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Abstract
Title of Dissertation: VGLL4 and glutamine deprivation suppress YAP1/TEAD signaling
to attenuate the SCC cancer phenotype
McKayla Mickle, Doctor of Philosophy, 2022
Dissertation Directed by Richard L. Eckert, Ph.D., John F.B. Weaver Distinguished
Professor and Chair of Department of Biochemistry and Molecular Biology and Associate
Director of the Greenebaum Comprehensive Cancer Center, University of Maryland

School of Medicine.

Epidermal squamous cell carcinoma (SCC) is an aggressive form of cancer.
Previous studies have shown that a transcription factor, YAPL, drives the SCC cancer
phenotype by binding to TEAD transcription factors to activate pro-cancer gene expression
in the nucleus. However, Vestigial-like family member 4 (VGLL4) can bind TEAD factors
to disrupt YAPL/TEAD complex formation, which reduces YAP1/TEAD-dependent
transcription and target gene expression. This study shows that VGLL4 overexpression
decreases TEAD-dependent transcription in SCC cells, which reduces transcript and
protein expression of YAP1-target genes (CTGF, CYR61, Cyclin D1), and pro-cancer
collagen genes (COL1A2, COL3AL), resulting in a reduction in cell proliferation, spheroid
formation, invasion, and migration. Likewise, we show that VGLL4 overexpression
decreases YAP1 activity in tumors, resulting in a decrease in YAP1 target and pro-cancer
collagen gene expression and reduced EMT marker protein expression, which is associated

with a reduction in tumor growth. These findings suggest VGLL4 acts as a tumor



suppressor in SCC by inhibiting YAP1/TEAD signaling, resulting in an attenuation of the
SCC phenotype.

We also studied the interface between glutamine depletion and YAP1 signaling.
Glutamine is an abundant amino acid, and its uptake into the cell and mitochondria is
facilitated by solute carrier family 1 member 5 (SLC1A5). Cancer cells can become
addicted to glutamine and utilize glutaminolysis for ATP production and biomolecule
synthesis. Interestingly, YAP1 has been shown to regulate the expression of glutamine
metabolism proteins, including GLS1 and SLC1A5. The present study seeks to understand
the role of glutamine metabolism in SCC, determine a mechanism for the impact of
glutamine metabolism on YAPL1 signaling, and determine how glutamine metabolism can
be targeted to treat cancer. SLC1A5 knockdown or treatment with V-9302, an SLC1A5
inhibitor, suppressed cell invasion, proliferation, and spheroid formation and was
associated with a reduction in YAPL, YAP1-P, TAZ, TG2, and Cyclin D1 protein levels.
Surprisingly, SLC1A5 regulated YAPL1/TEAD-dependent transcription and YAP1-target
gene expression. VV-9302 treatment resulted in a decrease in tumor growth. These results
suggest that SCC cancer cells are glutamine addicted, YAP1 signaling is influenced by
glutamine deprivation, and glutamine restriction is a putative strategy for inhibiting the

SCC cancer phenotype.
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CHAPTER 1

INTRODUCTION

A. Cancer

Cancer is a prevalent and diverse disease, with more than 100 documented types
affecting various tissues [1]. It is a disease that stems from genomic dysregulation and
results in the transmutation of normal cells into mutated cells that ultimately give rise to
tumors [2]. Genomic dysregulation can arise from aberrant, intrinsic genomic events,
epigenetic dysregulation, viruses, and external physical and chemical factors [2-5].
Intrinsic genomic factors such as point mutations, chromosomal translocation, activation,
or amplification of oncogenes, and silencing or deletion of tumor suppressor genes
facilitate the progression of normal cells to aberrant, malignant cells [2]. In addition,
dysregulation of the epigenome can serve as a mechanism for cancer initiation [3].
Epigenetic regulation includes DNA and RNA methylation, post-translational
modifications of histones, and non-coding RNAs (ncRNAs) [3]. These mechanisms
promote cancer formation because aberrant epigenetic alterations can cause silencing of
tumor suppressors, disruption of RNA processing, repression of transcription, and
silencing by microRNAs (miRNAS) [3]. Moreover, viruses can cause cancer by integrating
viral DNA into the genome of the host, by promoting chronic inflammation that can result
in cellular and tissue injury, or indirectly by facilitating immunosuppression that results in

decreased immune detection of cancer-associated cells [4].



Likewise, physical agents such as ultraviolet (UV) and ionizing radiation (IR) or
chemical agents such as reactive oxygen species (ROS), nitrosamines, alkylating agents,
and heterocyclic aromatic amines can be external carcinogens [5-7]. These agents can
result in abasic sites, incorporated point mutations, and single- or double-stranded DNA
breaks (SSB, DSB) [5, 8]. DNA repair mechanisms such as nucleotide excision repair
(NER), homologous recombination (HR), or non-homologous end-joining (NHEJ) repair
these lesions [5, 8]. NER, HR, and NHEJ DNA repair mechanisms involve recognition of
the SSB or DSB, recruitment of proteins to the lesion site, endonuclease and polymerase
activity, and ligation in the case of NHEJ [5, 9-11]. NER consists of recognizing the lesion,
verifying damage, lesion excision, and filling in the nucleotide gap on the strand [5, 9]. In
HR, the DSB is detected, endonucleases cleave the 5° ends to create 3’ overhang single-
stranded DNA, the 3’ single-stranded DNA becomes bound by HR-associated proteins,
and additional factors are recruited to the DSB to initiate recombinase activity using a sister
chromatid as the template [5, 10]. Whereas HR happens during the S and G2 phases of the
cell cycle, NHEJ can occur in any of the cell cycle phases and involves detecting the DSB,
recruitment of NHEJ-associated proteins to the DSB for exonuclease, endonuclease,
polymerase, and ligation activity [10-11]. These genomic repair mechanisms are crucial
for correcting these injuries to the genome and ensuring against the propagation of
mutations that can cause cancer initiation and tumorigenesis.

These genomic abnormalities, physical and chemical agents, epigenetic alterations,
and viruses can result in DNA instability and DNA repair dysregulation, which can cause
aberrations at the cellular and tissue level [2-5]. Acquired genomic mutations in previously

normal cells can confer growth advantages resulting in malignant transformed cells, which



can lead to the proliferation of mutated cells [12]. These mutated cells can undergo
additional processes such as the epithelial-mesenchymal transition (EMT) and
dysregulation of the cell cycle resulting in cancer in situ and distant metastases [12].
Cancer cells and the tumor microenvironment exhibit distinct behaviors that
promote the cancer phenotype [13-14]. These hallmarks of cancer have been described to
classify the behavior of normal cells transitioning to neoplastic cells, highlight the role of
the tumor microenvironment, and underscore the burden of cancer cells on the system [13-
14]. Among these hallmarks are enhanced proliferative signaling, promotion of invasion
and metastasis, evasion of growth signaling, promotion of replicative immortality,
angiogenesis, evasion of immune destruction, harboring genomic instability and mutations,
resistance to cell death, and metabolic reprogramming [13-14]. These hallmarks not only
showcase the acquired characteristics of cancer cells and tumors over normal cells but also
provide insight into future treatment opportunities that can be used with surgical resection,
radiation, chemotherapy, and current immunotherapy to promote personalized medicine

and attenuate the burden of cancer [14].

B. Epidermal Squamous Cell Carcinoma
1. Skin and the epidermis
The skin is an organ in the integumentary system and is one of the largest organs
in the body that consists of subcutaneous, dermal, and epidermal layers (Fig 1-1) [15]. The
skin provides the first line of protection against the external environment [15]. In addition
to providing a barrier, the skin functions as a sensory organ [15-16]. It has immune

functions and retains water [15-16]. The epidermis is the uppermost layer of the skin, and
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it contains sebaceous glands, sweat glands, and hair follicles [16]. The epidermis contains
several cell types, including keratinocytes, melanocytes, Langerhans cells, and Merkel
cells, which aid in immune surveillance and mechanotransduction [15, 17].

The epidermis primarily consists of several layers of differentiated keratinocytes
[15] as seen in Fig. 1-1A. These layers include the stratum corneum, the stratum
granulosum, the stratum spinosum, the stratum lucidum, and the stratum basale [15]. The
basal layer of the epidermis, the sebaceous gland, and the bulge region of the hair follicle,
contain stem cells [16]. The basal layer also contains melanocytes [15]. The stem cells of
the basal layer can undergo asymmetric differentiation where one of the daughter cells
becomes terminally differentiated, and the other remains undifferentiated [16]. The stratum
spinosum is located atop the basal layer and contains cells linked together by desmosomes
[17]. This layer can also contain Langerhans and dendritic cells [17]. The stratum
granulosum is above the prickle layer and contains cells that have granules that contain
keratohyalin and lamellar bodies [15]. The stratum lucidum sits above the granular layer
[17]. It is a few layers thick and is primarily only found on the soles and palms [17]. The
stratum corneum is the top layer of the epidermis and consists of corneocytes/keratinocytes

that lack nuclei and are terminally differentiated [15].

2. Epidermal Squamous Cell Carcinoma
Tumors such as epidermal squamous cell carcinoma (SCC) can arise in the
epidermal layer (Fig. 1-1) [18-21]. Epidermal SCC is one of the most common forms of
nonmelanoma skin cancer, and approximately 20% of nonmelanoma cancer diagnoses are

associated with SCC [18-20]. The abnormal proliferation of squamous cells of the



epidermal layer of the skin gives rise to SCC [19-20]. Risk factors for SCC occurrence
include pale skin, chronic UVB radiation exposure, and immunosuppression [19-20]. SCC
is caused by chemical agents such as polycyclic aromatic hydrocarbons, nitrosamines,
arsenic, alkylating agents, and physical agents such as IR and UV radiation [5, 19-20].
UVB radiation exposure is one of the foremost causes of SCC because it can result in DNA
damage such as 6-,4- photoproducts and cyclobutane pyrimidine dimers [21-22]. These
lesions to the DNA can cause inactivating mutations in tumor suppressor genes such as
TP53, resulting in genomic dysregulation and a growth phenotype (Fig. 1-1B) [19, 21].
Growth advantages at the genome level and additional UV can promote growth of the
mutated clones (Fig. 1-1C) [19, 21]. Ongoing UV radiation can also result in mutations in
other tumor suppressor genes, causing a precancerous condition called actinic keratosis and

ultimately can lead to aggressive squamous cell carcinoma (Fig. 1-1D) [19, 21].

3. Cancer Stem Cells

Later stage, metastatic and unresectable SCC is aggressive, requires additional
adjuvant treatment, and has a poor patient prognosis [20, 23]. These aggressive, recurrent
tumors may be caused by cancer stem cells and the cell heterogeneity present within tumors
[24]. Cancer stem cells are important for initiating tumor formation and causing tumor
recurrence following treatment [24]. Cancer stem cells maintain growth potential and can
overcome obstacles such as senescence and cell death [14, 24]. Repeated cell division can
result in the cells becoming senescent, which is a state where cells are in growth arrest

following stress [14, 24]. Senescent cells can undergo cell death or can evade cell death,



remain viable and display a stem-like phenotype [14, 24]. A cancer stem-like phenotype
can also arise from activation of stem cell genes in non-stem tumor cells [24].

Some of the biomarkers that have been studied and associated with cancer stem
cells are CD44, CD87, CD90, CD133, CD166, aldehyde dehydrogenase (ALDH),
Octamer-binding transcription factor 4 (Oct4), and Nanog [24]. Radiation therapy and
chemotherapy may target rapidly dividing cells but are less effective at eradicating cancer
stem cells [24]. Cancer stem cells can be relatively impervious to radiation treatment and
chemotherapy [24]. For this reason, identifying factors that promote cancer stem cell
survival and identification of biomarkers can aid in discovering new therapeutic options

for the treatment of SCC.

4. SCC treatment modalities

The primary modes of treatment for SCC are resection, cryosurgery,
electrodesiccation, and radiation [18-19, 25]. The prognosis of a patient and the types of
treatment modalities used depends on tumor size, the possibility for relapse, and if
metastasis has occured [25]. Resection targets the tumor mass, whereas radiation therapy
and other treatment modalities can treat recurring SCC [19, 25]. Chemotherapy treatments
such as cisplatin and 5-fluorouracil can be used to treat late-stage SCC [18]. More recently,
PD-1/PD-L1 pathway inhibitors have been used to treat advanced and metastatic SCC [26].
Even with these advances in SCC treatment, there is still a need for new therapies because
SCC diagnosis due to chronic UVB radiation exposure persists [19-20], and SCC has a
recurrence rate of 5% [27]. SCC is a public health concern; therefore, identifying targets

and therapeutics to treat local and metastatic SCC is highly significant. In our studies, we



employ both SCC-13 and human-derived immortalized cells derived from keratinocytes of

the epidermis [28].

C. Yes-associated protein 1 and Vestigial-like protein family member 4

1. YAP1 and Hippo signaling

Yes-associated protein 1 (YAPL) and vestigial-like protein family member 4
(VGLL4) function in the YAP/Hippo signaling cascade. The Hippo pathway controls tissue
and organ growth and development [29-33]. A genetic screening process in Drosophila
melanogaster identified the evolutionarily conserved Salvador-Hippo-Warts signaling
pathway members [29-32]. Hippo (in Drosophila) is orthologous to mammalian sterile 20-
related proteins 1 and 2 (MST1/2), Warts is orthologous to Large tumor suppressor 1 and
2 kinases (LATS1/2) [30, 34], and Mats in Drosophila is orthologous to Mps one binder
kinase activator-like 1LA/1B (MOB 1A/1B) in mammals [30]. Yorkie (Yki) is a downstream
member of the Drosophila Salvador-Hippo-Warts pathway [31], and the mammalian
homologs of Yorkie are two transcriptional coactivators: YAP1 and TAZ (Transcriptional
coactivator with PDZ-binding motif) [34]. In Drosophila, Hippo functions as
serine/threonine kinase and interacts with Salvador to phosphorylate the Warts kinase,
which results in the phosphorylation and inactivation of Yorkie by the Warts/Mats complex
[29-31, 33].

Likewise, when the Hippo pathway is active in mammals, phosphorylated MST1/2
forms a complex with Salvador 1 (SAV1), which phosphorylates MOB1 and LATS1/2,

resulting in phosphorylation of YAP1 and TAZ by LATS1/2 (Fig. 1-2A) [34].
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YAP1 is phosphorylated, targeted for degradation, and does not promote the expression of YAP1
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accumulation in the nucleus and YAP1 binding to TEAD family proteins to promote YAP1 target
gene expression. C VGLLA4 can bind to TEADs, which disrupts YAP1-TEAD complex formation
to suppress YAPL target gene expression. Adapted from “Hippo Pathway in Mammals,” by
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Phosphorylated YAP1 is ubiquitinated, targeted for degradation, and cannot serve as a
transcriptional coactivator (Fig. 1-2A) [34]. Conversely, when the Hippo pathway is
inactive or dysregulated, these upstream factors are not phosphorylated, resulting in
unphosphorylated YAP1, which can migrate into the nucleus, bind to other transcriptional
cofactors such as TEAD (Transcriptional enhanced associate domain protein family) to
initiate gene expression that promotes cell growth, invasion and migration resulting in

organ and tissue growth (Fig. 1-2B) [34].

2. The role and regulation of VGLLA4

Vestigial (Vg) was discovered in Drosophila, and it forms a transcriptional complex
with Scalloped (Sd) to regulate wing formation and growth [35]. The members of the
homologous Vestigial-like family of proteins can act as transcription factors with TEADs
to initiate transcription [36]. The TEAD proteins contain two important domains: a YAP-
binding domain, which can bind to YAP1 and VGLL4, and a TEA binding domain, which
facilitates DNA-binding [37]. VGLL family members 1-3 each contain a single Tondu
(TDU) domain, which facilitates binding to other proteins [36]; however, VGLL4 is unique
because it contains two tandem TDU domains allowing it to bind to TEADs [36-38]. TDU2
domain appears to be critical for TEAD-VGLL4 complex formation [37]. VGLL4 does not
contain a distinct DNA binding domain but relies on DNA-binding factors such as TEADs
to implement its transcriptional control [36].

VGLL4 is expressed in several tissues such as the esophagus, breast, stomach, lung,
and cardiac tissue [37-41]. The expression of VGLL4 in these tissues is regulated by

MIRNAs, including miR-222, miR-130b, and miR-301a-p [36, 42-44]. The activity of
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VGLL4 is regulated by other proteins such as Cyclin-dependent kinase 1 (CDK1) and
Ubiquitin-specific protease 11 (USP11) [44-46]. CDK1 has been reported to phosphorylate
VGLL4, which suppresses VGLL4-TEAD complex formation [45], and USP11 has been
shown to stabilize VGLL4 activity by acting as a deubiquitinase [46]. More recently,
elevated serotonin levels have been correlated with the downregulation of VGLL4
transcripts in hepatocellular carcinoma cancer patients [47]. VGLLA4 plays a role in cellular
processes such as cardiomyocyte proliferation, EMT suppression, and apoptosis induction
[36, 41, 48-49]. In addition to suppressing YAP1/TEAD function, VGLL4 also suppresses

signaling in the WNT/B-catenin and JAK-STAT pathways [49-51].

3. The role of YAP1 and VGLLA4 in cancer

Hippo/YAP1 signaling has previously been canonically implicated in organ size
because liver enlargement was observed when MST1/2 was inactivated [52], when
LATS1/2 was depleted [53] and when YAPL expression was activated [54-55] in mice.
Recent work has highlighted the role of Hippo signaling and VGLL4 in human diseases,
including cancer. According to The Cancer Genome Atlas (TCGA), the Hippo signaling
pathway genes are frequently dysregulated in cancer [56-57]. The upstream MST1/2 and
LATS1/2 kinases act as tumor suppressors, whereas the downstream YAP1 protein has
been identified as an oncogene [56]; this suggests that inactivation of the upstream Hippo
signaling components MST1/2 and LATS1/2 lead to the accumulation of active YAP1,
which promotes the cancer phenotype (Fig. 1-2B) [56]. Upregulation of YAP1 has been
noted in cancer types, including gastric, endometrial, esophageal squamous cell carcinoma,

bladder, pancreatic and ovarian cancer, and is associated with a poor patient prognosis [58-
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63]. Malignant and oncogenic activation of YAPL can occur due to point mutations,
aberrant chromosomal rearrangements, and YAP1 gene amplification [56, 64-68].

The oncogenic effects of YAP1 have been noted within the clinic and at the cellular
level as elevated Y AP1 expression has been associated with increased cancer cell spheroid
formation [69-70], migration [69-73], invasion [69-72], proliferation [71-72], colony
formation [71, 73] and tumor formation [71-72] in cancers including squamous cell
carcinoma, colorectal, gastric, and non-small cell lung cancer. YAP1 functions as a
transcriptional coactivator to initiate the transcription of downstream genes that maintain
the cancer phenotype such as Connective tissue growth factor (CTGF), Cysteine-rich
angiogenic inducer 61 (CYR61) [37] and Ankyrin repeat domain 1 (ANKRD1) [37, 74].
YAPL1 signaling has been shown to be abrogated by small molecule inhibitors including
CA3 [75-77], verteporfin [76-77], the nature-derived isothiocyanate, sulforaphane [69] and
more recently, narciclasine [78].

VGLLA4 plays a role in tumorigenesis, but it is classified as a tumor suppressor [36-
40, 42, 44-46, 49-50]. Clinically, the expression of VGLLA4 is frequently downregulated in
cancer and is commonly associated with cancer progression, tumorigenesis [38-40] and
poor prognosis [38, 50]. At the cellular and tissue level, VGLL4 has previously been
studied in breast, lung, gastric, hepatocellular carcinoma and colorectal cancer [37-40, 43,
49-50]. VGLL4 has been shown to suppress anchorage-independent growth [37, 40], cell
viability [37], cell proliferation [38, 40], colony formation [39], cell invasion [39, 40], cell
migration [45] and tumor growth [38-40] in gastric, lung, breast, esophageal and pancreatic
cancers. At the biochemical level, decreased VGLL4 tumor suppressor activity has been

primarily attributed to miRNA silencing by miRs-130b, 222, 301a-p [36, 42-44]. VGLL4
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transcript levels were significantly downregulated in lung, esophageal squamous cell
carcinoma and gastric cancers [37-38, 40]. VGLL4 protein levels were low in gastric and
colorectal cancers [37, 50] and appear to decline with progression of some gastric cancers
[37]. Low VGLLA4 expression is linked to a poor outcome in gastric and colorectal cancer
patients [37, 50].

VGLL4 has been demonstrated to be able to antagonize YAP1/TEAD-dependent
transcription and suppress the expression of YAP1-target genes in gastric cancer (Fig. 1-
2C) [37]. Moreover, VGLL4 expression is inversely correlated with YAP1 and YAP1
target gene (CTGF, CYR61) expression in tumors [37, 40]. These studies suggest that
VGLL4 and the YAP1/VGLLA4 ratio play a role in cancer initiation and progression, and
may have diagnostic value [37]. For this reason, studies on the biological role and the
biochemical mechanisms of YAPL1 and VGLL4 in cancer are currently ongoing. In the
nucleus, YAP1 can bind to transcription factors such as ANp63a and TEAD family proteins
[70] to initiate the transcription of YAP1 target genes [37, 74]. This YAP1-TEAD complex
is formed when the TEAD-binding domain of YAP1 binds to the YAP-binding domain on
TEAD family proteins [37]. The two TDU domains of VGLL4 also bind to the YAP-
binding domain of the TEAD family proteins, VGLL4 binding disrupts the YAP1-TEAD
complex and suppresses the transcription of YAP1-target genes (Fig. 1-2C) [37]. These
downstream genes play a variety of cellular roles such as regulation of the cell cycle and
matricellular signaling [37, 50]. Therefore, the expression of these downstream genes
influences the cancer phenotype by promoting increased proliferative signaling, evasion of
growth signaling, and increased invasion and metastasis, but VGLL4 activity may suppress

Y AP1 activity to suppress these hallmarks of cancer. To our knowledge, the role of VGLL4
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has not been evaluated in epidermal squamous cell carcinoma nor has the associated
downstream biochemical activity been studied. Our studies show that VGLL4 suppresses
Y AP transcriptional activity to suppress expression of downstream growth factors, which

attenuates the aggressive epidermal squamous cell carcinoma cancer phenotype.

D. Glutamine and Solute Carrier Family 1 Member 5

1. Glutamine and Alanine-Serine-Cysteine Transporter 2

Glutamine is one of the most abundant circulating amino acids in the body and has
been described as a nonessential amino acid [79], but it can be conditionally essential and
must be diet-derived under physiological situations where there is high demand for
glutamine within the body [80-81]. Glutamine is a polar, neutral amino acid and serves as
a source for intracellular nitrogen and carbon (Fig. 1-3A) [79-80]. Transport of glutamine
into the cell is facilitated by Alanine-Serine-Cysteine transporter 2 (ASCT2), which is
encoded by the Solute Carrier Family 1 Member 5 (SLC1A5) gene [81] and glutamine
uptake into the mitochondria is facilitated by the SLC1A5 variant (Fig. 1-3B) [82]. The
SLC family of plasma membrane transporters also contains both glutamate and neutral
amino acid transporters [81]. ASCT2 is a sodium-dependent, neutral amino acid antiporter
that preferentially facilitates the transport of glutamine in exchange for neutral amino acids
[81]. It is proposed that ASCT2 forms either homodimers or homotrimers in the plasma
membrane to transport glutamine into the cell whilst transporting other neutral amino acids
out of the cell, and this process relies on sodium transport [81]. The proposed structure of

ASCT2 includes two domains: a transport domain that includes helices that span the
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membrane and a scaffold domain that also includes transmembrane helices and
extracellular loops [83-84]. Some studies suggest that glutamine, in conjunction with
Farnesoid X receptor (FXR) and Retinoid X receptor (RXR) activity, stimulates the
transcription of ASCT2 [81, 85-86]. Moreover, FXR and RXR bind to the SLC1A5
promoter region [81, 85-86]. An additional study suggests that ASCT2 is post-
translationally modified on two asparagine residues with N-glycosyl groups and that N-

glycosylation of ASCT?2 aids in its transport to the cell membrane [81, 87].

2. Glutamine metabolism in cancer
The third section of my thesis focuses on the impact of glutamine restriction on YAP1
signaling in cancer. Glutamine metabolism occurs in the liver, the intestines, the skeletal
muscles, and the immune system [79]. Once glutamine uptake occurs by ASCT2
(SLC1ADb), it can be catabolized in the mitochondria into glutamate by glutaminase 1
(GLS1) and glutamate can be processed into a-ketoglutarate (a-KG) by glutamate
dehydrogenase (GLUD) or by transaminases such as glutamate-pyruvate transaminase
(GPT), glutamate-oxaloacetate transaminase (GOT) and phosphoserine aminotransferase
1 (PSAT1) (Fig. 1-3B) [80, 88-91]. Alpha-ketoglutarate can then be used in the
tricarboxylic acid (TCA) cycle as an intermediate, which can then further be used to
generate ATP [79-80, 88-91]. The catabolism of glutamine can also serve as a carbon and
nitrogen source for the synthesis of other amino acids, pyruvate, nicotinamide adenine
dinucleotide phosphate (NADPH), nucleotides, lipids, and proteins (Fig. 1-3B) [80, 90,

92].
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Figure 1-3.
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Fig. 1-3 The fates of glutamine within the cell A The structure of glutamine is shown above.
Glutamine is conditionally essential and is one of the most abundant circulating amino
acids. B Glutamine enters the cell by SLC1A5 and is transported into the mitochondria by the
SLC1A5 variant. GLS1 converts glutamine to glutamate. Glutamate dehydrogenase (GLUD),
glutamate-pyruvate transaminase (GPT), glutamate-oxaloacetate transaminase (GOT) and
phosphoserine aminotransferase 1 (PSAT1) catalyze the conversion of glutamate into a-
ketoglutarate. Alpha-ketoglutarate is a TCA cycle intermediate that can be used for pyruvate,

NADPH, lipid, and nucleotide synthesis. Created with Biorender.com.



One of the recognized hallmarks of cancer is dysregulation of cellular energetics
[14]. Metabolic reprogramming can occur in proliferating cancer cells to meet the evolving
nutrient and biosynthesis needs of the cell to promote tumor growth [80, 88-92]. Cancer
cells can become addicted to glutamine and dependent on glutaminolysis to generate o-
KG, which helps sustain the TCA cycle and macromolecule biosynthesis [79-80, 88-92].
SLC1A5/ASCT2 has been implicated in promoting altered glutamine metabolism to
maintain the cancer phenotype [80, 88-92]. It is important to note that the SLC1A5 gene
and ASCT?2 have been primarily studied in the context of cancer [81]. ASCT2, the primary
importer of glutamine, has been reported to be overexpressed in tumor samples such as
hepatocellular carcinoma, KRAS-mutated colorectal, and gastric cancers [93-96] and
correlated with a poor prognosis in hepatocellular cancer [93-94]. Moreover, knockdown
of SLC1A5/ASCT2 inhibits cell migration [94], proliferation [94-95], cell invasion [96],
tumor growth [96], and induces apoptosis [95] and cell cycle arrest [96]. Endogenously,
miR-137 has been shown to downregulate the expression of ASCT2 [97], and c-Myc has
been shown to increase the expression of amino acid transporters, including ASCT2 [98].

Glutamine transport and metabolism have been demonstrated to be linked to other
intracellular signaling cascades such as the mTOR and Hippo pathways [80, 88-91, 93].
ASCT2 expression has been linked to the mammalian target of rapamycin (MTOR)
regulation in the context of cancer [81]. The mTOR pathway is a sensor for amino acid
bioavailability and transmitter of nutrient status to the cell to promote macromolecular
biosynthesis [80]. SLC1A5 knockdown inhibited mTOR signaling evidenced by a
reduction in CCNDL1 levels [96] and a decrease in mTOR and p70S6K phosphorylation

[96, 98], suggesting that glutamine uptake increases mTOR signaling in cancer cells.
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Interestingly, YAP1 has been shown to regulate the expression of glutamine transport and
metabolism enzymes [88-92, 99-101]. YAP1 knockdown decreased SLC1A5 levels in
human epidermal growth factor receptor 2 positive (HER2+) breast cancer [99, 101]. YAP1
and TAZ knockdown was associated with a decrease in the expression of GOT1 and
PSAT1 in breast cancer [89, 100-101]. These studies may provide insight into the pathways

affected by glutamine uptake to provide future therapeutic mechanisms and targets.

3. Strategies for target glutamine metabolism

Currently, strategies to target glutamine uptake and metabolism include treatment
with asparaginase, glutamine mimicking molecules, GLS inhibitors, and SLC1A5
inhibitors or antagonists [81, 102]. Asparaginase has been shown to have glutaminase
activity [102-103]. Consequently, systemic administration of asparaginase reduces blood
glutamine levels [102-103]. GLS catalyzes the reaction that converts glutamine to
glutamate and can be inhibited by glutaminase inhibitors such as CB-839, which also
suppresses the cancer phenotype [102, 104]. Glutamine uptake through ASCT2 may also
be disrupted by antibodies against ASCT2 [93, 105]. Molecules that mimic glutamine such
as L-y-Glutamyl-p-nitroanilide (GPNA) can suppress glutamine transport [93, 106] and
small molecules that antagonize ASCT2 such as V-9302, which is a 2-amino-4-
bis(aryloxybenzyl)aminobutanoic acid, can suppress the cancer phenotype [93, 107-108].

Various studies suggest that upregulation of ASCT2 may increase glutamine influx
into the cell and is a key step in metabolic reprogramming [94-95]. Increased
glutaminolysis may be required for the cancer cells to supply metabolites and other

molecules to meet the nutrient demands of proliferating cells [94]. Moreover, glutamine
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metabolism influences additional pathways involved with glutamine metabolism and
transport, including the Hippo and mammalian target of rapamycin (mTOR) signaling [96,
98-101].

The insights from these investigations have provided critical information for
potential cancer therapeutics. The impact of glutamine restriction, potential therapeutics,
and the biochemical mechanisms underlying glutamine metabolism depletion have not
been studied in epidermal SCC. Our initial studies highlight the importance of glutamine
in maintaining the cancer phenotype while studying the associated biochemical
mechanisms involved in glutamine restriction.

E. Scope of Work

The focus of this dissertation is evaluating the role of VGLL4 and glutamine
restriction on the SCC cancer phenotype, which has not been studied thus far. We are
interested in studying VGLL4 because it has been reported to antagonize the activity of
YAPL, which is a downstream signaling molecule in the Transglutaminase 2 (TG2)
signaling cascade [70]. TG2 is a multi-functional enzyme that can act as a signaling
molecule, a transamidase, scaffolding, crosslinking, and a GTP-binding protein [109].
Previous research from our lab has shown that TG2 interacts with a6/p4-Integrins to
suppress the activity of LATSL1, which leads to the nuclear translocation of YAP1 [70],
which acts as a transcriptional coactivator to promote the expression of pro-cancer genes.
These studies suggest that TG2 drives the cancer phenotype in SCC [70], and it was of
interest to determine mechanisms to suppress this pro-cancer pathway. We hypothesized
that since VGLL4 has been shown to disrupt the YAP1-TEAD complex, it may suppress

the expression of pro-cancer genes and attenuate the cancer phenotype in SCC.
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Our studies confirm that YAP1 and TEAD drive an aggressive cancer phenotype
and that VGLL4 suppresses cancer cell proliferation, migration, invasion, and spheroid
formation by inhibiting the expression of YAPL1/TEAD target genes. Moreover, we identify
additional YAP1 target genes and show that VGLL4 exerts its control by suppressing these
downstream genes. Our findings suggest that VGLL4 is a tumor suppressor.

Our second focus was studying glutamine restriction in SCC as glutamine
metabolism is an acquired trait of cancer leading to glutamine addiction. Moreover, we
want to elucidate additional factors and pathways linked to glutamine metabolism, such as
Hippo/YAPL signaling. We hypothesized that glutamine restriction would suppress
YAPL/TEAD signaling and the SCC cancer phenotype. Our work provides the first
evidence that SCC cells are glutamine addicted, and glutamine restriction diminishes the
cancer phenotype. As such, we demonstrate that suppression of SLC1A5 decreases the
cancer phenotype, that pharmacological inhibition of SLC1A5 attenuates the cancer
phenotype and that these events are associated with a reduction in expression of YAP1 and
YAP1 target genes. Our findings suggest that SCC is addicted to glutamine and that
glutamine deprivation is a putative therapy for SCC.

The role of VGLL4 in suppressing the SCC cancer phenotype will be discussed in
Chapter 2. Chapter 3 will discuss the role of glutamine restriction in the context of a

therapeutic strategy for SCC.
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CHAPTER 2

VGLL4 inhibits YAPL/TEAD signaling to suppress the epidermal squamous cell

carcinoma cancer phenotype

INTRODUCTION

Epidermal squamous cell carcinoma (SCC) is an extremely common cancer that is
caused by exposure to ultraviolet light [110]. Treatment is by surgical removal of the
primary tumor, but recurrence is common, and the recurring tumors are aggressive and
therapy resistant [110]. Cancer stem cells play a significant role in tumor formation,
recurrence and metastasis in a host of cancers [111]. We have characterized epidermal
squamous cell carcinoma cancer stem cells (ECS cells) which express stem cell markers,
form aggressive and highly vascularized tumors, and display enhanced migratory and
invasive potential [112].

Transglutaminase 2 (TG2) is a multifunctional protein that is enriched in ECS cells
and regulates a range of signaling pathways that maintain ECS cell and non-stem cancer
cell survival [109, 113-114].We are interested in the role of TG2 in maintaining the cancer
phenotype and have shown that it stimulates VEGF [115], NRP1 [116],

GIPC1/SYX/RhoA/p38 [116], a6/p4-integrin [70, 117] and YAP1/TAZ [70] signaling. We
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have shown that TG2 is constitutively expressed in SCC cells where it interacts with a6/4
integrin to stimulate FAK/Src signaling leading to PI3K activation of phosphoinositide-
dependent kinase 1 (PDK1). PDK1, in turn, inhibits Hippo signaling to enhance nuclear
YAPL1 accumulation which stimulates epidermal squamous cell carcinoma spheroid
formation, invasion, and migration [70]. YAP1 complexes with TEAD transcription factors
in the nucleus to activate transcription of pro-cancer survival genes [118].

Vestigial-like protein-4 is a critical tumor suppressor in a host of cancers that is
regulated by various signaling cascades [44]. Recent studies show that vestigial-like family
member 4 (VGLLA4) suppresses YAP1 function by competitive inhibition of YAP1/TEAD
interaction [36]. VGLL4 binds to TEAD transcription factors via two TDU domains that
interact with TEAD factors via the TEA domain. VGLL4 forms a VGLL4/TEAD complex
that prohibits YAP1/TEAD complex formation thereby reducing YAP1/TEAD-dependent
transcription [44]. Reduced VGLL4 expression predicts poor survival in many cancers
including lung, gastric, breast, colorectal, bladder, pancreatic and esophageal cancer [36].
VGLL4 also negatively regulates Wnt/B-catenin signaling, suppresses epithelial-
mesenchymal transition and activates apoptosis [36, 44].

Since VGLL4 suppresses YAPL/TEAD associated signaling in esophageal
squamous cell carcinoma [40], we tested if VGLL4 regulates YAP1/TEAD signaling in
epidermal squamous cell carcinoma. Our previous studies show that YAP1 stimulates SCC
cell spheroid formation, invasion, migration and tumor formation [70]. We show that these
responses are attenuated by VGLL4 and that this is associated with reduced YAP1/TEAD-
dependent transcription and reduced expression of YAP1 downstream target genes.

Moreover, reduced target gene expression is required for VGLL4 action, as forced
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expression of these genes partially reverse VGLL4 suppression of the cancer phenotype.
We further show that VGLL4 expression reduces tumor YAP1 levels, YAP1 target gene
MRNA and protein expression, and EMT and that this is associated with reduced tumor
formation. These findings suggest that VGLL4 suppresses the malignant cancer phenotype

by inhibiting YAP1-dependent signaling.

RESULTS

VGLL4 suppresses YAP1-dependent transcription and YAPL/TEAD target gene

expression VGLL4 has been reported to suppress YAP1/TEAD-associated transcription
and expression of downstream target genes [40, 50, 119-120]. We first determined if
VGLLA4 regulates YAP1-dependent transcription in SCC-13 cells. Fig. 2-1A/B show that
YAP1 knockdown or treatment with CA3, which inhibits YAP1 activity [75,76], reduced
YAPL transcription as shown by reduced activity of a TEAD transcription factor reporter
construct, 8XGTIIC-Luc. Fig. 2-1C shows that VGLL4-FLAG overexpression produced a
similar reduction in YAP1/TEAD-dependent transcription. We next monitored the impact
of these treatments on SCC-13 cell invasion. Cells were seeded atop a Matrigel layer in
medium containing 1% fetal calf serum (FCS) and ability of cells to move through the
Matrigel to the lower chamber, which contains 10% FCS, was monitored. Fig. 2-1D/E/F
shows that YAP1 knockdown, CA3 treatment and VGLL4-FLAG expression reduce cell

invasion. We next monitored the impact of these treatments on downstream markers of
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YAP1 action. Fig. 2-1G/H/I show that YAP1 knockdown, CA3 treatment and VGLL4-
FLAG overexpression reduce YAP1 target gene (CTGF, CCND1, CYR61) and pro-cancer

collagen gene (COL1A2 and COL3A1) mRNA levels.

Fig. 2-1 VGLL4 inhibits SCC-13 cell YAP1/TEAD-dependent transcription and gene
expression, and suppresses the cancer phenotype. A/B/C YAP1 knockdown, YAP1
inhibitor (CA3) treatment, and transient VGLL4 expression suppress 8XGTIIC-Luc
activity signifying suppression of YAP1/TEAD-dependent transcription. These treatments
also reduce cancer cell invasion (D/E/F) and YAP1-target gene (CTGF, CYR61, CCND1),

pro-cancer collagen gene (COL1A2 and COL3A1) and TG2 mRNA levels (G/H/I).
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VGLL4 suppresses the SCC cancer cell phenotype through the suppression of

YAP1 target gene expression We next monitored the impact of stable VGLL4-FLAG

overexpression on YAPL/TEAD transcription and spheroid formation, invasion and
migration. We show that vector-mediated VGLL4-FLAG stable expression in two SCC-
13 cell clones (Fig. 2-2A) reduced YAPL/TEAD transcriptional activity, and cell
proliferation, spheroid formation, invasion and migration (Fig. 2-2B/C/D/E/F). In
addition, CCND1, CYR61, CTGF, COL1A2, COL3Al and TG2 mRNA and protein levels

are reduced in the VGLL4-FLAG overexpressing lines (Fig. 2-2G/H).

Fig. 2-2 VGLL4 attenuates the cancer cell phenotype and YAPL1/TEAD-dependent gene
expression. A Stable VGLL4-FLAG overexpression cell lines as compared to wild-type
SCC-13 cells. B TEAD-dependent transcription is suppressed in VGLL4 overexpressing
cells. C/D/E/F VGLL4 overexpressing cell lines display reduced cell proliferation,
spheroid formation, invasion, and migration. G/H Stable VGLL4 overexpression
suppresses YAP1-target gene, pro-cancer collagen gene and TG2 gene mRNA and protein

levels.

26



FIGURE 2-2.
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The HaCaT cell phenotype, YAP1/TEAD-dependent transcription and YAP1 target

gene expression are suppressed by VGLL4 To assure that these findings can be

generalized, we monitored the impact of modulating YAP1 and VGLL4 function in
epidermis-derived HaCaT cells [28]. Treating HaCaT cells with YAP1-siRNA, YAP1
inhibitor or VGLL4-FLAG overexpression suppressed YAP1/TEAD-related transcription
(Fig. 2-3A/B/C) and reduced invasion (Fig. 2-3D/E/F). Moreover, these treatments reduce
YAPL/TEAD responsive gene mRNA levels (Fig. 2-3G/H/1). The one exception is

CCND1, which is slightly elevated or not changed by these treatments.

Fig. 2-3 VGLL4 inhibits HaCaT cell YAP1/TEAD-dependent transcription and gene
expression, and suppresses the cancer phenotype. A/B/C YAP1 knockdown, YAP1
inhibitor (CA3) treatment, and transient VGLL4 expression suppress 8XGTIIC-Luc
activity signifying suppression of YAP1/TEAD-dependent transcription. These treatments
also reduce cancer cell invasion (D/E/F) and YAP1-target gene (CTGF, CYR61), pro-

cancer collagen gene (COL1A2 and COL3A1) and TG2 mRNA levels (G/H/I).
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FIGURE 2-3.
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Role of YAP1 and VGLL4 responsive downstream target genes If VGLL4

suppression of YAPL responsive genes is important for the reduction in aggressive pro-
cancer phenotype observed in Figs. 2-1, 2-2 and 2-3, overexpression of these genes should
partially restore the aggressive phenotype. To test this, we monitored the ability of selected
target genes to restore the aggressive phenotype in VGLL4-FLAG expressing cells. Fig. 2-
4A/B shows that forced CCND1-FLAG (Cyclin D1) expression in SCC13-VGLLA4-
FLAG1-8 and FLAG1-9 cells slightly increased cell proliferation and partially restored
invasion (Fig. 2-4C/D). Fig. 2-4E/F shows that forced COL1A2 expression increases
SCC13-VGLL4-FLAGL1-9 invasion but has modest effects on SCC13-VGLL4-FLAG1-8
cells. These findings suggest that reduced YAP1 target gene expression is important for
VGLL4 attenuation of the cancer phenotype and that forced YAPL/TEAD target gene

expression can partially restore the aggressive phenotype.

Fig. 2-4 CCND1 and COL1AZ2 partially restore the cancer phenotype in SCC-13-VGLL4
overexpressing cells. A/B Forced Cyclin D1 (CCND1-FLAG) expression stimulates a
modest increase in cell proliferation in VGLL4 overexpressing cells. C/D Cell invasion is
partially increased by forced CCND1-FLAG expression in VGLL4 overexpressing cells.
The asterisk in panel D indicates migration of the VGLL4-FLAG fusion protein. E/F

COL1A2 expression partially restores invasion in SCC13-VGLL4-FLAG1-9 cells.
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FIGURE 2-4.
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Impact of VGLL4 on tumor formation We next compared tumor formation in wild-

type and VGLL4-FLAG overexpressing cells. Wild-type and VGLL4-FLAG
overexpressing cells, derived from monolayer cultures, were injected into each front flank
in NSG mice and tumor formation was monitored. Fig. 2-5A/B shows a marked reduction
in tumor growth of VGLL4-FLAG expressing cells. Consistent with reduced YAP1
signaling activity, YAP1 and YAP1-P levels are reduced in these tumors (Fig. 2-5C/D).
Moreover, a survey of malignancy markers reveals a decrease in Ezh2 level, an ECS cell-
enriched survival marker [112, 121-122], and reduced expression of many (Slug, Snail,
fibronectin, N-cadherin), but not all (Twist, vimentin), EMT markers [123] in VGLL4-
FLAG expressing tumors. In addition, E-cadherin, which is associated with an epithelial
phenotype is not altered in level in wild-type versus VGLL4-FLAG overexpressing tumors.
We also monitored expression of YAPL1-responsive target genes and show that VGLLA4-
FLAG expressing tumors display reduced levels of YAP1, CCND1, CYR61, CTGF,
COL1A2 and COL3A1 mRNA and protein (Fig. 2-5E/F/G/H), which is consistent with

the expression changes observed in cultured cells (Fig. 2-5G/H).
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Fig. 2-5 VGLL4 overexpression suppresses tumor formation. Wild-type SCC-13
and SCC13-VGLL4-FLAG1-9, derived from cells grown as monolayer cultures, were
injected into each front flank of NOD Scid IL2 receptor gamma chain knockout (NSG)
mice and tumor formation and growth was monitored over the course of 4 weeks. A/B
VGLL4-FLAG overexpression in SCC13-VGLL4-FLAG1-9 markedly reduces tumor
growth. Representative size tumors were selected for analysis. The asterisks indicate a
significant reduction in tumor size, n = 10 tumors (5 mice x 2 tumor/mouse), p > 0.001.
C/D The VGLL4-dependent reduction in tumor growth is associated with decreased YAP1,
YAP1-P and TEAD levels, loss of the Ezh2 marker of aggressive cancer [121], and a
reduction in the level of many EMT (Slug, Snail, Fibronectin and N-Cadherin) markers.
E/F/G/H VGLLA4 overexpressing tumors display reduced YAP1, YAP1/TEAD target gene
(CCND1, CYR61, CTGF) and pro-cancer collagen gene (COL1A2, COL3A1) mRNA and
protein levels. The asterisks indicate a significant reduction compared to control, n = 3, p
> 0.001. Note that for some genes we observe a dramatic reduction in mRNA level and a
more modest reduction in protein in VGLL4 overexpressing tumors. This is likely due to
slower protein turnover and/or a compensatory increase in protein translation. I Schematic
model of proposed signaling cascade. Previous reports show that TG2 interaction with
a6/B4 integrins results in a signaling cascade that activates YAP1/TEAD transcription and
signaling, and ultimately enhances the cancer phenotype [70]. Our present studies suggest
that a VGLL4/TEAD inhibitory complex can suppress TG2-dependent YAP1/TEAD

signaling to attenuate the cancer phenotype.
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FIGURE 2-5.
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DISCUSSION

Epidermal squamous cell carcinoma is a common cancer that is caused by
mutagens. The most common cause is exposure to UVB irradiation [19]. Therapy is via
surgical removal, which is successful in many cases. However, approximately 10 - 30% of
these tumors recur as aggressive and therapy-resistant cancer. Thus, studies are ongoing to
identify agents that suppress recurrent cancer. TG2 is a multifunctional regulator that has
two mutually exclusive activities associated with distinct protein conformations. In the
closed/folded conformation TG2 functions as a GTP binding protein while the
open/extended TG2 conformation functions as a transamidase enzyme [113, 124-126]. The
closed conformation predominates in the intracellular environment in the presence of high
GTP levels, while the open conformation is induced by calcium binding and is often active
in dying cells [113, 124]. The closed and open conformations can both drive cancer cell
survival. However, the closed GTP binding form drives malignancy in the vast majority of
cancers [109, 123, 127] and we have shown that the closed TG2 GTP binding conformation
drives cancer cell spheroid formation, invasion, migration and tumor formation and that
this is attenuated by mutation of the TG2 GTP binding site [123].

Although TG2 is an important survival factor in squamous cell carcinoma, the
mechanism of TG2 action is not yet well understood in this or any other cancer. However,
some information is available. For example, we have shown that TG2 activates a host of
cascades in SCC cells including VEGF [115], NRP1 [116], GIPC1/SY X/RhoA/p38 [116],

a6/B4-integrin [70, 117] and YAP1 [70] signaling. In the present study, we focus on TG2
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regulation of YAP1 signaling. Our previous studies showed that TG2 associates with
a6/B4-integrin and that this complex activates FAK/Src signaling which activates PDK1 to
inhibit Hippo signaling leading to accumulation of active YAP1 in the nucleus where it
interacts with TEAD transcription factors to activate transcription to drive the aggressive
cancer phenotype [70]. We also identified a novel signaling cascade that involves NRP-1
and showed that NRP-1 forms a complex with GIPC1 and a6/B4-integrin to activate
FAK/Src signaling, which stabilizes nuclear YAP1 to enhance cancer cell survival,
invasion, and angiogenesis [116]. We also showed that sulforaphane, a diet-derived anti-
cancer agent, reduces YAP1 signaling to attenuate the SCC cell phenotype [69].

Because of the central role of YAP1 signaling in these cascades, we wanted to
examine the role of VGLLA4, an important suppressor of YAP1-dependent transcription
[128]. VGLL4 was initially reported to bind TEADL1 to suppress TEAD1-dependent al-
adrenergic activation in cardiac myocytes [129]. Later it was demonstrated to inhibit
nuclear YAPL/TEAD interaction by competing with YAP1/TEAD complex formation to
suppress TEAD-dependent tumorigenesis [38, 130]. Moreover, a super-TDU peptide,
designed based on the structure of the VGLL4/TEAD4 complex, can inhibit YAP1/TEAD
interaction to reduce YAP1 signaling and tumor formation [37, 128].

VGLL4 suppresses TEAD-dependent transcription and cancer cell invasion Our

studies confirm that YAPL/TEAD signaling is active in squamous cell carcinoma and is
associated with an aggressive SCC cell phenotype as measured by enhanced spheroid
formation, collagen invasion and migration. Moreover, YAP1/TEAD-dependent
transcription and cancer cell spheroid formation, invasion and migration are reduced in

VGLL4 overexpressing cells. This is observed in the highly tumorigenic and aggressive
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SCC-13 cells and in the immortalized but non-tumorigenic HaCaT cells. In addition, stable
overexpression of VGLL4-FLAG in SCC-13 cells confirmed that VGLL4 suppresses the
aggressive YAP1/TEAD dependent cancer phenotype.

YAPL1 signaling maintains stable expression of YAPL1 pro-cancer target genes,
including CCND1, CYR61 and CTGF [131-135], which are markedly reduced in VGLL4-
FLAG expressing cells. VGLL4-FLAG expression also reduced COL1A2 and COL3AL,
which are collagen genes associated with an aggressive cancer phenotype [136-139]. To
confirm that loss of expression of these targets is required for VGLL4 suppression of the
cancer phenotype, we forced CCND1 (cyclin D1) and COL1A2 (collagen type | alpha 2)
expression in VGLL4 overexpressing cells and were able to partially antagonize VGLL4
suppression of cancer cell invasion. These experiments also identify a VGLL4-dependent
reduction in TG2 encoding mRNA, suggesting that YAP1 signaling may maintain TG2
level. This is an interesting finding, considering that our previous studies show that TG2
activates YAP1 signaling to drive the aggressive cancer cell cancer phenotype [70]. Further
studies will be necessary to assess if a TG2/YAP1 positive feedback loop helps drive the
cancer phenotype.

VGLL4 suppresses tumor formation Tumor studies reveal that VGLL4-FLAG

overexpressing cells produce 10-fold smaller tumors than wild-type cells. Moreover, this
is associated with reduced YAP1 mRNA and protein levels. It is interesting that VGLL4
overexpression is associated with a modest reduction in TEAD level, suggesting that YAP1
stability may be more sensitive to the action of VGLL4. We also observe a substantial
reduction in EMT markers including Slug, Snail, fibronectin, and N-cadherin. However,

not all EMT markers are reduced as vimentin levels are not changed and Twist level is
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increased in VGLL4 overexpressing cells. Moreover, the level of the epithelial marker, E-
cadherin, is not changed in VGLL4 expressing cells. These findings indicate that VGLL4
reduces YAP1/TEAD signaling and suppresses EMT as part of the process that reduces
tumor growth. It is important that YAP1 regulated target genes, including CCND1,
CYR61, CTGF, COL1A2 and COL3AL, are reduced in VGLL4 expressing tumors which
agrees with the observations in the cultured cells.

VGLL4 mechanism of action in skin cancer Our previous studies [70, 140] show

that a TG2/a6/B4-integrin and TG2/NRP-1 activated signaling cascades trigger YAP1
nuclear localization to maintain cancer cell spheroid formation, invasion, migration and
tumor formation. Our present studies suggest that the VGLL4 tumor suppressor forms a
VGLL4/TEAD complex that inhibits YAP1/TEAD interaction to reduce TG2-stimulated
YAPL/TEAD transcription and target gene expression to attenuate the cancer phenotype

(Fig. 2-51).

MATERIALS AND METHODS

Reagents Rabbit anti-VGLL4 (HPA038225), mouse anti-FLAG (F3165), mouse
anti-TG2 (MAB3839) and mouse anti-p-actin (A5441) were obtained from Millipore
Sigma (St. Louis, MO). Rabbit antibodies against YAP1 (4912S), YAP1-P (13008S), pan-
TEAD (13295S), CTGF (10095S), CYR61 (39382S), Cyclin D1 (2922S), Cyclin D1-P
(3300S), E-Cadherin (3195S), vimentin (5741S) and mouse anti-Snail (3895S) were
obtained from Cell Signaling Technology (Danvers, MA). Rabbit anti-COL1A2

(ab96723), anti-Slug (ab27568) and anti-Twist (ab49254) were from Abcam (Cambridge,
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MA). Mouse anti-Ezh2 (612667), anti-fibronectin (610077) and anti-N-Cadherin (610920)
were obtained from BD Transduction Laboratories (San Jose, CA). Rabbit anti-COL3A1
(GTX102997) was from GeneTex (Irvine, CA). pGL3-B-8xGTIIC plasmid (34615) was
from Addgene (Watertown, MA). pCMV6-VGLL4-FLAG (RC200886), pPCMV6-CCND1
(RC204957) and pPCMV6-COL1A2 (RC208484) were obtained from Origene (Rockville,
MD). Control siRNA (sc-37007) was obtained from Santa Cruz Biotechnology (Dallas,
TX) and siRNA targeting YAP1 (S10662954, S10443867, S104438644, S104438367) was
obtained from Qiagen (Germantown, MD). DAPI (D9542) was obtained from Sigma
Aldrich (Milwaukee, WI). Millicell chambers (353097) and Matrigel (354234) were
purchased from BD Biosciences (SanDiego, CA). Fugene 6 (E2691) was from Promega
(Madison, WI). G418 (11811) was from Invitrogen (Waltham, MA). The YAPL1 signaling
inhibitor, CA3 (CIL56) [75], was purchased from SelleckChem (Houston, TX).
Peroxidase-conjugated sheep anti-mouse IgG (NA931V) and peroxidase-conjugated
donkey anti-rabbit IgG (NA934V) secondary antibodies were purchased from GE
Healthcare Systems (Chicago, IL). Statistical analysis used the student’s t-test of a
minimum of triplicate repeats. Single asterisks indicate a significant reduction, p > 0.001
and double asterisks indicate a significant increase, p> 0.001.

Electroporation Cells (1.2 million) were suspended in 100 pl of keratinocyte

nucleofector reagent (VPD-1002, Lonza) containing 3 pg of plasmid. The cells were
electroporated using the AMAXA nucleofector device on the T-018 setting [141] and the
cells were permitted to recover in medium for 48 h before they were plated for use in
biological assays (cell proliferation, spheroid formation, invasion, migration). For transient

knockdown of targets, 1.2 million cells were electroporated with 3 pg of siRNA as above,
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and after recovery the electroporation was repeated a second time before the cells were
plated for use in biological assays [141].

Cell culture SCC-13 are human epidermis derived, tumor forming, squamous cell
carcinoma cells [142]. HaCaT are immortalized cells derived from human epidermis that
do not form tumors [28]. Growth medium contained DMEM supplemented with 4.5 mg/ml
D-glucose, 2 mM L-glutamine, 1 mM sodium pyruvate, 100 U/ml penicillin, 100 U/ml
streptomycin and 5 % fetal calf serum. Cell proliferation, spheroid formation, invasion and
migration assays were performed as previously described [121]. Spheroids were grown in
spheroid medium [DMEM/F12 (1:1) containing 2% B27 serum-free supplement, 20 ng/ml
EGF, 0.4% bovine serum albumin and 4 mg/ml insulin] on ultra-low attachment plates
[121]. To create VGLLA4 overexpressing stable cell lines, SCC-13 cells were electroporated
with 1 pg of pCMV6-VGLL4-FLAG plasmid and VGLL4-FLAG positive cells were
selected by treatment with 2 pg/ml G418 for 2 weeks before deriving clonal cell lines. The
resulting clonal SCC13-VGLL4-FLAG1-8 and SCC13-VGLL4- FLAG1-9 cell lines were
maintained in growth medium.

TEAD luciferase reporter and gRT-PCR assays To monitor TEAD responsive

transcription activity, cells were transfected with 0.5 pg of pGL3-B-Luc or pGL3-B-
8XGTIIC-Luc using Fugene 6 and at 24 h the cells were harvested for luciferase assay
[143]. For qRT-PCR measurement of target gene RNA level, RNA was isolated using the
Illustra RNAspin Mini Kit (25050070, GE Healthcare Life Sciences), reverse transcribed,
and quantified using the LightCycler 480 SYBR Green | using gene-specific primers.
Cyclophilin A forward (5’-CAT CTG CAC TGC CAA GAC TGA-3’) and reverse (5'-TTC

ATG CCT TCT TTC ACT TTG C-3’) primers [144] were used as a normalizing control
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gene. CTGF forward (5'-GGA AAT GCT GCG AGG AGT GG-3’) and reverse (5'-GAA
CAG GCG CTC CAC TCT GTG-3’) primers, CYR61 forward (5'-CAC ACC AAG GGG
CTG GAA TG-3’) and reverse (5'-CCC GTT TTG GTA GAT TCT GG-3’) primers and
CCND1 forward (5'-TGA AGG AGA CCA TCC CCC TG-3’) and reverse (5-TGT TCA
ATG AAA TCG TGC GG-3’) primers were as described [39]. Transglutaminase 2 primers
were forward (5-TAA GAG ATG CTG TGG AGG AG-3’) and reverse (5'-CGA GCC
CTG GTA GAT AAA-3’). The COL3A1 forward (5’-TGG TCT GCA AGG AAT GCC
TGG A-3°) and reverse (5’-TCT TTC CCT GGG ACA CCA TCA G-3°) primers
(HP200076) and the COL1A2 forward (5’-CCT GGT GCT AAA GGA GAA AGA GG-
3’) and reverse (5’-ATC ACC ACG ACT TCC AGC AGG A-3’) primers (HP200075)
were purchased from Origene (Rockville, MD).

Immunoblot Analysis Equal protein equivalents of cell extract were boiled in

Laemmli sample buffer, loaded onto 10-12% denaturing polyacrylamide gels and
electrophoresed. The proteins were transferred to a nitrocellulose membrane and the
membrane was blocked with 5% nonfat dry milk, incubated in primary antibodies
overnight at 4°C and secondary antibodies at room temperature for 1 h. The proteins were
visualized using chemiluminescent detection reagents.

Tumor Xenograft Wild-type SCC-13 and SCC13-VGLL4-FLAG1-9 cells were

grown in monolayer culture and 100,000 cells were resuspended in 100 pul PBS containing
30% Matrigel and injected into each front flank of 5 female NOD Scid IL2 receptor gamma
chain knockout mice (NSG) per treatment group. Tumor volume was measured as volume
= 4/37 x (diameter/2)3. The tumor samples were harvested, stored frozen in liquid nitrogen

and used to prepare extracts for immunoblot and gRT-PCR analysis.
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CHAPTER 3

Glutamine deprivation suppresses the epidermal squamous cell carcinoma cancer

phenotype and attenuates YAP1/TEAD signaling

INTRODUCTION

Epidermal squamous cell carcinoma (SCC) is one of the most common forms of
cancer arising from the epidermis and is mainly attributed to damage acquired by UVB
radiation [18-22, 110, 144]. Surgical resection is the primary treatment modality for in situ
SCC; however, surgical removal in combination with radiation and chemotherapy is
employed for malignant, unresectable, metastatic SCC [25]. Recurrent epidermal SCC
occurs at a rate of 5% [27]. Epidermal SCC cancer stem cells (ESC) can be a factor in
tumor formation, progression, metastasis, and relapse [24, 112]. These cells exhibit stem
cell marker expression, can be impervious to treatment, and are associated with increased
tumor-forming ability [24, 111-112]. Our objective is to identify treatment strategies that
can attenuate the survival of ECS cells. We also seek to understand the underlying
biochemical mechanism of action of these strategies.

Glutamine is an uncharged, polar amino acid and is the most abundant amino acid

in blood [79-80]. Glutamine can be imported into the cell under physiologically stressful
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circumstances to fuel cell growth and survival [145]. Glutamine is transported into the cell
and mitochondria primarily through Alanine-Serine-Cysteine Transporter (ASCT2), which
is encoded by the Solute Carrier Family 1 Member 5 (SLC1A5) gene [81, 82]. In the
mitochondria, glutamine can be converted into glutamate by glutaminase 1, glutamate can
be converted to alpha-ketoglutarate by glutamate dehydrogenase, phosphoserine
aminotransferase 1 and glutamate-pyruvate transaminase, and glutamate-oxaloacetate
transaminase [80, 88-91]. Alpha-ketoglutarate can be incorporated into the tricarboxylic
acid cycle (TCA) and serve as a precursor molecule [79-80, 88-91, 146]. Glutamine and
glutaminolysis serve as a carbon and nitrogen source that cancer cells use to produce
energy and cellular building blocks to promote proliferation and survival [80, 90, 92, 146].

Enzymes and protein factors associated with glutamine transport and
glutaminolysis contribute to maintaining the cancer cell phenotype [93-96, 145, 147-148].
Studies suggest ASCT2, which selectively facilitates glutamine uptake, promotes the
cancer cell phenotype [93-96]. ASCT2 is upregulated in several cancer types, and this
overexpression is associated with poor patient outcomes [93-96]. GLS1 activity has been
implicated in promoting the cancer phenotype because suppression of GLS abrogated the
cancer phenotype [145, 147-148]. Interestingly, there is crosstalk between glutamine
metabolism factors and YAPL1 signaling [88-89, 91]. Moreover, glutamine transport and
metabolism enzymes such as PSAT, GOT, SLC1A5, and GLS1 are reported to be regulated
by YAP1/ TEAD signaling [89, 99-101].

In proliferating cancer cells, glutamine is utilized to support the high metabolic and
energy demands of the cell [146]. We are interested in how glutamine and glutaminolysis

contribute to maintaining the cancer cell phenotype and how targeting glutamine utilization
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can be used to abate this aggressive phenotype. Our present study shows that SCC cells are
glutamine addicted and that glutamine deprivation can attenuate the SCC cancer cell
phenotype. We show that SLC1A5 maintains the SCC cancer cell phenotype because
knockdown of SLC1A5 reduced cell proliferation, invasion, and spheroid formation. We
further show that glutamine restriction reduces YAPL/TEAD and YAPL target gene
expression. Moreover, we demonstrate that a pharmacological inhibitor of SLC1A5
reduces cell invasion, proliferation, and migration, which is associated with a reduction in
TEADs, YAP1, and YAPL target gene expression. Our results support a model in which
glutamine and glutaminolysis promote YAP1/TEAD-dependent signaling to maintain the

SCC cancer cell phenotype.

RESULTS

Glutamine deprivation suppresses the agqgressive SCC cancer cell phenotype We

began these studies by assessing the role of glutamine on the cancer cell phenotype and the
expression of TEADs, YAPL1/TAZ, and YAPL1 target genes. Fig. 3-1A shows that SCC-13
cell proliferation is suppressed when glutamine is removed from the media. Next, we
examined the role of glutamine restriction on spheroid formation and show that glutamine
deprivation is associated with reducing spheroid number and size (Fig. 3-1B). In Fig. 3-

1C/D, we also show that glutamine restriction decreases cell invasion and migration.

Removal of glutamine from the media decreases the protein levels of glutamine
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metabolism factors SLC1A5 and GLS1, reduces TEADs, ANp63a, YAPI1, and YAP1-P
levels, and decreases expression of YAP1 target genes including CCND1, CCND1-P, and
CYRG61 (Fig. 3-1E). These findings suggest that glutamine maintains the cancer phenotype

and may promote YAPL/TEAD expression and signaling.

Fig. 3-1 Glutamine starvation attenuates the cancer phenotype. A Glutamine restriction
suppresses SCC-13 cell proliferation. B Glutamine deprivation attenuates spheroid
formation and reduced spheroid size. C/D Removal of glutamine from the media decreases
cell invasion and migration. E Glutamine depletion decreases the expression of glutamine
metabolism proteins, downstream Hippo signaling proteins, and YAPL target gene

expression. For this figure, asterisks denote a significant decrease, n = 3, p < 0.001.
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Inhibition of SLC1A5 represses the SCC cancer cell phenotype In Fig. 3-1, we

show that glutamine deprivation potently suppresses the SCC cancer phenotype and was
associated with a decrease in expression of YAP1 signaling and target genes. We tested
two parallel approaches to determine if suppressing glutamine uptake would reduce SCC-
13 cell behavior and YAP1 signaling. Our first approach for targeting SLC1A5 was by
siRNA knockdown. In Fig. 3-2A/B/C, we show that SLC1A5 knockdown reduces SCC-
13 cell proliferation, spheroid formation, and cell invasion. Fig.3-2D shows that SLC1A5
reduces the protein levels of TG2, YAP1, YAP1-P, TAZ, TEADs, and Cyclin D1. These
results suggest that inhibiting glutamine utilization reduces the cancer phenotype and
expression of YAP1/TEAD signaling genes. Our second approach was treating with a small
molecular weight inhibitor, V-9302, which antagonizes SLC1A5 and significantly reduces
glutamine influx. Fig.3-2E/F confirms that targeting SLC1A5 activity (glutamine
transport) reduces cell proliferation in a dose-dependent manner and decreases cell
invasion. We also show that V-9302 treatment suppresses SLC1A5 levels, decreases
ANp630, YAPL, and TAZ levels, and reduces the expression of CCND1 (Fig.3-2G). These
results suggest that SLC1A5 maintains the SCC-13 cell phenotype by facilitating
glutamine transport into the cell and by promoting YAP1, TEAD, and YAP1 target gene

expression.
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FIGURE 3-2.
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Fig. 3-2 Targeting SLC1A5 suppresses the aggressive phenotype. A/B/C SLC1A5
knockdown reduces cell proliferation, spheroid formation, and cell invasion. D Inhibiting
SLC1AGS expression reduces the protein levels of TG2, YAP1/TAZ, YAP1-P, TEADs, and
CCNDL1. E/F V-9302 treatment reduces cell proliferation and cell invasion. G V-9302
suppresses the expression SLC1AS, YAP1/TAZ, ANp63a, and CCNDI. Asterisks denote

a significant decrease, n = 3, p < 0.001.
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Glutamine deprivation attenuates the HaCaT cell phenotype and YAP1/TEAD

signaling We also monitored the effect of glutamine restriction in a second cell line [28].
In Fig. 3-3, we show that glutamine deprivation reduces cell proliferation, spheroid
formation, and cell migration (Fig. 3-3A/B/C) and that VV-9302 treatment represses cell
proliferation, spheroid formation, and cell migration (Fig. 3-3D/E/F). Additionally, we
show that V-9302 suppresses the expression of SLC1A5 and YAPL/TEAD signaling

molecules, including YAP1, YAP1-P and TEADs (Fig. 3-3G).

Fig. 3-3 Glutamine starvation attenuates the HaCaT phenotype. A/B/C Removal of
glutamine from the media reduces cell proliferation, spheroid formation, and migration.
D/E/F V-9302 treatment decreases cell proliferation, spheroid formation, and cell
migration. G V-9302 suppresses the expression SLC1A5, YAP1-P, YAP1, and TEADs.

The asterisks denote a significant decrease, n = 3, p < 0.001.
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YAPL1/TEAD-dependent transcription is inhibited by suppressing SLC1A5

Previous data has suggested that YAP1 promotes the expression of SLC1A5 and GLS1
[89, 99-101]. We were interested in understanding how glutamine deprivation affects
YAP1/TEAD-dependent transcription because, to our knowledge, there are no prior studies
investigating how glutamine starvation impacts YAPL1/TEAD-dependent signaling in SCC.
Fig. 3-4A shows that SLC1A5 knockdown suppresses YAP1/TEAD-associated
transcription. SLC1A5 knockdown also reduces the transcript levels of YAP1 and YAP1
target genes [CTGF, CYR61, and CCND1] (Fig. 3-4B) and decreases the protein levels of
YAPL, YAP1-P, TEADs, and YAP1 target genes [CYR61 and CCND1] (Fig. 3-4C). In
Fig. 3-4D, we show that YAP1 drives TEAD-dependent transcription because knockdown
of YAP1 with siRNA or treatment with CA3, a YAP/TEAD signaling inhibitor, reduced
TEAD-dependent luciferase expression. To further confirm that targeting SLC1AS5 inhibits
YAPL/TEAD transcription, we used a parallel approach by antagonizing SLC1A5 with V-
9302, and in Fig. 3-4E, we show that V-9302 decreases YAP1/TEAD-dependent
transcription. These findings suggest that SLC1A5 promotes YAPL signaling and that a
potential mechanism exists in which glutamine bioavailability (and SLC1A5 expression)

impacts YAP1 expression and YAPL/TEAD signaling.
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FIGURE 3-4.
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Impact of glutamine starvation on tumor formation In Figs. 3-1 and 3-2, we studied
the impact of glutamine deprivation on the cancer cell phenotype in cell-based models. We
next examined the effects of glutamine deprivation on tumor growth. This study employed
SCC-13 spheroid-derived ECS cells, which were injected into each front flank of NSG
mice. The mice were given VV-9302 (0 or 25 mg/kg) by IP injection three times a week, and
tumor growth was observed. Fig. 3-5A/B shows a reduction in tumor growth over the
course of the study, and this was not associated with a significant decrease in the body

weight of the mice in the V-9302 treatment group.
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Fig. 3-5 Glutamine restriction suppresses tumor formation. SCC-13 cells were derived
from cells cultured as spheroids. These cells were injected into each of the front flanks of
NSG mice, and tumor formation/growth was monitored every week over 4 weeks. A/B V-
9302 treatment markedly reduced tumor growth. The body weight of the mice in the
treatment group was not statistically different from that of the control group throughout the
study. Tumors that were of representative size were used for analysis. The asterisks denote
a significant decrease in tumor size, n = 10 tumors (5 mice x 2 tumor/mouse), p < 0.001.
C Schematic model to describe the mechanism of action. Previous studies have shown that
ASCT2, which is encoded by the SLC1A5 gene, forms a homotrimer and functions as a
sodium-dependent antiporter of neutral amino acids in exchange for glutamine [81, 83-84].
Our studies show that glutamine deprivation decreases YAP1 and YAP1-P proteins levels.
We also demonstrate that glutamine reduces Y AP1/TEAD-dependent signaling and YAP1
target gene expression. We propose a model in which glutamine promotes the expression
and activity of YAPL, which increases YAP1 target gene expression to maintain the
epidermal SCC cancer cell phenotype. Adapted from “Hippo Pathway in Mammals,” by

Biorender.com (2022). Retrieved from http://app.biorender.com/biorender-templates.
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DISCUSSION

Epidermal squamous cell carcinoma is one of the most common forms of skin
cancer, primarily caused by UVB radiation exposure [18-22, 110]. Surgical resection is the
most common treatment for epidermal SCC [25, 110]; however, SCC tumors can recur at
a rate of 5% [27]. Even though chemotherapy and monoclonal antibody regimens are
utilized for advanced cases of SCC, recurrent and metastatic epidermal SCC are more
aggressive and have a poor patient prognosis [18, 26, 144]. For this reason, current studies
have a goal of identifying strategies to suppress recurrent, recalcitrant SCC. One of the
acquired characteristics of cancer cells is dysregulation of bioenergetics, and recent
publications suggest that glutamine metabolism is deregulated in cancer [93-96]. Cells
undergoing proliferation may become dependent on glutamine and glutaminolysis because
they supply energy and promote macromolecule synthesis [79-80, 88-92]. To our
knowledge, how glutamine metabolism influences the cancer cell phenotype has not been
studied, nor has glutamine restriction as a potential therapy strategy in SCC. Moreover, the
pathways influenced by glutamine deprivation have not been elucidated in epidermal SCC.

Glutamine starvation suppresses the epidermal squamous cell carcinoma phenotype

Previous studies have shown that removing glutamine from the media reduces cell
proliferation [149-150]. We show that when aggressive SCC-13 cells are deprived of
glutamine, there is a reduction in cell proliferation, invasion, migration, and spheroid
formation. These findings are the first to suggest that SCC-13 cells are addicted to
glutamine. A similar reduction in cell proliferation, migration, and spheroid formation was

observed in HaCaT cells, which are immortalized cells that do not form tumors [28]. These
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results demonstrate that glutamine starvation can suppress the cancer phenotype, and they
suggest that glutamine aids in maintaining the cancer phenotype in proliferating and
tumoral cells. We confirmed that glutamine metabolism plays an important role in
maintaining the cancer phenotype by targeting SLC1A5/ASCT2-directed glutamine influx
into the cell. Glutamine transport into the cell and mitochondria is mediated by the
glutamine importer ASCT2, encoded by SLC1A5, but other transporters have been
identified as glutamine transporters including SLC38A1, SLC38A2, SLC38A4 and
SLC7A5 [152-153]. In this study, we examined how SLC1AD5 affects the SCC cancer cell
phenotype. We demonstrate that knockdown of SLC1Ab5 also reduces the cell proliferation,
invasion and spheroid formation in SCC-13 cells. These results suggest that
SLC1A5/ASCT2 contributes to the cancer phenotype because decreasing SLC1A5/ASCT?2
expression suppressed the SCC-13 cell phenotype.

We employed a different approach to targeting SLC1A5 and glutamine import
through V-9302 treatment. The backbone of VV-9302 is similar to that of an amino acid, but
the R chain contains two aryloxybenzyl moieties [107-108]. The proposed mechanism of
action of V-9302 based on in silico predictions is that VV-9302 interacts with the amino acid
binding region of ASCT2 [107]. The in silico studies also examine whether VV-9302 would
bind and interact with another reported glutamine transporter, SLC7A5/LAT1, and the
studies predicted high steric hindrance when V-9302 interacts with LAT1 [107]. Thus,
these studies predict that VV-9302 potently targets ASCT2 [107]. Targeting SLC1A5 with
V-9302 may impact the transport of glutamine and other neutral amino acids such as

asparagine and serine [81].
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We show that VV-9302 suppresses cell proliferation and invasion in SCC-13 cells
and reduces cell proliferation, migration, and spheroid formation in HaCaT cells. We used
a tumor xenograft model to support our cell-based studies, which showed that V-9302
treatment markedly reduced tumor growth without reducing the weight of the mice. These
results also demonstrate that the cancer phenotype is attenuated when SLC1ADb is targeted
by a small molecular weight inhibitor that acts as a glutamine transport antagonist and
suggest that glutamine transport via SLC1A5 maintains the cancer phenotype. Further
studies can be done to confirm that glutamine influx is decreasing due to targeting
transporters such as ASCT2. These studies provide the first evidence that SCC cells are
glutamine addicted, confirm the importance of glutamine import with respect to the cancer
phenotype and highlight glutamine restriction as a potential treatment strategy.

Glutamine restriction inhibits YAP1/TEAD signaling Previous studies have

implicated YAPL in driving an aggressive cancer cell phenotype in several cell-based
studies [69-73] and it was reported to be elevated in several cancers [58-63]. Indeed, we
have shown that YAP1/TEAD signaling is required for SCC cell survival and tumor growth
[69-70]. Additional studies have implicated YAP1 as a regulator of glutamine transport
and metabolism protein/enzymes such as GLS1 and SLC1A5 [89, 99-101]; however,
studies have not shown how glutamine deprivation impacts YAPL/TEAD signaling and
expression in SCC-13 cells. Here we show that when the cells are starved of glutamine,
there is a decrease in the protein expression of TEADs, ANp63a, YAP1, and YAPI-P.
Moreover, we note a decrease in the protein expression levels of SLC1A5/ASCT2 and
GLSL1. These results are complemented by the studies involving SLC1A5 knockdown and

V-9302 treatment. We show that SLC1A5 knockdown decreases the protein levels of TG2,
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YAP1-P, YAP1, TAZ, TEADs and ANp63a.in SCC-13 cells. We also observed a reduction
in YAP1, YAP1-P, and TEAD protein levels when HaCaT cells were treated with \V-9302.

As we anticipated, there was a decrease in YAP/TEAD dependent signaling when
SLC1AS5 was knocked down and when the cells were treated with VV-9302, and this was
associated with a reduction in some YAP1 target genes. For example, when SLC1A5 was
knocked down, there was a reduction in the transcript levels of CTGF, CYR61 and
CCND1. When glutamine was removed from the media, there was a reduction in CCND1,
CCND1-P and CYR61 protein levels. When SLC1A5 was knocked down, there was a
reduction in CCNDL at the protein level. When the cells were treated with V-9302, there
was a decrease in CCND1 and CYR61 levels. These findings demonstrate that glutamine
deprivation reduces YAP1l and TEAD protein levels, YAP1/TEAD-dependent
transcription and expression of YAP1 target genes. Further investigations could be done to
show how glutamine transport/metabolism connects to amino acid sensing
pathways/molecules such as the mTOR signaling cascade to determine if this pathway is
also involved.

Glutamine mechanism of action in skin cancer These results highlight the role of

glutamine uptake in sustaining the cancer phenotype because a reduction in SLC1A5
expression or activity potentially decreased glutamine influx into the cell, resulting in low
glutamine bioavailability, which could abrogate the progression of intracellular processes
such as energy production and biomolecular synthesis. These findings demonstrate that
reducing glutamine levels or inhibition of glutamine import through SLC1A5/ASCT2
attenuates YAP1/TEAD signaling. These results support a model in which inhibition of

glutamine transport by targeting SLC1A5/ASCT2 decreases the protein levels of YAP1
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and TEAD, which reduces the expression of YAP1 target genes, which attenuates the
epidermal SCC cancer cell phenotype. Conversely, under high nutrient bioavailability and
proliferation situations, cells readily import glutamine, promoting YAP/TEAD expression
and activity, which stimulates the expression of YAP1 target genes to maintain the

epidermal SCC cancer cell phenotype (Fig. 3-5C).

MATERIALS AND METHODS

Reagents Rabbit antibodies for the detection of YAP1 (4912S), YAP1-P (13008S),
pan-TEAD (13295S), CYR61 (39382S), Cyclin D1 (2922S), Cyclin D1-P (3300S), p63a
(13109S), TAZ (4883S) GLS1 (88964S) and ASCT2 (8057S) are from Cell Signaling
Technology (Danvers, MA). The mouse antibodies against B-actin (A5441) and TG2
(MAB3839) were purchased from Millipore Sigma (St. Louis, MO). The pGL3-B-
8XGTIIC plasmid (34615) was obtained from Addgene (Watertown, MA). Control siRNA
was obtained from Dharmacon (D-001206-13-05), SLC1A5 siRNA (M-007429-01-0005)
was obtained from Dharmacon from (Lafayette, CO) and siRNA targeting YAP1
(510662954, S10443867, S104438644, S104438367) was from Qiagen (Germantown,
MD). DAPI (D9542) was purchased from Sigma Aldrich (Milwaukee, WI). Matrigel
(354234) and Millicell chambers (353097) were obtained from BD Biosciences (SanDiego,
CA). The transfection reagent, Fugene 6 (E2691), was purchased from Promega (Madison,
WI1). The small molecule YAP1/TEAD signaling inhibitor, CA3 (CIL56) [75] and \VV-9302
(58818), the small molecule ASCT2/SLC1AGS inhibitor were obtained from SelleckChem

(Houston, TX). The secondary antibodies, peroxidase-conjugated sheep anti-mouse 19gG
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(NA931V) and peroxidase-conjugated donkey anti-rabbit 1IgG (NA934V), were obtained
from GE Healthcare Systems (Chicago, IL). Statistical analysis was performed using the
student’s t-test.

Electroporation The cells (1.2 million) were resuspended in a keratinocyte

nucleofector reagent [ 100 pl] (VPD-1002, Lonza), which also contained 3 pg of plasmid.
The resulting mixture was electroporated with the AMAXA nucleofector device on the T-
018 setting [141]. The cells recovered for 48 h before they were collected for lysates. For
knockdown of a specific gene, 3 ng of siRNA were delivered into 1.2 million cells using
electroporation methods as described above. The cells recovered for 48 h, were
electroporated a second time and used in biological assays following a second 48h recovery
period [141].

Cell culture and assays SCC-13 is a human squamous cell carcinoma cell line

derived from the epidermis [142]. The HaCaT cells are an epidermis-derived, immortalized
cell line that does not form tumors [28]. The basal DMEM growth media (15-017-CV) was
obtained from Corning (Tewksbury, MA) for the glutamine deprivation experiments. The
media formulation contains the essential amino acids. The glutamine-free media contained
5 % fetal calf serum, 4.5 mg/ml D-glucose, 1 mM sodium pyruvate, 100 U/ml penicillin
and 100 U/ml streptomycin and the glutamine-supplemented media was made using the
same media but contained 2 mM L-glutamine. For all other experiments the basal DMEM
(10-013-CV) was obtained from Corning and was supplemented with 5 % fetal calf serum,
100 U/ml penicillin and 100 U/ml streptomycin (Tewksbury, MA). The bioassays, which
include cell proliferation, spheroid formation, invasion and migration were performed as

described in previous studies [121]. For the spheroid assays that used glutamine-free and
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glutamine-supplemented media, the basal spheroid media (21331-020) was obtained from
Gibco, the glutamine-free media contained DMEM/F12 (1:1) without glutamine, but
containing 2% B27 serum-free supplement, 0.4% bovine serum albumin, 20 ng/ml EGF
and 4 mg/ml insulin (Waltham, MA). The glutamine-supplemented media was prepared as
described above, but additionally contained 2 mM L-glutamine (Waltham, MA). The
spheroids were grown in media on ultra-low attachment plates [121]. For all other spheroid
assays, spheroid medium (10-090-CV) from Corning was used and the media was
supplemented with DMEM/F12 (1:1) containing 2% B27 serum-free supplement, 0.4%
bovine serum albumin, 20 ng/ml EGF and 4 mg/ml insulin to culture spheroids on ultra-
low attachment plates [121].

TEAD promoter and gRT-PCR assays In order to examine TEAD-dependent

transcription activity, the cells were transfected with 1 pg of pGL3-B-Luc or pGL3-B-
8XGTIIC-Luc using Fugene 6. After 24 h transfection, the cells were harvested for
luciferase assay and analysis [143]. The gRT-PCR assay was used to assess RNA transcript
levels. For this assay total RNA was extracted from cells using the Illustra RNAspin Mini
Kit (25050070, GE Healthcare Life Sciences), the RNA was reverse transcribed, and
measured using the LightCycler 480 SYBR Green | and primers specific for the following
genes-Cyclophilin A, CTGF, CYR61, CCND1 YAP1 and SLC1AD5. Cyclophilin A forward
(5’-CAT CTG CAC TGC CAA GAC TGA-3’) and reverse (5-TTC ATG CCT TCT TTC
ACT TTG C-3”) primers [144] were used as the housekeeping gene. CYR61 forward (5'-
CAC ACC AAG GGG CTG GAATG-3%) and reverse (5'-CCCGTTTTG GTAGAT TCT
GG-3’) primers, CTGF forward (5'-GGA AAT GCT GCG AGG AGT GG-3’) and reverse

(5'-GAA CAG GCG CTC CAC TCT GTG-3’) primer and CCNDI1 forward (5'-TGA AGG
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AGA CCA TCC CCC TG-3’) and reverse (5'-TGT TCA ATG AAA TCG TGC GG-3°)
primers were as described [39]. YAP1 forward (5’-GTG AGC CCA CAG GAG TTA GC-
3”) and reverse (5’-CTC GAG AGT GAT AGG TGC CA-3”) were as described [154]. The
sequences for the SLC1A5 primers were as described: forward (5°-TCC TGG ATC ATG
TGG TAC GC-3’) and reverse (AGC AGG CAG CAC AGA ATG TA-3).

Immunoblot Analysis Equivalent amounts of cell lysates were boiled in Laemmli

buffer, the samples were loaded onto 10-12% denaturing polyacrylamide gels and were
separated by molecular weight. The proteins were transferred onto nitrocellulose
membranes. The membranes were blocked in 1X TBS-T containing 5% nonfat milk to
prevent nonspecific binding and incubated overnight in the primary antibodies listed above
at 4°C and in secondary antibodies at room temperature for a minimum of 1 h.
Chemiluminescent detection reagents were used to visualize the proteins.

Tumor Xenografts SCC-13 cells were grown in culture as spheroids, 100,000

spheroid-derived cells were resuspended in 100 ul PBS containing 30% Matrigel. The cells
were injected into each of the front flanks of 5 female NOD Scid IL2 receptor gamma chain
knockout mice (NSG) per treatment group. The mice were given VV-9302 (0 or 25 mg/kg)
by injection three times a week following cell injection. The tumor volume was calculated
using the formula: volume = 4/3n x (diameter/2)*. The tumor samples were collected and

stored for preservation in liquid nitrogen for future usage.
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CHAPTER 4

DISCUSSION AND FUTURE DIRECTIONS

DISCUSSION

YAPL has been shown to drive an aggressive cancer phenotype by promoting
cellular growth, facilitating the transition of cancer cells into cancer stem cells, increasing
metastasis, inducing drug/treatment resistance, and supporting tumor formation [155]. At
the biochemical level, YAP1 contributes to the cancer phenotype by upregulation of YAP1
target genes and through positive feedback loops that promote YAPL/TEAD signaling
[155]. YAP1 activity and target gene expression are regulated and attenuated by YAP1
phosphorylation [34]. Phosphorylation disrupts YAPL transcription factor activity and
results in retention of YAPL in the cytoplasm where it can be ubiquitinated and targeted
for degradation [34]. We have identified two distinct strategies, overexpression of VGLL4
and glutamine starvation, that abrogate the impact of YAP1 and YAP1/TEAD signaling to
attenuate the cancer phenotype in epidermal squamous cell carcinoma.

We focused on and studied the antitumor activity of VGLL4. VGLL4 has been
reported to be downregulated in several cancer types, and it has been shown to act as a

balance against YAP1/TEAD signaling and attenuate the cancer cell phenotype [36-40]. In
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Chapter 2, our studies show that VGLL4 acts as a tumor suppressor to reduce the squamous
cell carcinoma phenotype. We confirmed that YAP1 promotes an aggressive cancer cell
phenotype, and this phenotype (cell proliferation, migration, invasion, spheroid formation,
and tumor growth) is inhibited by the overexpression of VGLL4. We also showed that
VGLL4 attenuates Y AP1/TEAD-dependent transcription, which inhibits the expression of
Y AP target genes in Chapter 2. In Chapter 3, we showed that glutamine removal from the
media suppresses the SCC cancer phenotype, which is associated with a reduction in the
expression of YAP1, TEAD, and YAPL target genes. We demonstrated that targeting
SLC1A5 by knockdown or inhibitor reduces the SCC cancer cell phenotype, which is
associated with a reduction in YAP1/TEAD expression and signaling. Our emerging model
proposes that targeting glutamine influx and bioavailability is an additional pathway to
counteract the oncogenic activity of YAPL.

CTGF, CYR61, CCND1, COL1A2, COL3A1, and TG2 are among the genes are
shown to be regulated by YAP1 across Chapters 2 and 3. CTGF and CYRG61 are a part of
the CCN (CYR61, CTGF, NOV) family of proteins, and the CCN family contains
structurally similar, matricellular proteins that are transported to the extracellular matrix
(ECM) [156-158]. Many of the proteins from this family, including CYR61 and CTGF,
contain a localization signal and four conserved domains (a thrombospondin repeat, a von
Willebrand factor type C, an insulin-like growth factor binding protein, and a cysteine knot
domain) [156, 158]. These domains bind other factors such as insulin-like growth factors
(IGF), heparin, integrins, and transforming growth factor f (TGFP) [156]. CCN family
proteins do not provide structural support to the ECM, but they interact with the ECM and

the cellular surface [156-158]. These proteins serve as extracellular signaling
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molecules/receptors involved in signaling to promote biological processes such as
migration, wound healing, proliferation, angiogenesis, and tumor formation [156-158].
CTGF and CYRG61 are upregulated in several cancers [159], and an additional study
showed that high expression of CTGF and CYRG61 is associated with poor patient outcomes
in breast cancer [159-160]. Moreover, previous studies have shown CTGF and CYR61
expression is promoted by YAPL, but expression of these genes is inhibited by VGLL4
[37-38, 40].

In Chapter 2, we show that CCND1 is a YAPL1 target gene, and in Chapters 2 and
3, we also observed that CCND1 (encodes for Cyclin D1) expression was modulated by
VGLL4 overexpression and glutamine deprivation, respectively. Cyclin D1 expression and
activity are linked to cell cycle regulation because it is critical for the G; to S phase
transition [161]. It functions by binding to cyclin-dependent kinases 4/6 (CDK4/6) to
phosphorylate proteins such as retinoblastoma (Rb) and promote cell cycle progression
[161]. Phosphorylation of Cyclin D1 can attenuate Cyclin D1 activity [161].
Phosphorylated Cyclin D1 is transported to the cytoplasm, can become ubiquitinated and
degraded [161]. It has been observed that CCND1 is aberrantly/highly expressed or
amplified in a subset of cancer patient samples [162]. These genomic abnormalities can
result in hyper-activation of Cyclin D1, tumorigenesis, and disease progression [162].

COL1A2 and COL3AL are two other YAP1 target genes studied in Chapter 2. We
showed that COL1A2 and COL3A1 are YAPL1 target genes that can be suppressed by
VGLL4 overexpression. The function of COL1A2 has been studied in other cancer cell
lines, and it was shown to promote the pancreatic cancer phenotype because knockdown

of COL1AZ2 resulted in a reduction in cell invasion and proliferation [164]. Clinically,
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COL1A2 was shown to be highly expressed in pancreatic cancer tumors [164], and high
COL1AZ2 expression was linked to poor patient outcomes in gastric cancer [165]. COL3A1
is also a fibrillar protein in the ECM, and it was shown to be highly expressed in glioma
tissue samples, and COL3A1 knockdown was linked to a reduction in cell proliferation,
migration, and colony formation [166]. COL3A1 upregulation was observed in bladder
cancer patient samples [167]. Collagens function in the ECM to provide structural support
but are associated with cell migration and adhesion [166, 168] that contribute to the cancer
phenotype.

We show that TG2, a key ECM regulator, is suppressed when VGLL4 is
overexpressed in Chapter 2. TG2 has been characterized as a calcium-dependent enzyme
with crosslinking and transamidase activity, and it can function in signaling pathways and
binds GTP [109, 113-114, 169]. It has been suggested that TG2 has an open conformation
associated with calcium-binding and transamidase activity [109, 113-114]. In contrast, the
closed conformation has been linked to GTP/GDP binding and survival/growth signaling
[113-114]. Many studies have shown that TG2 overexpression contributes to the
progression of several cancers and is associated with poor patient outcomes [113]. In this
current study, the regulation of TG2 by VGLL4 was an interesting observation because
previous studies demonstrated that TG2 drives a pro-cancer signaling cascade in SCC-13
that results in YAP1 translocating to the nucleus [70]. These results could suggest that
VGLL4 regulates TG2 expression through a feedback mechanism in which VGLL4
suppresses downstream genes expression (such as CCND1, CTGF, and CYRG61) to
suppress TG2 expression ultimately. However, further studies could be done to elucidate a

mechanism.
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There was a decrease in transcript levels of CCND1 when VGLLA4 was transiently
and stably overexpressed in SCC-13 cells (Chapter 2). However, CCND1 transcript levels
were increased in HaCaT cells when YAP1 was knocked down, when the cells were treated
with CA3 and when VGLL4 was overexpressed (Chapter 2). This difference in expression
level between the cell lines could be due to YAP1/TEAD targeting a different Cyclin gene
in HaCaT cells and CCND1 levels may be increased as a compensatory mechanism. The
protein level of Cyclin D1 could be monitored in HaCaT cells. The transcript levels of
other Cyclin genes, including Cyclin D2 and Cyclin D3 [162], could be monitored with
gRT-PCR to determine if the expression of another Cyclin D gene is decreased when YAP1
is knocked down, when the cells are treated with CA3, and when VGLL4 is overexpressed.

We also observed a decrease in the transcript levels of genes including YAPL,
CCND1, CYR61, CTGF, COL3A1 and COL1AZ2 in the VGLL4 overexpression tumors in
the tumor xenograft model study. These findings mimicked those found in cell culture.
However, a reduction at the transcript level was not always linked to decreased protein
level in the same samples when VGLL4 was overexpressed. For example, there was a
reduction in CCND1 mRNA in one set of tumors (Tumors 1) when VGLL4 was
overexpressed, but this did not coincide with a decrease in CCND1 and CCND1-P protein.
These results may suggest that there are other cells in the tumor microenvironment that
express CCND1, or that there is a compensation in translation of these proteins tumor
microenvironment, which could be analyzed by a polysome profiling assay.

These studies highlight the role of VGLL4 in suppressing YAP1, CTGF and
CYR61, COL1A2, COL3Al, CCND1, and TG2 expression to attenuate the SCC cancer

cell phenotype. Our findings suggest that these YAP1 target genes, with diverse functions,
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can contribute to the cancer phenotype and potentially create or sustain a feedback loop in
which TG2/YAPL/TEAD signaling is strengthened. Our studies also suggest that VGLL4
and glutamine starvation suppress the expression and activity of a diverse group of proteins
to maintain a balance against YAP1/TEAD activity.

Overall, from these studies, we conclude that:

1. YAPL is a transcriptional coactivator that maintains the SCC cancer
phenotype, whereas VGLL4 functions as a tumor suppressor and attenuates
the SCC cancer cell phenotype.

2. VGLL4 suppresses SCC cell migration, invasion, proliferation, and
spheroid formation.

3. VGLL4 inhibits YAP1/TEAD-dependent transcription, which suppresses
the expression of TG2, pro-cancer collagen COL1A2 and COL3AL, and
YAPL1 target genes, including CTGF, CYR61, and CCND1.

4. VGLLA4 attenuates tumor growth and the expression of TG2, YAP1 target,
and pro-cancer collagen genes in vivo.

5. Glutamine restriction decreases SCC cell migration, invasion, proliferation,
and spheroid formation, suggesting that SCC-13 cells are addicted to
glutamine.

6. Knocking down SLC1Ab5 or inhibition of ASCT2 with a pharmacological
antagonist suppresses the cancer phenotype and YAPL1/TEAD signaling and
target gene expression.

7. V-9302 suppresses SCC tumor growth, suggesting that glutamine starvation

may be a suitable therapeutic option.
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FUTURE DIRECTIONS
A. VGLL4

There are still some key questions that remain unanswered. We focused on how
VGLL4 affected YAP1/TEAD signaling to impact the cancer phenotype using an
overexpression model in SCC cells. Patient tumors from several studies have shown that
VGLL4 is downregulated in tumor samples when compared to normal samples at the
transcript and protein levels [37-38, 40]. VGLLA4 transcription is proposed to be regulated
by miRs 130b, 222, and 30l1a-p, which are considered oncomiRs [36, 42-44, 170].
Additional mechanisms of VGLL4 downregulation can be explored, including the
identification of additional oncomiRs, how these oncomiRs are dysregulated in specific
cancer types and if VGLL4 is downregulated due to dysregulation at the epigenetic level
by enhanced promoter methylation.

Further analysis to identify putative miRs that target VGLL4 can be done through
in silico prediction methods [170]. The miRs can be purified and quantified using miRNA
gRT-PCR [170]. Candidate miRs can be analyzed to determine whether these miRs target
VGLL4, affect YAPL/TEAD-dependent signaling, and the cancer phenotype. Potential
miRs that target VGLL4 could be utilized to determine if they enhance or restore the cancer
phenotype, which can be assessed by delivering the miRs to the cells by electroporating or
transfecting and monitoring cell proliferation, invasion, migration, and spheroid formation.
Moreover, the expression of YAPL and YAP1 target genes can be monitored when VGLL4
is knocked down by potential miRs. The promoter region of VGLL4 can be identified or

confirmed through in silico prediction, and primers for this region can be generated. Then,
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paired bisulfite sequencing analysis can be used to determine if the VGLL4 promoter
region is hypermethylated in SCC tumor samples compared to normal epidermis samples.
We identified several genes regulated by YAP1 and suppressed by VGLL4
overexpression. We can use RNA sequencing to determine if additional genes are
differentially impacted due to VGLL4 upregulation or downregulation in cell samples or
tumors. The protein levels of differentially regulated genes can also be monitored. Our
studies suggest that VGLL4 binds to TEADs. We can analyze if VGLL4 has other binding
partners by proximity ligation, co-immunoprecipitation, and mass spectrometry assays.
We defined VGLL4 as a tumor suppressor in SCC. We have shown that VGLL4
suppresses the epidermal SCC cancer phenotype and that there is a reduction in TG2,
collagen, and YAP1 target genes. One of the next steps is to determine how this information
regarding VGLL4 translates into a therapeutic strategy such as inhibiting the degradation
of VGLL4 (for example, inhibitors against USP11), inhibiting miRs that target VGLLA4,
inhibiting the inactivation of VGLL4 (for example, inhibitors against CDK1), stabilization
of the VGLL4/TEAD complex, destabilization of YAP1 to inhibit YAP1/TEAD complex
formation, or reintroduction of VGLL4 into cells. Co-immunoprecipitation, mass
spectrometry, and proximity ligation assay can be used to determine if the VGLL4/TEAD
or YAPL/TEAD complexes are stabilized or destabilized, respectively, in response to a
candidate small molecule inhibitor. Further analysis can monitor if a candidate molecule
impacts cell proliferation, migration, invasion, spheroid formation and growth, tumor

formation, and YAP1 signaling.
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B. Glutamine deprivation
1. Glutamine transporters

In Chapter 3, we showed that glutamine deprivation decreases YAPL1/TEAD signaling
to reduce the SCC cancer phenotype. We focused on ASCT2/SLC1A5 and targeted it to
reduce glutamine transport into the cell. A future study should confirm that inhibiting
SLC1AS5 or removing exogenous glutamine reduces intracellular glutamine levels by using
an amino acid uptake assay [171]. In addition, it would be important to study the role of
other glutamine transporters, including SLC38A1, SLC38A2, SLC38A4, and SL7A5 [152-
153]. SLC38A1, SLC38A2, SLC38A4, and SL7AS5 can be knocked down or overexpressed
in SCC-13 cells, and intracellular glutamine levels can be monitored through the glutamine
influx assay. Several biological endpoints, including invasion, migration, spheroid growth,
and tumor growth, can be observed.

Other studies suggest that other transporters also regulate glutamine levels [153]. For
example, SLC38A1/SNAT1 facilitates the net uptake of glutamine, and SLC38A2/SNAT?2
acts to rescue decreasing glutamine levels [153]. Further studies can be done to characterize
the role of these other glutamine transporters in SCC cells and how they work in
cooperation with SLC1A5. These studies can be done by examining the protein and
transcript levels of SLC38A1, SLC38A2, SLC38A4, and SL7A5 in SCC-13 cells or tissue
samples by immunoblot and gRT-PCR, respectively. We can employ knockdown,
knockout, or overexpression strategies for these transporters (including double knockout
or rescue experiments) to determine the role of these transporters in cell migration,

invasion, proliferation, spheroid, and tumor formation. Moreover, we can monitor if
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SLC38A1, SLC38A2, SLC38A4, and SL7A5 impact the transcript and protein levels of
YAPL/TEAD and mTOR signaling pathway members.
2. mTOR signaling, c-Myc and GCNZ2

When glutamine is removed from the media, we observed a reduction in
YAPL/TAZ, TEADs, and some YAP1-target gene levels in Chapter 3. Some of the
questions that remain are how glutamine deprivation reduces the expression level of these
proteins (YAP1, TAZ, and TEADSs) and how low glutamine/nutrient status is sensed and
transmitted to the cell. Mammalian target of rapamycin (mTOR) has been linked to
detecting the amino acid levels [80]. Two mTOR complexes are well characterized:
MTORC1 and mTORC2 [172-173]. Both complexes contain mTOR, mammalian lethal
with SEC-13 protein 8 (mLST8) and DEP domain containing TOR interacting protein
(Deptor) [172-173]. The mTORC1 complex also includes regulatory associated protein of
MTOR complex 1 (Raptor) and proline-rich Akt substrate of 40 kDa (Pras40), whereas
MTORC2 contains mTOR, Rapamycin independent companion of mTOR complex 2
(Rictor), mammalian stress-activated protein Kinase interacting protein 1 (mSinl) and
protein observed with Rictor-1 (Protor-1) [173]. The mTORC2 complex is relatively
insensitive to rapamycin, and mTORC2 signaling has been linked to cell migration and
survival. [172-174].

mTORC1 promotes cell survival and protein synthesis [174]. mTORC1 complex
activity is inhibited by rapamycin but stimulated by the PI3K/AKT and RAS/RAF/MAPK
pathways, amino acids, and nutrient bioavailability [174]. The mTORC1 complex
phosphorylates downstream targets such as p70S6K and 4E-BP1, increasing cap-

dependent and cap-independent protein synthesis [174]. In cells, dysregulation of pathways
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that stimulate the mTOR pathway can lead to aberrant mTOR signaling, and mutations to
the mTOR complex members can lead to enhanced activation of mMTOR complex activity
[174]. Overactive mTOR signaling can enhance cell proliferation, metabolism, and protein
biosynthesis, resulting in the initiation of cancer [174].

Our studies have shown that glutamine starvation decreases the expression of
YAP1/Hippo genes and the cancer phenotype. Further studies can be done to elucidate how
the cells sense glutamine availability and transmit the status of glutamine levels
intracellularly via the mTOR signaling cascade. Future studies could include knocking
down mTOR and monitoring cell biological endpoints to determine if mMTOR inactivation
suppresses the SCC cancer phenotype. These studies could examine how glutamine
deprivation, SLC1A5 knockdown, or V-9302 treatment impact mTOR signaling molecules
and targets such as mTOR, mTOR-P, p70S6K, p70S6K-P, and 4E-BP1 in SCC-13 cells.
Additional studies can be done to link mTOR signaling to YAP1/Hippo signaling, which
could include knockdown, knockout, or overexpression studies that observe if mTOR
signaling molecules (MTOR, mTOR-P, p70S6K, p70S6K-P, and 4E-BP1) affect
YAPL/TAZ, VGLL4, or TEADs transcript and protein levels. The effect of glutamine
deprivation, SLC1A5 knockdown, and VV-9302 treatment on the mMRNA and protein levels
of PI3BK/AKT and RAS/MAPK pathways can be analyzed. Additionally, RNA sequencing
can be used to examine additional genes that are differentially expressed with glutamine
starvation, V-9302 treatment, or when SLC1A5 and other transporters are knocked down.

The PI3K/AKT signaling pathway has also been shown to regulate c-Myc, a
glutamine-associated oncogenic transcription factor [175]. It has been reported that

dysregulation of c-Myc drives an aggressive cancer phenotype and facilitates glutamine
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dependence in cancer cells [175]. In addition, glutamine has been shown to impact c-Myc
expression [175]. Moreover, some studies suggest that the expression of glutamine
transporters such as SLC1A5 and glutamine synthetase, which converts glutamate to
glutamine, may be regulated by c-Myc [175].

Future studies could include knocking down or overexpression of c-Myc and
monitoring cell invasion, migration, proliferation, and spheroid formation in SCC.
Additional studies can examine if c-Myc expression can restore or counteract the effects
of glutamine deprivation in SCC cells. This can be done by overexpressing c-Myc in the
context of glutamine deprivation, SLC1A5 knockdown or V-9302 treatment. At the
biochemical level, we can observe if glutamine restriction suppresses c-Myc mRNA and
protein levels. The impact of c-Myc expression on YAP1/Hippo signaling can be observed
by knocking down or overexpressing c-Myc and monitoring transcript and protein levels
of YAP1 and other Hippo signaling molecules. The impact of c-Myc overexpression on
glutaminolysis proteins and enzymes, including SLC1A5, SLC38Al, SLC38A2,
SLC38A4, SL7A5, and GLS1, can be monitored at the transcript and protein levels.

General control nonderepressible 2 (GCNZ2) is a kinase that detects intracellular
amino acid levels, and it functions in the cellular integrated stress response (ISR) [80, 176].
GCN2 associates with uncharged tRNA molecules when amino acid levels are low [176].
This results in autophosphorylation (of GCN2) and phosphorylation of eukaryotic initiation
factor 20 (elF2a) to decrease global translation and increase expression of ISR genes,
including ATF4 [176]. This suggests that GCN2 may be important for cancer cell
phenotype maintenance because GCN2 may counteract the effects of low amino acid

availability [177-178]. Therefore, GCN2, elF2a, and ATF4 could be knocked down, and
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several biological endpoints can be monitored to evaluate their role in the SCC cancer
phenotype. Additional studies can determine if GCN2, GCN2-P, elF2a, elF2a-P, and
ATF4 expression is impacted by glutamine starvation, SLC1A5 knockdown, or VV-9302
treatment. One study suggests that GCN2 promotes the expression of Sestrin 2 to suppress
MTOR signaling [177]. Therefore, the impact of GCN2, elF2a, and ATF4 knockdown on
glutamine metabolism, YAP1, mTOR, and PI3K/AKT signaling pathways can be

examined in SCC.

3. Targeting glutamine metabolism

Previous studies have shown that targeting glutamine metabolism is a potential
strategy for reducing tumor formation and that VV-9302 treatment decreases tumor growth
[179-180]. Moreover, we showed that \VV-9302 treatment disrupted tumor growth in mice,
but it did not completely inhibit tumor formation. These findings raise the question of how
glutamine deprivation functions in the tumor microenvironment and if VV-9302 should be
combined with other small molecule inhibitors for a synergistic effect/therapeutic strategy.

One of the potential advantages of VV-9302 treatment is that it may target glutamine
import via glutamine transporters of cancer cells while not inhibiting/deactivating
glutamine import by circulating immune cells (CD8* T cells) [180]. Another study suggests
that VV-9302 combined with CB-839, a glutaminase inhibitor, can reduce hepatocellular
carcinoma cell cancer cell phenotype in a synergistic manner [181]. CA3, a YAP1/TEAD
signaling inhibitor, has been shown to attenuate the SCC cancer phenotype in our studies
and reduce tumor formation in mesothelioma and esophageal adenocarcinoma xenograft

models [75-76].
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Additional studies can be conducted to determine if V-9302 treatment can be
combined with CB-839 or CA3 to synergistically attenuate the cancer phenotype. Several
biological endpoints can be monitored when SCC cells are treated with either VV-9302 and
CB-839 or V-9302 and CA3. We should also ask how the combination treatments of V-
9302/CB-839 or V-9302/CA3 impact the cells in the tumor microenvironment. A spheroid
formation assay using pre-formed spheroids can be used to assess if the combination
treatments can suppress spheroid formation (of stem-like cells). The impact of these
combined treatments on stem cell markers can be done to monitor stemness markers in
SCC, which include Oct4, Nanog, Sox2, KIf4 CD44, and ALDH [182].

Mouse xenograft tumor studies can be conducted to study the effect of simultaneous
V-9302/CB-839 or V-9302/CA3 treatment on tumor formation, stemness markers,
MTORC1 signaling, YAP1/TEAD signaling, and glutamine metabolism protein
expression. The impact of these treatment combinations can be monitored in other non-
tumor cells such as fibroblasts, endothelial cells, normal epithelial cells, CD4" and CD8"
T cells. Normal epithelial fibroblast, endothelial, CD4* and CD8" cells can be treated with
V-9302/CB-839 or V-9302/CA3, and cell viability/proliferation can be assessed through a
proliferation or MTT assay. Apoptosis of these cells can be monitored by Pl/Annexin V
assay and monitoring the protein levels of procaspases 3,8 and 9; cleaved caspases 3,8 and
9; and Poly (ADP-Ribose) Polymerase (PARP). Changes to the transcriptome of these cells
can also be monitored using RNA-Seq. Quantitative RT-PCR and immunoblot can also be
used to determine if combined treatment impacts YAP1, mTOR, and glutamine metabolism

signaling.
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Our results show V-9302 treatment suppresses SCC tumor growth. Future studies
can analyze whether VV-9302 can work synergistically with CA3 or CB-839 to reduce tumor
formation and growth in vivo and provide a therapeutic strategy. These studies can also
explore how V-9302/CB-839 or V-9302/CA3 impacts the heterogeneous tumor

microenvironment.
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