SCC studies. To that end, ongoing experiments focus
on recapitulating our genetic results with pharmacological inhibitors. First, we aim to recapitulate
the GLSKCLDHAKXC results by using inhibitors to target GLS, such as CB839, and LDHA, such as
GSK2837808A in combination. Additionally, we are treating mice with AZD0095, MCT4 inhibitor,
and CB839 to recapitulate the findings were observed in GLSX° mice treated with AZD0095.
Because we did observe nutrient transporters to play a key role during metabolic flexibility, we
are also interested in treating mice with combinations of transporter inhibitors or different
combinations of enzyme + transporter inhibitors to identify effective targets.

When setting up these experiments, the timing of when to begin treatment is important.
During the DMBA/TPA skin chemical carcinogenesis, there is an initiation phase, where we treat
with DMBA, progression phase, which consists of contiguous TPA treatment, and then the
development of SCCs. If deciding to treat with inhibitors right after the initiation phase and
continue to treat until the end of the experiment, that will show the effectiveness of the inhibitor
combination as a preventative. If treating with inhibitors when a papilloma forms, which typically
takes 10-15 weeks, that can represent a benign tumor in the clinic and effectiveness of inhibition
can translate to the treatment of lower stage SCCs in patients. Moreover, treating with inhibitors

when SCCs develop can translate inhibitor combinations being used for treatment of patients
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with SCC that are already developed. All these experiments will provide valuable information for
a translational purpose. The concentration of inhibitors and frequency of inhibitor application will
also play a crucial role in the effectiveness of these future experiments.

Studies have shown that metabolites themselves can act as signaling molecules by
directly binding to protein targets to regulate their activity. Perhaps lactate is the best example of
this phenomenon, where proteins can be covalently modified by lactylation on lysine residues.
Probing for lactylation in our skin cancer models and different knock out conditions will begin to
explore the crosstalk between metabolites and downstream signaling. However, it is possible
that instead of altered levels of particular metabolites, metabolites trigger a distinct signal that
then changes the level of TXNIP protein levels to regulate the glucose transporter or EGFR at
the membrane to regulate ASCT2. TXNIP has been shown in different contexts to be regulated
at the RNA level by zinc finger protein 36 (ZFP36) and by microRNAs or at the transcriptional
level by oncogenes, cytokines, and growth factors, but our initial efforts to demonstrate a similar
mechanism did not yield substantial results. Until there are better described pathways for
nutrient expression as a regulator of metabolic flexibility, perhaps small-molecule manipulation
of these transporters would be the best way to circumvent metabolic flexibility to treat cancer.
For EGFR and ASCT?2 regulation, it would be interesting to treat tumors with EGFR inhibitors to
determine if that can also influence glutamine transport and metabolism in our models. Vast
studies on EGFR in cancer have led to significant effort to create effective EGFR inhibitors to
treat cancer, however, these inhibitors alone as a therapeutic have failed. With our results in
SCC, it would be interesting to test a combination of LDHA inhibitors with EGFR inhibitors and
see if that also recapitulates the same changes in EGFR localization and glutamine transporter
levels.

In the coming years, these findings can give a clear insight to new metabolic targets,
combination treatments, and ultimately using inhibitors combinations to treat patients in the

clinic. Because these cancers are on the skin and likely visible, topical treatments with these
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inhibitors in a gel or lotion can specifically treat the cancer without too much worry of normal
cells being drastically targeted. Another approach to establish these future goals is collaborating
with laboratories that can do high throughput drug screenings to test multiple combinations of
inhibitors. An effective way to study this can be by generating three-dimensional organoid
models derived from human cancers, primarily SCC and melanoma, and testing our metabolic
inhibitor combinations on these. Ultimately this can then be translated to other different types of
cancers to understand how universal these targets are. The media in which these organoids is
extremely important when addressing these questions of flexibility and effectiveness of
inhibitors. Many medias contain high glucose concentrations and either no or low levels of
glutamine or lactate. Organoids will ideally first need to be cultured and adapted to a system
where all nutrients are present, and then treated with inhibitors to determine if cells adapt to

single to double metabolic manipulation.

79



1)

2)

3)

4)

5)

6)

7)

REFERENCES
M. Momcilovic, S. T. Bailey, J. T. Lee, M. C. Fishbein, D. Braas, J. Go, T. G. Graeber, F.
Parlati, S. Demo, R. Li, T. C. Walser, M. Gricowski, R. Shuman, J. Ibarra, D. Fridman, M. E.
Phelps, K. Badran, M. St John, N. M. Bernthal, N. Federman, J. Yanagawa, S. M. Dubinett,
S. Sadeghi, H. R. Christofk, D. B. Shackelford, The GSK3 signaling axis regulates adaptive
glutamine metabolism in lung squamous cell carcinoma. Cancer Cell 33, 905-921 €905
(2018).
M. Momcilovic, D. B. Shackelford, Dual targeting of EGFR and glutaminase in lung
cancer. Mol. Cell. Oncol. 5, €1297883 (2018).
M. Momcilovic, S. T. Bailey, J. T. Lee, M. C. Fishbein, C. Magyar, D. Braas, T. Graeber, N. J.
Jackson, J. Czernin, E. Emberley, M. Gross, J. Janes, A. Mackinnon, A. Pan, M. Rodriguez,
M. Works, W. Zhang, F. Parlati, S. Demo, E. Garon, K. Krysan, T. C. Walser, S. M. Dubinett,
S. Sadeghi, H. R. Christofk, D. B. Shackelford, Targeted inhibition of EGFR and glutaminase
induces metabolic crisis in EGFR mutant lung cancer. Cell Rep. 18, 601-610 (2017).
W. Yu, X. Yang, Q. Zhang, L. Sun, S. Yuan, Y. Xin, Targeting GLS1 to cancer therapy
through glutamine metabolism. Clin. Transl. Oncol. 23, 2253—-2268 (2021).
R. Rais, K. M. Lemberg, L. Tenora, M. L. Arwood, A. Pal, J. Alt, Y. Wu, J. Lam, J. M. H.
Aguilar, L. Zhao, D. E. Peters, C. Tallon, R. Pandey, A. G. Thomas, R. P. Dash, T. Seiwert, P.
Majer, R. D. Leone, J. D. Powell, B. S. Slusher, Discovery of DRP-104, a tumor-targeted
metabolic inhibitor prodrug. Sci. Adv. 8, eabq5925 (2022).
Y. Yokoyama, T. M. Estok, R. Wild, Sirpiglenastat (DRP-104) induces antitumor efficacy
through direct, broad antagonism of glutamine metabolism and stimulation of the innate and
adaptive immune systems. Mol. Cancer Ther. 21, 1561-1572 (2022).
Ma, G., Zhang, Z., Li, P. et al. Reprogramming of glutamine metabolism and its impact on

immune response in the tumor microenvironment. Cell Commun Signal 20, 114 (2022).

80



APPENDIX
Materials and Methods
Animals

Chapter 2 and 3: All animal experiments and related procedures were performed and

maintained in accordance with protocols set forth and approved by University of California, Los
Angeles (UCLA) Animal Resource Committee and the Institutional Animal Care and Use
Committee at UCLA in facilities run by the UCLA Department of Laboratory Animal Medicine.
Animal strains came from the Jackson Laboratory (K15-CrePR, GLS1 fl/fl, LDHA fl/fl, and MPCA1
fl/fl).

Chapter 4: All animals were maintained in UCLA’s division of Laboratory Medicine (DLAM)-
approved pathogen-free facilities and procedures were performed according to the UCLA
Animal Research Committee. TyrCreERT2; BRAFV600E/+; Pten+/- and Rosa26tdtomato mice
on C57BL/6J background were obtained from Jackson laboratories. Mpc1 flox mice were
obtained from Rutter lab. They were crossed to obtain the following genotypes: TyrCreERT?Z;
BRAFV600E; Pten -/-; Mpc1 f/+; Rosa26td-tomato (Mpc1 WT) and TyrCreERT2; BRAFVG00E/+;
Pten -/-; Mpc1f/f; Rosa26td-tomato (Mpc1 KO). Cre-loxP recombination of floxed sites was
induced by intraperitoneal injection of Tamoxifen (Sigma, T5648) prepared in corn oil (Sigma,

C8267). Animals were treated with 2 mg Tamoxifen daily for 5 consecutive days.

Primary Cells and Cell Lines

Chapter 4: Melanoma cells were isolated from primary skin tumors of mice and cultured in 2D
conditions. For this, tumors were dissected from skin of mice, cut into small pieces with
scissors, and incubated in 1.5 mL of 5mg/ml 1:1 Collagenase I/IV mixture for 45 minutes in 5%
CO, at 37°C. The cells were centrifuged for 5 minutes at 1100 rpm with wash buffer consisting
of, 10X Hanks Balanced Salt Solution (Gibco; 14025092) and 20% FBS. The supernatant was

discarded and cells were incubated in 2 mL of cell dissociation buffer (Gibco; 13150016) for 10
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minutes in 5% CO, at 37°C. The cells were aspirated with an 18G syringe various times and
then centrifuged at 1100 rpm for 5 minutes with wash buffer. The supernatant was discarded,
medium was added, and the cells were counted with hemocytometer and trypan blue. Cells
were plated at 1,000,000 cells per well (GenClone 25-105) and fed every other day. Medium
consists of Ham's F-12 (Gibco; 11765054), 10% FBS, and 1mL of Primocin (Invivogen,

NC9392943).

Growth Rate Experiments

Chapter 4: Cells were counted with a hemocytometer and trypan blue and seeded at 50,000
cells/well (GenClone 25-105). The following day 2-3 wells were trypsinized for 5 minutes,
centrifuged for 5 minutes at 1100 rpm with media, and counted to obtain the initial cell seeding.
Cells were discarded. Four days later the remaining wells were trypsinized, centrifuged for 5
minutes at 1100 rpm with media, and counted to obtain the final cell count. The following
equations were used to obtain growth rate and fold change [Fold Change (4 days)= (Cf - Ci)/ Ci]
[Growth Rate (k): In(Cf/Ci)= k (Tf-Ti)]. Data were analyzed in Microsoft Excel, formatted in
GraphPad Prism, and error bars represent tSEM. An unpaired, two-tailed student’s t-test
determined significance, with P < 0.05 considered statistically significant, denoted by *P < 0.05

and **P < 0.01.

Two-stage tumorigenesis in mouse skin

Chapter 2 and 3: Tumors were induced on genetically engineered mice using K15-CrePR

animals floxed for either GLS or GLS and LDHA by a cutaneous two-stage skin chemical
carcinogenesis. Transgenic animals were shaved and treated with mifepristone (200 pl of 10
mg/ml dissolved in filtered sunflower seed oil) daily for 3 days by intraperitoneal injection to
delete GLS or GLS and LDHA. After 1 week of treatment with mifepristone, mice were topically

treated with a tumor-initiating agent, DMBA (400 nmol dissolved in acetone). After 1 week of
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DMBA application, mice were topically treated with a tumor growth—promoting agent, TPA (20
nmol dissolved in 100% ethanol), twice a week 3 to 4 days apart until time of harvest and 25 to
35 weeks after the initial DMBA treatment. Papilloma began to form 10 to 20 weeks post-DMBA

treatment, and SCCs began to form 20 to 35 weeks post-DMBA treatment.

Histology, immunofluorescence, IHC, and immunoblotting

Chapter 2-4: Tumors were harvested from dorsal skin for each indicated genotype and
embedded in unfixed optimal cutting temperature (OCT) compound. Tumors in OCT were cut at
10 ym on a Leica 3200 Cryostat for immunostaining and hematoxylin and eosin staining. For
immunofluorescence staining, slides were briefly fixed in 10% buffered formalin and washed in
phosphate-buffered saline (PBS) twice for 10 min. Slides were blocked with 10% goat
serum/0.25% Triton X-100 for 1 hour at room temperature while rotating. Primary antibodies
were diluted into blocking buffer, added to samples, and incubated overnight. The next day,
slides were washed in PBS/Tween. Secondary antibodies were added at 1:500 dilution and
were incubated on slides rotating at room temperature for 1 hour. Slides were then washed in
PBS/Tween, mounted with Prolong Gold with 4',6-diamidino-2-phenylindole (DAPI; Invitrogen),
and sealed with clear nail polish. IHC was performed on formalin-fixed paraffin-embedded tissue
sections. Slides underwent antigen retrieval with citrate, were incubated in hydrogen peroxide
for 30 min at 4°C, blocked with 10% goat serum/0.25% Triton X-100 for 1 hour at room
temperature, and incubated with primary antibodies overnight. For detection, we used a
secondary horseradish peroxidase—labeled polymer (Dako) and 3-amino-9-ethylcarbazole
(AEC) Substrate Chromogen (Vector Laboratories). For Western blot, the total protein
concentration was determined using the bicinchoninic acid (BCA) assay kit (Pierce) per the
manufacturer’s protocol with a microplate reader. Ten micrograms of protein was loaded per well
for each tumor lysate. Gel was run, transferred, and blocked in 3% BSA. Primary antibodies

were diluted in 3% BSA and incubated in membrane overnight. Membrane was washed,
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incubated with goat anti-rabbit immunoglobulin G (H+L) secondary antibody (horseradish

peroxidase; 1:20,000), and imaged using the SuperSignal West Pico PLUS Chemiluminescent

Substrate. Table 1 lists the primary antibodies used for immunofluorescence (IF), IHC, and

Western blot (WB):

TABLE 1: Antibodies used for IF, IHC, and WB.

Antibody Source Identifier Technique
anti-rabbit KGA/GAC (GLS) Proteintech Cat #: 12855-1-AP | IF
anti-chicken KERATINS Biolegend Cat #: 905901 IF
anti-rabbit CD45 abcam ab10558 IF
anti-rat CD11b [M1/70] abcam ab197701 IF
anti-rabbit MCT1 Proteintech Cat #: 20139-1-AP | IF
anti-rabbit MCT4 Proteintech Cat #: 22787-1-AP | IF
anti-rabbit GLUT1 [EPR3915] abcam ab115730 IF, IHC
anti-rabbit TXNIP Invitrogen Cat #: yf3950376A | IHC
anti-rabbit ASCT2 (V501) Cell Signaling | Cat #: 5345 IF
anti-rabbit EGFR (pY1068) | abcam ab40815 IF
[EP774Y]

anti-rat Ki67 eBioscience | Cat#: 41-5698-82 | IF
anti-rabbit Cleaved-Caspase-3 Cell Signaling | Cat #: 9661S IF
anti-rabbit p38 MAPK | Cell Signaling | Cat #: 4511 wB
(pT180/pY182) (D3F9)

anti-rabbit AKT1 (pS473) + AKT2 | abcam ab192623 WB, IF

(pS474) + AKT3 (pS472)
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anti-rabbit GSK-3[3 (pS9) (5B3) Cell Signaling | Cat #: 9323 WB
anti-rabbit c-Jun (pS73) (D47G9) Cell Signaling | Cat #: 3270 wB
anti-rabbit MEK1/2 (pS221) | Cell Signaling | Cat #: 2338 WB
(166F8)

anti-rabbit ERK1 (pT202) + ERK2 | abcam ab201015 WB, IF
(pT185)

anti-rabbit STAT3 (pY705) abcam ab76315 WB
anti-rabbit CREB (pS133) (87G3) Cell Signaling | Cat #: 9198 WB
anti-rabbit B-actin abcam ab8227 WB
anti-goat tdTomato Arigo ARG55724 IF
anti-rabbit Melanoma gp100 | abcam ab137078 IF
[EP4862(2)]

anti-rabbit MCM2 abcam ab4461 IF
anti-rabbit Sox10 (H-140) Santa Cruz sc48824 IF
anti-rabbit S100 abcam ab52642 IF
GAPDH Cell Signaling | Cat #: 5174P wWB
anti-rabbit Mpcl Cell Signaling | Cat #: 14462 WB

Tracing with 3C¢-d-glucose, '*Cs-I-glutamine, and *C;-sodium-I-lactate in vivo

Chapter 2: Before euthanasia, mice were intraperitoneally infused with 3Ce-d-glucose

(Cambridge Isotope Laboratories, PR-31904), '*Cs-I-glutamine (Cambridge Isotope

Laboratories, PR-30230), and '3Cs-sodium-I-lactate (Cambridge Isotope Laboratories, PR-

31355) label for 10 min. "*Ce-d-glucose was infused at 2 g/kg, '*Cs-l-glutamine at 0.3 mg/g,

and "3Cs-sodium-I-lactate at 200 pl of solution. After 10 min of tracing, tissues were dissected
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within 3 to 5 min for metabolite extraction. Pulse labeling data represent fractional contribution

of metabolites.

Metabolite extraction in vivo

Chapter 2: These experiments were performed as previously described in Flores et al. Nature
Communications, 2019. Briefly, <8 mg of fresh tumors was momentarily rinsed in cold 150 mM
ammonium acetate (pH 7.3) and then added into 1 ml of a cold solution of 80% methanol with
10 nM trifluoromethanosulfanate. Tumors samples were homogenized with a tissue
homogenizer (BeadBug6 model: D1036, 5 cycles, 4000 speed, 30 times) for full
homogenization. After removing insoluble material by centrifugation at 17,000g at 4°C for 10
min, the supernatant was added into a glass vial, and metabolites were dried down under
vacuum or an EZ-2Elite evaporator. Mass spectrometry was performed as previously described
in Flores et al. Nature Communications, 2019. Cell pellets were resuspended in
radioimmunoprecipitation assay buffer (Pierce) with Halt protease and phosphatase inhibitors
(Thermo Fisher Scientific) on ice. After removing insoluble material by centrifugation at 8000g at
4°C for 5 min, total protein concentration was determined using the BCA assay kit (Pierce) per

the manufacturer’s protocol with a microplate reader.

Metabolite extraction in vitro

Chapter 4: Cells were seeded in 6-well plates. For labeling and glucose consumption
experiments, the media was replaced with DMEM containing 10 mM U-13C-gluose (Cambridge
Isotypes), 10mM U-12C - glutamine and 10% dialyzed FBS 24h after seeding. The metabolites
were extracted after 24h incubation in labeling media at 70-80% confluence. The labeling media
was added to additional empty wells (without cells) for glucose consumption experiment. For
metabolite extraction, the wells were washed twice with ice-cold 150 mM ammonium acetate,

ph=7.3. 500 ul 80% methanol was added to each well and incubated at -80°C for 20 minutes.
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The cells were scraped off the plate, vortexed and centrifuged at maximum speed. The resulting
supernatant was dried under vacuum and dried metabolites were kept at -80°C until mass
spectrometry analysis. Dried metabolites were reconstituted in 100ul of a 50% acetonitrile
(ACN) 50% dH20 solution. Samples were vortexed and spun down for 10 minutes at >17,000g.
70 ul of the supernatant was then transferred to HPLC glass vials. 10 ul of these metabolite
solutions were injected per analysis. Samples were run on a Vanquish (Thermo Scientific)
UHPLC system with mobile phase A (20 mM ammonium carbonate) and mobile phase B (100%
ACN) at a flow rate of 150 pl/min on a SeQuant ZIC-pHILIC polymeric column (2.1 3 150 mm 5
mm,EMD Milipore) at 35°C. Separation was achieved with a linear gradient from 20% A to 80%
A'in 20 min followed by a linear gradient from 80% A to 20% A from 20 min to 20.5 min. 20% A
was then held from 20.5 min to 28 min. The UHPLC was coupled to a Q-Exactive (Thermo
Scientific) mass analyzer running in a polarity switching mode with spray-voltage=3.2 kV,
sheatgas=40, aux-gas=15, sweep-gas=1, aux-gas-temp=350°C and capillary-temp=275°C. For
both polarities mass scan settings were kept at full-scan-range=(70-1000), ms1-resolution
=70,000, max-injectiontime=250ms, and AGC-target=1E6. MS2 data was also collected from
the top three most abundant singly-charged ions in each scan with normalized-collision-
energy=35. Each of the resulting “.RAW” files was then centroided and converted into two
”.mzXML” files (one for positive scans and one for negative scans) using msconvert from
ProteoWizard. These “.mzXML” files were imported into the MZmine 2 software package. lon
chromatograms were generated from MS1 spectra via the built-in Automated Data analysis
pipeline (ADAP) chromatogram module and peaks were detected via the ADAP wavelets
algorithm. Peaks were aligned across all samples via the Random sample consensus aligner
module, gap-filled, and assigned identities using an exact mass MS1(+/-15ppm) and retention
time RT (+/-0.5 min) search of our in house MS1-RT database. Peak boundaries and
identifications were then further refined by manual curation. Peaks were quantified by area

under the curve integration and exported as CSV files. If stable isotope tracing was used in the
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experiment, the peak areas were additionally processed via the R package AccuCor 2 to correct
for natural isotope abundance. Peak areas for each sample were normalized by the measured
area of the internal standard trifluoromethanesulfonate (present in the extraction buffer) and by

the number of cells present in the extracted well.

GLS activity assay
Chapter 2: Activity of GLS was measured by using a GLS activity fluorometric assay kit

(Biovision, K455) according to the manufacturer’s instructions.

FDG-PET imaging and analysis

Chapter 3 and 4: Small-animal PET/computed tomography scans were performed and analyzed

as we described in Flores et al. 2019 on SCC mice., Standardized uptake value (SUV) was
calculated using %ID/g. ID, injected dose. %ID/g = (SUV divided by animal weight in grams) x
100. Melanoma mice were fasted for 4h prior to procedure. They were placed on a heating pad
and anesthetized with 1.5% vaporized isoflurane and injected with the [18F]-FDG via tail vein.
Following 1-hour unconscious uptake, mice underwent micro-PET imaging (15 min static data
acquisition) immediately followed by micoCT imaging using the Genisys8 PET/CT scanner
(Sofie Biosciences). PET data was decay corrected, and attenuation correction was performed
using the CT images. Co-registered PET/CT data were analyzed and quantified by drawing 3D

regions of interest (ROI) using the AMIDE software.

Tumor quantification and scoring

Chapter 2 and 3: Each tumor developed was tracked over time, and fate was determined on

the basis of appearance and histology of tumor. Tumors were scored using the following scoring

system: 0 = papilloma regression; 1 = papilloma formation; 2 = papilloma grows; 1 = papilloma
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gets smaller; 3 = papilloma turns into SCC; 4 = SCC grows; 3 = SCC gets smaller. Slope of

each tumor score over time was quantified and noted as tumor rate.

Topical inhibitor treatments

Chapter 2 and 3: AZD0095 (MedChemExpress) was dissolved in dimethyl sulfoxide, and mice

were treated at 10 times the maximal inhibitor concentration to penetrate the in vivo epidermal

barrier. Inhibitor working solutions were then mixed into TPA and applied dorsally twice a week.

Statistics and reproducibility/statistical analysis

Chapter 2-4: All animals used come from a mixed C57BL6/FVB background with no preference
in mouse gender for any studies. There was no statistical measure used beforehand to
determine sample size. Data were analyzed in Microsoft Excel and GraphPad Prism, and error
bars represent SD between two groups performed by a two-tailed t test analysis. Statistical
significances were considered if *P < 0.05, **P < 0.01, and ***P < 0.001. Sample size and

statistical details can be found in the figure legends.
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