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ABSTRACT

Head and Neck Squamous Cell Carcinoma (HNSCC) is the 6th most common cause of
cancer-related death worldwide. Next Generation Sequencing (NGS) has proven to be powerful in
identifying the molecular landscape of gene mutations in all cancer patients. In HNSCC, genes
that are rarely mutated but recurrent in cancer are referred to as ‘longtail mutations.” Previous
CRISPR-knockout screen consisting of sgRNA library of longtail mutated genes in HNSCC had
identified somatostatin receptor 4 (Sstr4) as a potential tumor suppressor and a driver of
tumorigenesis in syngeneic immunocompetent mouse models of HNSCC. Somatostatin Receptors
(SSTRs) belong to a family of G-protein coupled receptors (GPCR). These receptors are integral
to multiple intracellular signaling pathways, with crosstalk between pathways such as cyclic AMP
(cAMP), MAPK, and PI3K/AKkt, that collectively exert anti-cancer effects (anti-proliferative, anti-
angiogenic, anti-inflammatory). However, no established link exists between any SSTRs in
HNSCC tumorigenesis. The function and downstream signaling of Sstr4, particularly in HNSCC
where the cell of origin is the stratum basale keratinocyte, remains unexplored.

To validate Sstr4 as a tumor suppressor and driver of HNSCC tumorigenesis, we performed
a localized and clonal Sstr4 knockout in basal keratinocyte cells of the HNSCC Pik3ca'!%/R
oncogenic mouse model by utilizing ultrasound-guided in-utero lentivirus injection technology
from our lab's previous research. Tumor formation following Sstr4 knockout (Sstr4-KO) occurred
rapidly, within 4 to 12 weeks. To further study Sstr4 function, we applied CRISPR/Cas9
technology and generated stable Sstr4-KO, Sstr4-Overexpression (Sstr4-ORF), and Sstr4-DRY
(mutant) cells lines of mouse keratinocytes, KT-CHEN. Transcriptomic (RNA-Seq) and proteomic
(Co-IP MS) experiments performed revealed enriched pathways and protein-protein interactions

(PPIs), elucidating the involvement of MAPK signaling and 14-3-3 proteins in cell proliferation



and actin rearrangement. Cell proliferation assays indicated that functional Sstr4 limits
proliferation, consistent with RNA-Seq and Co-IP MS data. Flow cytometry data indicates that
activation of Sstr4 limits G1 to S phase progression. The present study demonstrates the tumor
suppressor role of Sstr4 and identifies novel druggable targets in its signaling pathways for

HNSCC treatment.

RESUME

Le carcinome épidermoide de la téte et du cou (HNSCC) est la 6¢ cause la plus fréquente de décés
liés au cancer dans le monde. Le séquencage de nouvelle génération (NGS) s'est révélé puissant
pour identifier le paysage moléculaire des mutations géniques chez tous les patients atteints de
cancer. Dans le HNSCC, les génes rarement mutés mais récurrents dans le cancer sont appelés
"mutations de longue traine". Un criblage CRISPR-knockout précédent, comprenant une
bibliotheque de sgRNA ciblant des génes mutés de longue traine dans le HNSCC, avait identifi¢
le récepteur de la somatostatine 4 (Sstr4) comme un suppresseur potentiel de tumeur et un moteur
de la tumorigenése dans des modeles murins syngéniques immunocompétents de HNSCC. Les
récepteurs de la somatostatine (SSTRs) appartiennent a une famille de récepteurs couplés aux
protéines G (GPCR). Ces récepteurs sont essentiels a plusieurs voies de signalisation
intracellulaire, avec des interactions entre des voies telles que 'AMP cyclique (cAMP), MAPK et
PI3K/Akt, qui exercent collectivement des effets anticancéreux (anti-prolifératifs, anti-
angiogéniques, anti-inflammatoires). Cependant, aucun lien établi n'existe entre les SSTRs et la
tumorigenese du HNSCC. La fonction et la signalisation en aval de Sstr4, en particulier dans le

HNSCC, ou la cellule d'origine est le kératinocyte du stratum basale, restent inexplorées.



Pour valider Sstr4 en tant que suppresseur de tumeur et moteur de la tumorigenése du HNSCC,
nous avons réalisé¢ un knockout localisé et clonal de Sstr4 dans les kératinocytes basaux du modele

HI047R en ytilisant la technologie d'injection in utero guidée par

murin oncogénique HNSCC Pik3ca
ultrasons de lentivirus, issue de nos recherches précédentes en laboratoire. La formation de
tumeurs suite au knockout de Sstr4 (Sstr4-KO) est survenue rapidement, en 4 a 12 semaines. Pour
¢tudier plus en profondeur la fonction de Sstr4, nous avons appliqué la technologie CRISPR/Cas9
et généré des lignées cellulaires stables de kératinocytes murins KT-CHEN avec un knockout de
Sstr4 (Sstr4-KO), une surexpression de Sstr4 (Sstr4-ORF) et une mutation Sstr4-DRY. Les
expériences transcriptomiques (RNA-Seq) et protéomiques (Co-IP MS) réalisées ont révélé des
voies enrichies et des interactions protéine-protéine (IPP), mettant en lumiére I'implication de la
signalisation MAPK et des protéines 14-3-3 dans la prolifération cellulaire et le réarrangement de
l'actine. Les essais de prolifération cellulaire ont montré qu'un Sstr4 fonctionnel limite la
prolifération, en accord avec les données de RNA-Seq et de Co-IP MS. Les données de cytométrie
en flux indiquent que l'activation de Sstr4 limite la progression de la phase G1 a la phase S. La

présente étude démontre le role de suppresseur de tumeur de Sstr4 et identifie de nouvelles cibles

thérapeutiques dans ses voies de signalisation pour le traitement du HNSCC.
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1 INTRODUCTION

1.1 Head and Neck Cancer Overview

According to the World Health Organization (WHO), Global Durden of Disease (GBD),
and Global Cancer Observatory (GCO) databases, cancer is among the leading cause of death
worldwide (WHO, 2022; GBD, 2021; GCO, 2024). Cancer is a debilitating disease that affects
any organ or tissue of the human body due to uncontrollable cell growth or spread of cells from
one region to another (Hanahan & Weinberg, 2011).

Head and neck cancers are a group of cancers originating from various anatomical regions
in the head and neck, both internal and external, including the skin, aerodigestive tract, salivary
glands, tonsils, and tongue (Johnson et al., 2020). A key distinction between melanoma and head
and neck skin cancers lies in the cell of origin responsible for cancer initiation (tumorigenesis)
(Gruber & Zito, 2024). Melanoma arises from melanin synthesizing cells, called melanocytes
present in the stratum basale layer of the epidermis, whereas non-melanoma skin cancer (NMSC)
of the head and neck region arise from the keratinocyte cells of the stratum basale (Yousef et al.,
2024; Josiah et al., 2021). While both cancer types may arise from the same anatomical region
(skin), they exhibit significant differences in their molecular mutational landscapes,
histopathological features, progression patterns, and clinical management approaches (Gruber &

Zito, 2024).

1.2 Head and Neck Squamous Cell Carcinoma (HNSCC)
Head and Neck Squamous Cell Carcinoma (HNSCC) has a worldwide incidence rate of
approximately 900,000 people per year resulting in approximately 450,000 deaths (Johnson et al.,

2020). Head and Neck cancers are the 6™ most common subtype of cancer among males in Canada

14



(Canadian Cancer Statistics, 2023). HNSCCs are a type of NMSC of the mucosal lining of the
upper aerodigestive tract in the head and neck regions including pharynx, larynx, and entire oral
cavity (Johnson et al., 2020). To be more precise, the skin is composed of 3 layers- epidermis
(outer), dermis (middle), and hypodermis (inner) (Simpson et al., 2011). The outer epidermis is
further comprised of 5 layers- Stratum corneum (outer), stratum lucideum, stratum granulosum,
stratum spinosum, stratum basale (inner) (Simpson et al., 2011).

The stratum corneum is characterized by expression of specific cytokeratins such as
cytokeratin-1 (K1) and cytokeratin-10 (K10). The keratinocyte cells in the stratum corneum are
derived from the stratum basale keratinocyte cells as part of the programmed skin cell renewal
shedding process (Simpson et al., 2011). As the basale keratinocyte stem cells divide
asymmetrically, the daughter cells form the stratum spinosum layer. Further programmed
differentiation and migration results in the histological arrangement of the epithelium layer, where
there is establishment of cell polarity, and thus the maintenance of tissue architecture (Simpson et
al., 2011).

Squamous cell carcinoma (SCC) of head and neck cancer arises from the keratinocyte cells
located in the inner epidermis layers such as stratum spinosum and stratum granulosum where cells
express cytokeratins K1 and K10. These cells are the primary cells of origin for HNSCC
tumorigenesis (Simpson et a., 2011; Amberg et al., 2015; Hasan et al., 2023). Basal cell carcinoma
(BCC) arises from the keratinocytes located in the stratum basale layer, where biomarkers such as
K5 and K14 are highly expressed (Simpson et al., 2011; Hasan et al., 2023). The distinguishing
feature between SCC and BCC is the tumor appearance. SCC tumors appear scaly and reddish,

whereas BCC tumor appear as bumps (Hasan et al., 2023; Ryu et a., 2018).
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1.3 HNSCC Molecular Landscape and Research Rationale

The emergence of cancer arises as a result of mutations in key genes that play a role in
regulating cell proliferation, apoptosis, signalling, angiogenesis, differentiation, epigenetic
regulation, and metastasis (Hanahan & Weinberg, 2011). There are two main classifications used
to group mutated or altered genes in the field of molecular oncology, which are oncogenes and
tumor suppressor genes. When a particular gene is mutated, overexpressed, or biochemically
hyperactive resulting in the development of cancer, it is referred to as an oncogene. On the
contrary, when a gene is mutated, silenced, or biochemically inactive resulting in cancer
development, it is referred to as a tumor suppressor gene. Importantly, a gene functioning as a
tumor suppressor in one type of cancer may function quite differently in another type of cancer
which emphasizes that cellular context is crucial. (Shen et al., 2018)

A preliminary analysis of a subset of 669 HNSCC samples across 4 independent large-
scale cancer genomic studies on cBioPortal found that approximately 16,173 genes were altered
across all samples (Stransky et al., 2011; Agrawal et al., 2011; Pickering et al., 2013; TCGA,
PanCancer Atlas). Tumor Protein 53 (TP53) which is a bona fide tumor suppressor in all cancers
has a mutational frequency of 67.2% in HNSCC (Figure.1). Some of the commonly mutated genes
such as NOTCHI1, possess a mutational frequency of 15.4%, and are highly implicated in HNSCC
tumorigenesis (Hasan et al., 2023). This gives NOTCHI a functional classification of ‘Driver
mutation’ when mutated in HNSCC, and NOTCHI1 is itself a tumor suppressor gene when
functional in skin cells (Nicolas et al., 2001). In addition to the recent sequencing efforts of
HNSCC patient samples, research has uncovered hundreds of individually rare but recurrent gene
mutations called ‘long-tail’ mutations (Figure.1). The vast majority of these long-tail mutations

lack biological relevance and clinical validation (Agrawal et al., 2011.; Stransky et al., 2011).
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Previous research conducted an in-vivo CRISPR screening in mouse models of HNSCC by
knocking out 484 ‘long-tail’ genes pertaining to HNSCC (Loganathan et al., 2020). Some genes
such as Ripk4, Adam10, and Ajuba were shown to be gene upregulation targets downstream of
Notchl (Loganathan et al., 2020). When these Notchl targets were mutated from the in-vivo
CRISPR screening, tumorigenesis was observed within weeks (Loganathan et al., 2020).
Strikingly, besides tumor suppressors associated with the Notchl signaling pathway, additional
tumor suppressor genes were identified that were not Notch1 target genes, thus indicating the role
of other signaling pathways that can initiate HNSCC tumorigenesis. One of the novel tumor
suppressors identified from the previous study was Somatostatin Receptor 4 (Sstr4), which is

mutated in less than 1% of HNSCC patients (Figure.1).
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Figure 1: HNSCC Gene Mutation Frequency | Mutation
frequency of top 50 genes obtained from 669 HNSCC patient
samples from cBioPortal including SSTR4 depicting the ‘long-
tail’ appearance of cancer mutational burden. Data obtained
from cBioPortal. Plot made from R Studio.
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1.4 Study Aim and Objectives

The overarching goal of this thesis is to investigate the role of Sstr4 in the cellular context
of HNSCC, utilizing both in vivo mouse models and in vitro primary mouse keratinocyte cell lines.
Although somatostatin receptors (SSTRs) have been extensively studied in other cancers, such as
melanoma, pituitary tumors, and breast cancer, they have been significantly understudied in
HNSCC (Kumar et al., 2024; Harda et al., 2018; Watt et al., 2009; Theodoropoulou et al., 2006).
Notably, Sstr4 remains the least studied of all SSTRs, despite being part of the G-protein coupled
receptor (GPCR) family—a class of proteins that represents one of the most druggable targets
(Sriram & Insel, 2018). This emphasizes the need to explore the potential of Sstr4 as a drug target
for treating HNSCC patients by understanding its function and intracellular signalling. To date,
there are no links between Sstr4 and HNSCC and this document is the first of its kind to investigate
that link. This document will achieve the following aims-
Aim 1: To validate Sstr4 as a tumor suppressor gene and a driver mutation by evaluating its loss-
of-function effects resulting in HNSCC tumorigenesis and solidifying its role in cancer initiation.
Aim 2: To decipher the exact intracellular signaling mechanism through which Sstr4 exerts its
tumor suppressor function in HNSCC.
Aim 3: To study the cellular function of Sstr4 examining proliferation behaviors in the cellular

context of HNSCC.
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2 LITERATURE REVIEW

2.1 Cancer Overview

2.1.1 Prevalence of Cancer in Canada (2023)

i e
w Males i @ Farate
124‘ 200 i 114 900

Prostate 208% © reat 1%

Lngandbronchs  123% : Lungardbronchs  13.7%
Colorectal 109%  Cokeectal 93%
Bladder BI% | Unerus fbody MOs) AN
MonHodghin lymphoma £9% | Mon-Hodgiin lymphoma £1%
Head and neck A7% | Thyrold 5%
Kidnary and renal pahis. 45% © Malanoma 158
Melinzeni A5% © Pancress 8%
0‘5’ . 239,100 Pancreas 13% © Eladder E1 T
1.3 I'I‘II“IOT'I ‘Canadians will be diagnosed Leukemia 3% Owary iT%
potential years of with cancer in 2023 Liver and intrahepati : Kiiney and renal pehvis 2.6%
li%e Josst to) cAmcer bile duct 26% : Ledkemia Zi%
Stomach 22% : Head and neck 18%
Muitiple myeloma 19% © Multiple myeioma L%
Esophagus 16% | Cenvic 1A%
Thyresd 15% ;- Liver and intrabepatic
BraindCNS 15% ©  bidedua 13%

Testis 10% : Stomach 13%

St e i BranON 12%
Gncluding heart)  08% . Sof tie

Hodgkin ymphoma 05% | Oncheding heart)  06%

Breast 0% : Esophagus 05%
All other cancers 1% | Hodghin lymphoma  04%
i Al other cancers 9%

Figure 2: Prevalence of Cancer in Canada | Figures taken from
Canadian Cancer Society Statistics report published on 2023.

Cancer is the number one leading cause of death in Canada which affects approximately
240,000 Canadians, of which, one-third will die from it (Figure.2). Prostate and Breast cancers are
the most diagnosed in males and females respectively (Figure.2). Across both sexes, head and neck
cancer affects approximately 7,500 individuals resulting in 2,100 deaths in Canada (Figure.2).
Compared to previous reports, there has been an increase in the number of cases of head and neck,
which is expected to rise substantially in the next decades (Canadian Cancer Society; 2021).

Most cases of head and neck cancer are diagnosed at advanced stages. For instance, in the
United Kingdom (U.K) 58% of cases are diagnosed in late stages (Stage III/IV), and stage IV is
the most common at the time of diagnosis amongst populations above the age of 50 (Conway et

al., 2022). This pattern is also observed in Canada where most cases of head and neck cancers are
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diagnosed in the advanced stages which consistently leads to poor outcomes due to the lack of
effective treatments (MacNeil et al., 2020). Head and neck cancers often go undetected in their
early stages due to a combination of factors, including patient-related delays, provider-related

delays, and, though less common, instances of misdiagnosis (Kassirian et al., 2020).

2.1.2 Hallmarks of Cancer: Hanahan and Weinberg

A few decades ago, Hanahan and Weinberg (2000) proposed a conceptual framework
describing characteristic features that gives cancer cells the advantage to thrive in the human body
by sustained proliferation, evading bodily defenses, and spreading to other bodily organs (Hanahan
& Weinberg, 2000; Hanahan & Weinberg, 2011). It is due to this cancer biology foundation that
has molded cancer research to be carried out more effectively and logically by investigating
specific characteristics of cancer cells.

Building on this foundation, the present study involves investigating the proliferative
signalling hallmark in HNSCC initiation (Hanahan & Weinberg, 2011). Novel drug targets can be
identified, hence targeted, by understanding the intracellular signaling mechanism regulating cell

proliferation in keratinocyte cells.

2.1.3 Cancer Initiation: The Knudson Hypothesis

The “Two-Hit Hypothesis” or “The Knudson Hypothesis” proposed by the late Alfred G.
Knudson Jr. in 1971 suggests that tumorigenesis begins when both alleles of one tumor suppressor
gene are mutated (Knudson, 1971) (Figure.3). According to the hypothesis, the first mutation, also
called the first hit, is a mutant allele of a tumor suppressor gene that is often inherited from either

parent. The second hit is sporadic, due to environmental factors such as Ultraviolet (UV) radiation
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causing DNA damage in genes of chromosomes (Amberg et al., 2015) (Figure.3). This hypothesis
was proposed to explain the probability of retinoblastoma occurrence in individuals after obtaining
family pedigree (Knudson, 1971). Retinoblastoma is a rare childhood eye cancer initiated by

mutations in the retinoblastoma protein 1 gene (RB1) (Wang et al., 1994).
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Figure 3: The Knudson Hypothesis Schematic
| The Two-Hit Hypothesis can manifest either
through the classical inherited mechanism or via a
modified sporadic mechanism. (Created with
BioRender.com)

For a gene to be classified as a tumor suppressor in any cancer, tumorigenesis should be
observed when both alleles of the gene are knocked out by mutation, which meets the Two-Hit
Hypothesis (Chernoff, 2021). However, the Two-Hit Hypothesis is more appropriate for cancer
initiation and not progression, which is observed by an increase in the number of cells called
‘Hyperplasia’ (Chernoff, 2021; Johnson et al., 2020). Most literature now support that for
tumorigenesis to progress full-scale to malignancy, a third hit is often required resulting in more
mutational burden (Chernoff, 2021; Wang et al., 1994; Sellers & Kaelin, 1997). RB1 is hence

classified as a tumor suppressor in the initiation of eye cancer and through decades of research its
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cellular function is in the regulation of cell cycle through repression of E2F transcription factors
(TFs) (Sellers & Kaelin, 1997; Janostiak et al., 2022).

The understanding of tumorigenesis has now evolved beyond the classical Two-Hit
Hypothesis (Figure.3). Today, a modified Two-Hit Hypothesis now considers different
Haploinsufficient gene mutations involved between closely associated signalling pathways (Fero
et al., 1998; Inoue & Fry, 2017). The modified Two-Hit hypothesis is based on the principle of
gene dosing as not all genes are haplosufficient nor haploinsufficient. Additionally, our lab
conducted CRISPR knockout screen of 484 longtail genes on oncogenic heterozygous
Pik3ca'™®/+ gain of function mutation in HNSCC mouse models and revealed novel tumor
suppressor and tumorigenesis driver genes such as Adam10, Ripk4, and Ajuba that were target
genes for the Notch1/2 signaling pathway (Loganathan et al., 2020). As previously mentioned,
Sstr4 was identified as one of the hits of the CRISPR knockout screen, whose functional relevance

in HNSCC tumorigenesis remains to be investigated.

2.2 Head and Neck Squamous Cell Carcinoma (HNSCC)
2.2.1 Risk Factors, Diagnosis, Treatments

Almost a decade ago it was found that Head and neck cancer can be characterized as either
Human papillomavirus (HPV) negative or HPV positive (Stein et al., 2015). HPV negative (HPV-
) head and neck cancer is more common in Canada which is caused mainly due to tobacco
consumption and excessive alcohol consumption (Johnson et al., 2020). HPV positive (HPV+)
head and neck cancer is due to viral infection mostly by HPV-16 strain (Cramer et al., 2019). Other
viral infections such as those caused Epstein-Barr Virus (EBV) strains is also a risk factor for

HNSCC tumorigenesis (Johnson et al., 2020). Due to any of the risk factors mentioned, patients
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present to the clinic with lesions on the tongue such as leukoplakia, which are the white patches
or erythroplakia, which are the red patches (Villa et al., 2011; Rhodus et al., 2014). Leukoplakia
is more commonly seen than erythroplakia, however these are uncommon symptoms and are only
seen in 0.02% - 2% of cases worldwide (Abati et al., 2020).

The common symptom of HNSCC are lumps of cell mass in relevant anatomical location
of Head and neck cancer (Kassirian et al., 2020). The diagnosis of head and neck cancer is made
by the pathologist after they receive a biopsy from the surgeon (Kassirian et al., 2020). If tissue
staining with hematoxylin and eosin (H&E) shows the disruption of the epithelium layer of the
mucosa, then a diagnosis of cancer is made (Johnson et al., 2020). The protein, cyclin-dependent
kinase inhibitor 2A (CDKN2A), more commonly known as p16™&4_ is overexpressed in HPV+
oral cancers due to the action of E6 and E7 oncoproteins and can therefore be used as an indirect
marker of HPV. Furthermore, it also serves as a useful prognostic marker in head and neck cancer.
(Johnson et al., 2020; Kassirian et al., 2020)

The treatment for head and neck cancer is very complex and multi-modal. The first-line
treatment for head and neck cancer is usually surgery alone or in combination with chemoradiation
if the tumor is large (Hasan et al., 2023; Johnson et al., 2020). If the cancer is recurrent or has
metastasized to the lymph nodes in the head and neck region, then chemotherapy, radiation, and
surgery are all utilized (Rhodus et al., 2014). Immunotherapy is used as a last resort which results
in 1-year overall survival (OS) of 30-35%, and 1-year progression free survival (PFS) of 10-17%
(Pereira et al., 2022). Even though multi-targeted immunotherapy increases OS and PFS, the 5-
year overall survival remains at 65% (Pereira et al., 2022; Du et al., 2019). These statistics not

only point out the differential treatment responses between patients but also the need for novel
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treatment strategies that are less toxic and effective to improve the OS of all HNSCC patients

(Leemans et al., 2018).

2.2.2 Relevant Anatomical Locations

There are three important anatomical sites where head and neck cancer may arise from.
The oral cavity, the pharynx (which is the upper respiratory tract) and the larynx (voice box).
Squamous cell carcinomas (SCCs) are the most common in the oral cavity as it is the primary point
of contact for carcinogens such as tobacco and alcohol (Abati et al., 2020). In the oral cavity the
most common locations where squamous cell carcinomas arise from are- the tongue, floor of the
mouth, and buccal mucosa which are the inner walls of the cheek (Johnson et al., 2020).

Although head and neck cancers that are negative for HPV or EBV have the highest
incidence rates, understanding the role of oncogenic viruses in the pathophysiology of HNSCC
remains crucial. This is because cancers caused by these viruses are more easily preventable
through vaccines such as GARDASIL®9 that protect against nine serotypes of HPV including
HPV-16 and HPV-18 (Cramer et al., 2019). Additionally, HPV+ and EBV+ head and neck cancer
have better prognostic outcomes (Gormley et al., 2022; Cramer et al., 2019). Oncogenic Human
viruses such as HPV and EBV play a critical role in location-specific HNSCC initiation (Goon et
al., 2022). Oropharyngeal cancer (OPC) is a head and neck cancer arising from the oropharynx,
and 70% of cases are due to the HPV+ status of patients in the US (Cramer et al., 2019). This
stratification and subgrouping of head and neck cancers have increased our understanding of its
pathophysiology, which can allow the adoption of personalized and precision treatments for each

patient.
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2.2.3 HNSCC mechanism of Tumorigenesis and Knowledge Gap

The first trigger for the initiation of head and neck cancer is exposure to carcinogens or
infections due to oncogenic viruses (Kassirian et al., 2020; Rivera, 2015). Upon carcinogenic
exposure of viral infections in relevant head and neck cancer anatomical locations, there are
genetic alterations in the epithelium layers of tissues (Rivera, 2015). The initiation of either SCC
or BCC in the oral cavity depends on which epithelial layer undergoes genetic alteration and gains
a tumorigenic survival advantage (Simpson et al., 2011). For instance, when genetic alterations
occur in p16™&4 gene (CDKN2A) in the stratum spinosum layer, this results in cell proliferation
affecting tissue architecture and the initiation of tumorigenesis which can be observed as
hyperplasia through H&E staining due to increased cell number (Leemans et al., 2018; Goon et
al., 2022). Due to further uncontrolled proliferation, there is cancer progression as the cells lose
contact with one another, affecting polarity and overall tissue architecture, which subsequently
affects signaling, and promotes uncontrolled differentiation resulting in dysplasia appearance
through H&E staining. (Rivera, 2015; Goon et al., 2022; Johnson et al., 2020)

As the cells uncontrollably divide and differentiate, they accumulate more genetic
alterations possibly in genes involved in DNA damage repair (DDR) pathways which results in
genetic instability resulting in more genetic alterations (Rivera, 2015; Stransky et al., 2011). As a
result, more genetic alterations are observed, evident by commonly mutated genes such as TP53,
NOTCHI, and EGFR (Stransky et al., 2011). The disruption of cell cycle regulation and negative
regulation of apoptosis results in rapid tumor growth, which acquires a carcinoma appearance with
H&E staining (Johnson et al., 2020). As the tumor grows, the tumor microenvironment promotes
E-cadherin loss and increased Matrix Metalloproteinases (MMPs) expression which results in

Epithelial to Mesenchymal Transition (EMT) (Rivera, 2015). The primary cancer that began in the
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keratinocytes of stratum spinosum layer thus spreads to other areas by blood vessels or lymphatic
vessels and becomes invasive carcinoma through metastasis.

The destruction of the epidermis tissue architecture due to impairment of cell adhesion
proteins may not be the only primary trigger for tumorigenesis (Simpson et al., 2011). Indeed, the
direct contact of carcinogens such as smoking or alcohol with oral epithelium cells may cause
genetic alterations in any random gene. However, the synergistic effect of two genes is required to
cause tumorigenesis and subsequently tumor progression, as the modified Two-Hit Hypothesis
states. Out of the 16,173 genes that are altered in HNSCC patients, relevance of the rarely mutated
genes is unknown. It is also unclear if these rarely mutated genes are driver mutations, or passenger
mutations as a result of genome instability. Furthermore, the synergistic tumorigenic effect of two

genes namely, Sstr4 and mutant Pik3ca'®” genes remains unexplored.

2.3 In-Vivo Model to replicate HNSCC tumorigenesis
2.3.1 Ultrasound Guided In-Utero Embryonic Injection at E9.5 HNSCC mouse model

The first application of ultrasound-guided embryonic injection technique was used to study
embryonic development (Liu et al., 1998; Slevin et al., 2006). The application of the technique
then evolved to understanding skin epidermal biology (Beronja and Fuchs, 2013). This technique
involves genetically manipulating epidermis basal stem cells at embryonic stage 9.5 (E9.5), which
is then carried over to adulthood after litter birth of 4-8 pups (Figure.4). The genetic manipulation
of the epidermal stem cell layer at E9.5 can be achieved by microinjection of non-viral payloads
such as DNA, shRNA, or RNAi. Alternatively, Viral vectors such as Adeno-associated Viruses
(AAVs) or Lentiviral vectors (L'Vs) can also be injected depending on research interests (Figure.4).

The genetic modification will persist in the skin epidermis, including the oral cavity, tongues, nose,
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and neck region of the mouse. This invasive surgical technique is complex and requires several

surgical equipment and devices for increased experimental success (Beronja & Fuchs, 2013).
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Figure 4: Schematic of Ultrasound-guided in-utero lentivirus
injection | A workflow of embryonic stage 9.5 (E9.5) lentiviral
injection to manipulate the stratum basale stem cells at the embryonic
stage that eventually form the epidermis layers of the mouse skin after
birth to study HNSCC. A marker such as Green Fluorescent Protein
(GFP) may be incorporated to assure successful lentiviral integration
and plasmid construct expression. (Created with BioRender.com)

2.3.2 Advantages of the In-Vivo Model
2.3.2.1 Localized genetic manipulation

Investigating the initiation of HNSCC requires genetic manipulation of the keratinocytes
cells of the epidermis which are the cells of origin for HNSCC. Non-surgical methods such as
dermabrasion affects tissue architecture and introduces confounding variables during the wound
healing process (Ghazizadeh et al., 1999). Recently, topical-based methods have been of interest
to deliver non-viral and viral payloads to the epidermis and dermis layers of the skin by utilizing

lipid nanoparticles (LNPs) as the delivery formulation (Guri-Lamce et al., 2024; Elsabahy &
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Foldvari, 2013). Despite the stratum corneum being the most difficult epidermis layer to penetrate,
Niu and colleagues (2017) delivered plasmid DNA (pDNA) using a peptide-conjugated cationic
gold nanoparticle formulation as an ointment in mice which successfully penetrated the epidermis
layer up to 80um (Niu et al., 2017).

Though the non-surgical approach may seem lucrative, there are technical challenges
associated with it such as- handling of biohazardous substances, optimization of lipid nanoparticle
(LNP) formulation for epidermal-specific delivery, maintaining consistent dosing and application
to the skin of the mice, and storage of the final formulation. Delivery of Lentiviruses through LNP
topical-based methods, poses a risk for multiplicity of infection (MOI) beyond 0.4 resulting in
unwanted double viral integration. Using LNPs can also stimulate an immune response after
recognition by NLRP3 inflammasome (Lee et al., 2023). Furthermore, topical applications pose

experimental reproducibility and scalable challenges when conducting genome-wide screenings.

2.3.2.2 Immune Competent Mouse model

Assessing the oncogenic potential of tumor suppressor genes when knocked-out requires
the use of in-vivo mouse models specific for different cancer subtypes mirroring the molecular
signatures. To date, genetically engineered mouse models (GEMMs) of HNSCC are limited to
transgenic mouse, UV radiation treated mouse, NOD SCID gamma (NSG) mouse, and patient-
derived xenograft (PDX) mouse models (Amberg et al., 2015; Chaves et al., 2023; Schuch et al.,
2020). PDX mouse models are not relevant in this study as they are generally used for pre-clinical
testing of therapeutic compounds (Chaves et al., 2023).

NSG in vivo tumor formation studies involve subcutaneously injecting immortalized cell

lines into the hind limbs of NSG mice and monitoring for tumor development (Ren et al., 2006).
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Since NSG mice are severely immunodeficient, the injected cells are not rejected by the host and
can proliferate. Prior to injection, the cells can be genetically modified to study the function of
specific genes. Although this approach is highly effective for assessing gene-specific tumor
progression, it is less suitable for investigating the mechanisms of HNSCC initiation in
anatomically relevant locations, where the NSG model proves to be inadequate.

Transgenic mice studies work by breeding different mice strains to obtain the target
genotype and observe for the expected phenotype. One disadvantage of transgenic mice arises
when intended gene alteration becomes embryonically lethal and as a result becomes difficult to
propagate mouse colonies. One solution to circumvent this problem is to utilize the Cre-lox system
for inducible gene knockout (Amberg et al., 2015; Kim et al., 2018). The gene of interest is flanked
by loxP sites (referred to as ‘floxed’), and in the presence of Cre-recombinase, the floxed gene is
excised, resulting in a gene knockout (Amberg et al., 2015; Beronja et al., 2010). Though this
approach may seem appropriate for achieving research objectives in an immunocompetent mouse
model, the lack of a localized knockout remains a concern. Most inducible agents for Cre-
recombinase expression, such as doxycycline or tamoxifen also require several days of
subcutaneous administration which increases the labor involved.

Thus, the ultrasound guided in-utero embryonic injection at E9.5 HNSCC mouse model
offers the dual advantage of localized knockout which mirrors HNSCC anatomy as seen in
patients, while also maintaining a functioning immune system to observe if the gene of interest
confers immune evasion advantage to proliferate uncontrollably.

Importantly, this unique HNSCC mouse model is validated from previous research
(Loganathan et al., 2020). Briefly, when mutations in Pik3ca™!%’® and TgfBrlI-KO were made,

tumor formation was observed as early as 45 days after date of birth (Loganathan et al., 2020
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Supplementary). Furthermore, no tumor formation was observed when single guide RNA coding
for non-targeting control (sgNTC) was injected in just the Pik3ca!®"R heterozygous background.
Lastly, an additional CRISPR screening done in the HNSCC mouse model, targeting long-tail
genes of breast cancer, resulted in no tumor formation (Loganathan et al., 2020 Supplementary).
This highlights the synergistic effect of gene mutations, and the location-specific requirement
needed for HNSCC tumorigenesis. In conclusion, the HNSCC mouse model is excellent at
investigating gene function with regards to cell proliferation, metastasis, and immune cell-

mediated signalling for tumorigenesis.

2.4 Somatostatin Receptor Four (Sstr4)
2.4.1 SSTR Family Overview

Somatostatin Receptors (SSTRs) are G-protein Coupled Receptors (GPCRs) that belong to
the Class A Rhodopsin family which are the largest class of GPCRs (87%) (Yang et al., 2021).
GPCRs are characterized by having seven transmembrane domains that are localized to the lipid
bilayer of the plasma membrane. The N-terminus of the GPCR lies on the extracellular side of the
cell, whereas the C-terminus of the GPCR lies on the intracellular side facing the cytoplasm
(Coleman et al., 2017). Out of all the FDA approved drugs, 35% of them target GPCRs which
emphasizes their importance in regulating and maintaining cellular function and homeostasis
(Sriram & Insel, 2018). Currently, out of the 826 GPCRs that have been identified, 165 of GPCRs
have validated drug targets including SSTRs (Yang et al., 2021).

There are five subtypes of somatostatin receptors, SSTR1-5, all of which are expressed
ubiquitously throughout the human body (Corleto et al., 2004; Gunther et al., 2018; Eychenne et
al., 2020). SSTR1 and SSTR2 are highly expressed not only in the central nervous system (CNS)

but also in the parotid glands, gastrointestinal (GI) mucosa, and glucagon/insulin-secreting
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pancreatic cells (Gunther et al., 2018). However, SSTR4 demonstrates the greatest anatomical
specificity, with its highest expression in the CNS, though not significantly higher than that of
SSTR1 and SSTR2 (Gunther et al., 2018; Eychenne et al., 2020). It remains an understudied

protein with regard to its anatomical biodistribution and function in skin epithelial cells.

2.4.2 Sstr4 Gene Description

The human SSTR4 gene is located on the short arm of chromosome 20 (20p11.21).
Consisting of a single exon and no introns it is 3,926 base pairs (bp) in length (NM_001052.4).
Its mouse ortholog, Sstr4, is located on Chromosome 2 and also contains a single exon spanning
1,388bp in length (NM_009219.3). Conducting a simple multiple pairwise alignment between
human SSTR4 and mouse Sstr4 using the Basic Local Alignment Search Tool (BLAST), there
appears to be a significant homology of approximately 80% (NCBI-BLAST; Camacho et al.,
2009). The human SSTR4 gene is longer as it contains non-coding enhancer elements upstream
of the 5’ coding region of the open reading frame (ORF), which is crucial for epigenetic control

(Zhao et al., 2022; Klomp et al., 2021).

2.4.3 Sstrd Protein Structure and Function

The human SSTR4 and mouse Sstr4 have identical structural motifs and amino acid
lengths. The human SSTR4 is comprised of 388 amino acids whereas the mouse Sstr4 is shorter
by 3 amino acids (Milewska-Kranc et al., 2024; Gunther et al., 2018). A protein BLAST done for
human SSTR4 (NP _001043) and mouse Sstr4 (NP _033245) revealed 88% sequence
complementarity, with most variability occurring in the extracellular N-terminal region of the

protein that is not involved in intracellular signalling events (NCBI-BLAST; Camacho et al.,
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2009). There is also considerable conservation of amino acid residues between SSTR4 (Human)
and Sstr4 (mouse) that comprise of the a-helices transmembrane (TM) domains. The atomic mass

of Sstr4 protein is approximately 43kDa.
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Figure 5: Structure of SSTR4 Protein with Agonist
Binding | Crystal structure of mouse Sstr4 localized to the
cell plasma membrane (AlphaFoldDB: P49660). The G-
proteins (Ga, GB, GY') are associated with the intracellular
side of Sstr4 and are shown as purple, green and magenta
colors. Sstr4 ligands such as J-2156 agonist or somatostatin
(SS-14) are shown as a red sphere. (Created with
BioRender.com)

The structure of SSTR4 has been well studied in addition to validation of conserved GPCR
motifs through mutational testing (Zhao et al., 2022). A highly specific ligand for SSTR4, called
J-2156 agonist, shows nanomolar affinity (10°M - 10°M) to SSTR4 receptor (Weckbecker et al.,
2003; Engstrom et al., 2005). Through X-ray crystallography, the ligand docking and binding sites
of J-2156 has been elucidated in detail (Zhao et al. 2022) (Figure.5). The helical transmembrane

domains (TM) and Extracellular Loops (ECL) play a key role in ligand docking and binding.
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Briefly, the TMII, TMIII, and ECL1 form a binding pocket containing amino acids whose
functional groups offer hydrogen bonding to the J-2156 ligand (Zhao et al., 2022) (Figure.5). After
conformation changes and contractility of the helical transmembrane domains, the ligand then
enters a hydrophobic pocket called the ligand binding site created by TM6, TM7, and ECL3 (Zhao
et al., 2022) (Figure.5). This results in the activation of SSTR4 and subsequent signal transduction
that is initiated by the G-protein trimers (Ga, GB, GY') (Gunther et al., 2018).

SSTRs contain a conserved motif called the “DRY motif” (Gunther et al., 2018) (Figure.5).
This motif is composed of three key amino acids located in the intracellular side of Sstr4 which
are- Aspartic acid (D), Arginine (R), and Tyrosine (Y) (Cakir et al., 2010; Gunther et al., 2018; Bo
etal., 2022). The DRY motifin Sstr4 begins from aspartic acid position 140 and ends with tyrosine
position 142 (PDB: 7XMS; Gunther et al., 2018) (Figure.5). This motif is required for the physical
association of G-protein trimers (Ga, G, GY') in order for signal transduction to be initiated (Cakir
et al., 2010; Ben-Schlomo et al., 2013). Mutations in this motif have been shown to impair growth
hormone secretion after SSTR2 activation through ligand binding, but in the context of Sstr4 this
mutation has not been investigated (Ben-Schlomo et al., 2013). Importantly, in SSTR2 the DRY
motif is also crucial for stabilizing the conformation changes of transmembrane domains during
ligand binding (Zhao et al., 2002; Ben-Schlomo et al., 2013).

The C-terminal domain of SSTRs plays a critical role in receptor trafficking,
internalization, and heterodimerization (Kreienkamp et al., 1998; Somvanshi et al., 2009).
Complete deletion of the C-terminal tail or replacing the C-terminal of SSTR4 with that of SSTR1
results in impaired trafficking of the receptor to the plasma membrane (Somvanshi et al., 2009).
However, when the C-terminal of SSTR4 was switched with the C-terminal of SSTRS, trafficking

was maintained but at a reduced intensity, unlike with the SSTR1 C-terminal, which completely
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prevented trafficking (Somvanshi et al., 2009). The C-terminal is also crucial for
homodimerization and heterodimerization of SSTRs, which has not been extensively researched
despite its importance in gene dosing with regards to cancer tumorigenesis. In HEK293 cells,
SSTR4 homodimerizes with itself and heterodimerizes with SSTRS, but not with SSTRI1
(Somvanshi et al., 2009). However, no heterodimerization is observed between SSTR4 and SSTRS
in CHO-K1 cells (Rocheville et al., 2000). These findings further emphasize the importance of
cellular context, especially with regards to Sstr4. Rodent Sstr4 is incapable of internalization upon
ligand binding until the T331A mutation in rat Sstr4 (UniProt: P30937) was introduced and tested
in HEK293 cells (Kreienkamp et al., 1998). This mutation corresponds to the T332A mutation in

mouse Sstr4 (UniProt: P49660) and has yet to be shown to produce the same effect.

2.4.4 Significance in Other Carcinomas

SSTRs have been investigated extensively in aspects of tumorigenesis and prognostic
markers for therapeutic targeting in diverse cancers (Kumar, 2024). The major function of SSTR
is to bind to somatostatin hormone (SST) which then downregulates growth hormone (GH)
secretion in pituitary, thyroid stimulating hormone (TSH) production in the thyroid, and lastly,
glucagon and insulin from pancreas (Patel, 1999; Kumar, 2024). The physiological function of
inhibiting GH secretion is particularly important in the context of pituitary adenomas and
neuroendocrine tumors (NETs) where excess GH production results in uncontrolled cell
proliferation (Kumar, 2024). To counteract this, SSTR agonists such as octreotide and pasireotide
that mimic biological somatostatin-14 (SS-14) and somatostatin-28 (SS-28) have been
fundamental to the treatment of those cancer patients (Gueorguiev & Grossman et al., 2011;

Weckbecker et al., 2003; Milewska-Kranc et al., 2024; Kumar, 2024). There are numerous SSTR
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agonists that display varying levels of specificity to each subtype of SSTR which are listed in
Table.1 (Milewska-Kranc et al., 2024; Gunther et al., 2018; Engstrom et al., 2005).

In the context of breast cancer, SSTR2 and SSTRS are highly expressed in primary breast
tumors (Pfeiffer et al., 2002; Vikic-Topic et al., 1995). However, a more recent study showed that
SSTR4 is expressed in ~71% of patient samples obtained from a cohort of 46 primary breast
tumors, and it is second to that of SSTR1 which is expressed in 90% of patient samples (Zou et
al., 2019). This makes SSTR an attractive drug target. Overexpression and activation of both
SSTR1 and SSTR4 in cell lines of metastatic, ductal adenocarcinoma of the breast, called MDA -
MB-435S cell line, resulted in G1 cell cycle arrest which may indicate that SSTR4 exerts its tumor
suppressor effects through cell cycle arrest mechanisms (Zou et al., 2019). Previous clinical trials
(NCT00002967) have been initiated to investigate the therapeutic effectiveness of octreotide in
combination with tamoxifen in breast cancer patients that have no nodal metastasis (NO) and are
estrogen receptor positive (ER+) (Chapman et al., 2015). The results of the trial were not promising

as octreotide failed to decrease disease free survival (DFS) and the trial was terminated.

Table 1: Somatostatin and its analogues depicting varying binding affinities between different
somatostatin receptors

SSTR Ligands Ligand Type Binding affinities
Somatostatin-14 (SS-14) Biological ligand SSTR2 > SSTRS5 >> SSTR3 > SSTR4
Somatostatin-28 (SS-28) Biological ligand SSTR2 > SSTRS5 > SSTR1 > SSTR3
Octreotide FDA approved drug SSTR2 > SSTRS5 > SSTR3 > SSTR1 > SSTR4
Pasireotide FDA approved drug SSTRS > SSTR2 > SSTR3 > SSTR1 > SSTR4
Lanreotide FDA approved drug SSTR2 = SSTRS5 > SSTR3 > SSTR1 > SSTR4
Vapreotide FDA approved drug SSTR2 > SSTR5 > SSTR3 > SSTR1 > SSTR4
Somatuline FDA approved drug SSTR2 > SSTRS5 > SSTR3 > SSTR1 > SSTR4

Ki; SSTR4 (0.7nM) >>> SSTR1 (199nM) > SSTR3
(1280nM) > SSTR5 (3880nM) > SSTR2 (4720nM)
Ki; SSTR4 (0.8nM) >>> SSTR1 (350nM) > SSTR5
(460nM) > SSTR3 (1300nM) < SSTR2 (>5000nM)

L-803087 Synthetic Agonist

J-2156 Synthetic Agonist
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In small cell lung cancer (SCLC) which comprises of 15% of all lung cancer, SSTR2
expression was found to be the most prominent in terms of expression when compared to other
subtypes (Reubi et al., 2001). When SSTR ligands were added to SCLC cell lines such as, NCI-
H69 and H-69 cell line xenografts, it reduced tumor growth and tumor associated DNA/RNA
possibly through downregulation of epidermal growth factor (EGF) hormone which is a key
hormone that activates Epidermal Growth Factor Receptor (EGFR) (Kiaris et al., 2001; Pinski et
al., 1994). Clinical trials initiated to investigate SSTR analogues on SCLC showed no benefit,
which may possibly be due to differential expression of SSTR2 in a heterogenous poorly
differentiated SCLC tumor (Hejna et al., 2002; Cotto et al., 1994; Lehman et al., 2019). To date,
SSTR4’s involvement in lung cancer has not been investigated.

Malignant Pleural Mesothelioma (MPM) is a cancer originating from the lining of the
thoracic cavity that covers the lungs. MPM is the only cancer where SSTR4 activation has shown
to exhibit cytostatic effects, but only through the inhibition of CD26 (Yamamoto et al., 2014).
Cluster of Differentiation 26 (CD26), also known as dipeptidyl peptidase 4 (DPP4), is an enzyme
that cleaves peptides of hormones and cytokines, thereby affecting its biological activity and may
function as tumor-promoting or tumor-inhibiting enzyme (Enz et al., 2019). CD26 is highly
expressed in SCC of skin compared to normal skin (Kacar et al., 2012). Inhibiting the interaction
of SSTR4 and CD26 combined with the activation of SSTR4 with a specific synthetic agonist L-
803087 resulted in decreased cell invasion and metastasis in MPM-relevant cell lines and mouse
xenograft models (Yamamoto et al., 2014). To date, no studies have thoroughly investigated the
function of SSTR4 in the context of cancer initiation of HNSCC. Furthermore, the protein-protein
interactions (PPIs) of Sstr4 has been studied only in HEK293 cells but not in any other cancer cell

line (Christenn et al., 2007)
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2.4.5 Downstream Intracellular Signaling of Sstr4
When somatostatin or its analogues bind to SSTR, the G-protein trimer (a, B, Y') becomes
activated and dissociates from SSTR4 to carry out several possible signaling cascade events as

depicted in Figure.6 (Gunther et al., 2018; Sakamoto & Frank, 2009; Milewska-Kranc et al., 2024).

2.4.5.1 The Cyclic AMP Pathway

The first pathway that SSTR4 may be involved in is the cyclic AMP pathway (Gunther et
al., 2018). The activated G-alpha-inhibitory (Gai) G-protein inhibits Adenylyl Cyclase (AC) which
results in more cAMP accumulation, which is needed by Protein Kinase A (PKA) to phosphorylate
Serine-133 residue of cAMP response element-binding protein (CREB) (van Keulen et al., 2017).

Phosphorylated CREB either at Ser-133 or Ser-142 is active and performs its function as a
transcription factor (TF) regulating genes involved in various cellular processes such as
proliferation (Moller et al., 2003; Ampofo et al., 2020; Sakamoto & Frank, 2009; Steven & Seliger,
2016). Thus, in the absence of SSTR signaling, the oncogenic transcription factor CREB is highly
active. The active state of CREB is also regulated by Protein Kinase C (PKC), Phospholipase C
(PLC), Mitogen-Activated Protein Kinase (MAPK), Protein Kinase B (Akt), and ERKI1/2
(Sakamoto & Frank 2009; Farrell et al., 2014; Carper et al., 2022).

CREB is a major oncogenic transcription factor involved in the progression of small
cell lung cancer (SCLC), leukemia, and breast cancer (Sakamoto & Frank et al., 2009; Chhabra et
al., 2007). In HPV+ HNSCC, CREB is co-activated by CRTC2 resulting in increased cell
proliferation (Carper et al., 2022). Whether CREB plays a central oncogenic role in the

tumorigenesis of HPV- HNSCC when SSTR4 is mutated remains to be investigated.
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In leukemic cell line, CREB was shown to overexpress the transcription factor Meis1
(Sakamoto & Frank et al., 2009). Meis1 forms dimers or trimers with HOXA9 which then
transcribes genes involved in cell proliferation. Meisl is a positive regulator of tumorigenesis in
esophageal squamous cell carcinoma and leukemia (Yao et al., 2021). But, in solid cancer such

as NSCLC and prostate cancer, it is a negative regulator of tumorigenesis (Yao et al., 2021). The

38



function of Meis1 as a tumor suppressor vs oncogene is cell-type specific which depends on the
expression of other TFs that it forms dimers/trimers with to carry out gene regulatory functions.
One review paper mentions that Meis1 TF is expressed upon SSTR4 activation, but no primary

literature supports this (Milewska-Kranc et al., 2024).

2.4.5.2 The MAPK Signalling

SSTR4 stimulation results in activation of G-proteins which activate numerous
phosphotyrosine phosphatases (PTPs) and kinases. The intracellular signaling starts when c-Src is
active either by autophosphorylation or by being phosphorylated by C-terminal Src Kinase (Csk)
(Alba et al., 2021). For C-Src to be active, it is dephosphorylated at Y527 residue by SHP-2 (Ma
etal., 2000; Alba et al., 2021). The active c-Src phosphorylates SHP-2 at specific tyrosine residues,
making SHP-2 active (Mitra et al., 2008). c-Src also activates SHP-1 by phosphorylating at p-
Y536 & p-Y564, and finally c-Src phosphorylates an unknown tyrosine domain of the PTP
receptor, PTP-eta (PTPn) (Abram & Lowell, 2017). Thus, there is a tight regulation of activity
between SHP-1, SHP-2, c-Src, and PTPn. Sstr4 activation may also activate NF-KappaB, JNK,
and p38 MAPK pathways (Milewska-Kranc et al., 2024; (Kharmate et al., 2011; Florio et al.,
1999). Towards the end of the SHP2-Ras-Ref-MEK1/2 MAPK signaling cascade module, ERK1/2
gets inhibited (Roskoski, 2019). (Figure.6)

If SSTR signaling is absent, ERK1/2 is activated that phosphorylates other transcription
factors such as- cJUN, cFOS, FOXO (Schummer et al., 2016; Muhammad et al., 2017). cJUN
transcribes other genes involved in tumorigenesis such as Cyclin D1 which promotes G1 to S phase
cell cycle progression (Schummer et al., 2016; Montalto et al., 2020). More Cyclin D1 results in

phosphorylation of Rb, resulting in dissociation of E2F1 TF which positively progresses cell cycle
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from GI1 to S phase (Abukhdeir & Park, 2008). Phosphorylated cFOS (p-cFOS) is a proto-
oncogene involved in epithelial to mesenchymal transition in HNSCC (Muhammad et al., 2017).
FOXO is a tumor suppressor transcription factor that initiates apoptosis and cell cycle arrest. The
phosphorylation status of FOXO (p-FOXO; inactive) can also be regulated by kinases such as Akt

of the PI3K pathway. (Zhang et al., 2011) (Figure.6)

2.4.5.3 The PI3K/Akt Signaling Pathway

Epidermal Growth Factor Receptor (EGFR) which is an oncogene, is amplified in HNSCC
and is persistent in 38% to 47% of HNSCC cases (Stransky et al., 2011; Kalyankrishna et al.,
2006). Transforming Growth Factor-o (TGF-a) binds to EGFR leading to activation of
downstream oncogenic pathways such as PI3K/Akt pathway (Kalyankrishna et al., 2006). EGFR
consists of 20 intracellular tyrosine kinase domains involved in a myriad of signaling functions
and is thought to be an intermediary to several intracellular signalling pathways (Furcht et al.,
2015). In HEK-293 cells co-transfected with SSTR1/5, the total EGFR protein and phosphorylated
EGFR (p-EGFR; unknown residue) decreased in a time dependent manner upon agonist addition
(Kharmate et al., 2011). In breast cancer, SHP-1/2 dephosphorylates EGFR at a tyrosine residue
1173 (Y1173), thus inhibiting the MAPK/ERK pathway which is a major oncogenic pathway in
cancer (Geng et al., 2022). SHP-2 can also regulate EGFR signaling by making the p85 regulatory
subunit domain of PI3K, called Pik3ca, inactive by dephosphorylating it at a certain residue (Shi
et al., 2021).

Towards the end of the PI3K/Akt Pathway, increased expression levels of p27%P!, p21¢iP!,
Zacl, p38, and p53 genes are observed as well as high amounts Retinoblastoma (Rb) proteins

when SSTR4 is stimulated with an agonist (Alderton et al., 2001; Theodoropoulou et al., 2010).
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P274P! (Kinase inhibitory protein) is a Cyclin dependent kinase (Cdk) that is phosphorylated by
Akt and functions by preventing the complex of CDK2/cyclin E and CDK2/cyclin A kinase
activity thereby initiating cell cycle arrest at G1/S and terminating S Phase progression
respectively (Peng et al., 2016; Ding et al., 2020). Tumor protein (TP53) is a potent effector of
p21¢P! which results in initiating G1 cell cycle arrest (Abukhdeir & Park, 2008). If Cyclin-D-
CDK4/6 or Cyclin-E/CDK2 are still complexed, this will result in Rb to be phosphorylated and
the subsequent release and activation of E2F1 transcription factor which will drive cell cycle
progression into Synthesis (S) Phase (Abukhdeir & Park, 2008). E2F1 transcribes genes such as-
Orcl, Mcm proteins, Cdc6 which are involved in DNA replication and cell cycle progression
(DeGregori et al., 1995; Ohtani et al., 1999; Yan et al., 1998)

When MDA-MB-435S breast cancer cell line overexpressing SSTR1/4 was stimulated
with agonist, flow cytometry data showed decreased cells in S Phase (Zou et al., 2019).
Furthermore, SSTR1/4 were co-immunoprecipitated which suggests SSTRs can form
heterodimers with one another (Kreienkamp et al. 1998, Somvanshi et al. 2009; Zou et al., 2019).
In rat thyroid cells (PCCI13 and PC mos/PTPn) which express all SSTR1-5, the stimulation with
somatostatin resulted in increased mRNA and protein expression of PTP-eta (PTPn) (Florio et al.,
2001). High PTPn activity resulted in cell cycle arrest due to increased p275P! (p27) (Florio et al.,
2001). When Rat mammosomatotrophinoma GH3 cell line expressing SSTR2 was stimulated with
Agonist, high Zacl expression was found which upregulates Cdks such as p57"P? and p21°P!
stopping cell cycle progression (Theodoropoulou et al., 2006). Though there is strong evidence to
support that SSTRs function as negative regulators of cell cycle progression, it is unknown whether
SSTR4 can exhibit that effect in the context of HNSCC, and if it occurs through dephosphorylation

of certain tyrosine residues of EGFR remains unexplored.
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In conclusion, SSTR4 stimulation may regulate multiple aspects of cellular and molecular
homeostasis, including proliferation, angiogenesis, inflammation, and epigenetic regulation
(Gunther et al., 2018; Theodoropoulou et al., 2006; Kharmate et al., 2011; Kumar, 2024). Other
SSTRs have been established as tumor suppressors in various types of cancer (Kumar et al., 2024).
To date, no study has indicated a signalling mechanism of SSTR4 in HNSCC. In this study, we
aim to establish the tumor suppressor function of SSTR4 in HNSCC and to elucidate the

intracellular signalling mechanism that governs it.
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3 MATERIALS AND METHODS

3.1 Design and Development of Plasmid Constructs
3.1.1 sgRNA selection and design

To construct a plasmid that can efficiently target Sstr4 for knockout requires testing
different single-guide RNAs (sgRNAs) against Sstr4 for estimating the knockout efficiency. By
utilizing online sgRNA design databases such as CHOP-CHOP and VBC Score, five sgRNAs
23bp long were used exhibiting high predicted K.O efficiency, and non-targeting control sgRNA
(sgNTC) with the sequence 5’- ACTGCCATAACACCTAACTT -3’ was used. After removing
the 3bp PAM recognition site, the 20bp sgRNAs were synthesized as forward (FW)
oligonucleotide strand and its reverse (RV) complement oligonucleotide strand by Integrated DNA
Technologies (IDT). Additional oligonucleotides were added to the respective ends that will
facilitate in ligation to the overhangs created by BsmBI-V2 restriction enzyme after digestion of

the lenti CRISPR v2 plasmid (Addgene #52961).

3.1.2 Sstr4-DRY and Sstr4-ORF: Gene block fragment design

The wildtype amino acid sequence of mouse Sstr4 (GenBank: AAI38488.1) was used as
the reference open reading frame (ORF), and was modified to achieve the Sstr4-DRY and Sstr4-
OREF stable cell lines. To obtain the Sstr4-DRY mutation, three amino acid mutations were made-
D140G, R141G, and Y142G. The amino acid sequence was then reverse translated to DNA
sequence. Then codon optimization was performed utilizing TWIST BioScience platform in
addition with pairwise alignment tool in NCBI website to prevent the unwanted indel formation in
Sstr4-DRY and Sstr4-ORF by the endogenous sgRNA that targets Sstr4. Any observable

restriction enzyme sites that would hinder transgene expression downstream was removed from
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the open reading frames (ORFs) sequences. To obtain the Sstr4-ORF construct, the amino acid
sequence of mouse Sstr4 (GenBank: AAI38488.1) was only reverse translated to DNA sequence
and codon optimized. For both the DRY and ORF gene blocks, an N-terminal HA-tag

(YPYDVPDYA) DNA sequence was added for downstream experiments.

3.1.3 Cloning of sgRNAs and gene blocks to plasmids

The plasmid backbone used to achieve the Sstr4-KO sgRNA1 cell line was the
lentiCRISPR v2 (Addgene #52961). Whereas the plasmid backbone used for the in-vivo mouse
injection was pLKO-NLS-iCre stuffer v4 (Addgene #158032) which contained Cre-recombinase
and absence of Cas9 sequence. Both plasmids had the same cloning strategy for inserting sgRNAs
into filler regions of the plasmid. The lentiCRISPR v2 plasmid was digested with Esp31 to remove
the 1,885bp sgRNA filler. The digested products was then separated by DNA gel electrophoresis
and the expected DNA band was immediately gel purified using the GenepHlow Gel/PCR Kit
(Geneaid #DFH300). The FW and RV oligos of each pair of sgRNA were annealed and
phosphorylated using polymerase chain reaction (PCR) as done in previous studies (Ran et al.,
2013). The digested and purified lentiCRISPR v2 vector was then ligated to each of the five
annealed and phosphorylated sgRNA1-5 oligos using Hi-T4 DNA Ligase following
manufacturer’s protocol (NEB, #M0202L). The ligated mixture was transformed into NEB Stabl
competent cells by heat shock where ampicillin was used as a selection marker to acquire bacterial
colonies containing the cloned plasmid of interest on LB agar plates. The bacterial colonies were
isolated and grown in SmL LB broth overnight and then underwent plasmid DNA extraction and

purification using the Presto™ Mini Plasmid Kit (PDH100). To confirm the presence of the
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inserted sgRNA, all ten of the purified plasmids were sent for sanger sequencing using U6 FW
primer and checking the presence of sgRNA sequences.

To construct the transgene expression plasmids with Sstr4-DRY and Sstr4-ORF constructs,
the gene blocks synthesized by TWIST Bioscience were amplified by PCR using TWIST
Adapters. TheLentiCas9 Blast plasmid (Addgene, #52962) was digested with Nhel and BamHI
and the amplified TWIST fragments of Sstr4 gene blocks were ligated to the plasmid. Following
ligation, transformation, inoculation, and miniprep was commended. To validate the plasmid,
sanger sequencing using FW primer for EF-1a promoter was used. The final plasmid map is

illustrated in Figure.7.
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Figure 7: Plasmid Maps of Constructs Cloned | The generation of three plasmids used for
downstream in-vitro and in-vivo experiments. hPGK, U6, and EF-1la are promoters that drive
expression of the downstream gene fragment. Blasticidin S deaminase (BSD) and Puromycin N-
acetyl transferase (PAC) are antibiotic selection markers used for lentiviral transduced cell line
selection. (Created with BioRender.com)

3.2 Plasmid packaging by Lentivirus Transfection
The plasmids cloned from Lenti CRISPR v2 and LentiCas9 Blast were packaged into
lentiviral vectors of low-titer which could then be used to transduce cell lines resulting in stable

gene expression and expected genetic editing. For low titer lentivirus transfection to be used for

cell lines, the following lentivirus packaging plasmids- psPAX2(Addgene #12260), pMD2.G
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(Addgene #12259), and transfer plasmid (Sstr4-KO sgRNA1) were mixed to a picomolar (pmol)
ratio of 0.169:0.0936:0.2132 in serum free media. The plasmid mixture was combined with
branched polyethyleneimine (Sigma-Aldrich #408727) to a DNA:PEI ratio of 1:3 based on weight;
micrograms (ug). The combined mixture was incubated for 1 hour at room temperature before
being added dropwise to HEK293T cells in 6-well plates that were 70% confluent and containing
serum free media (SFM), which was regular Dulbecco's Modified Eagle Medium (DMEM)
without Fetal Bovine Serum (FBS) and Penicillin/Streptomycin (Pen Strep). The HEK293T cells
were incubated overnight (16 hours) in SFM at 37°C and 5% COa.. The following day the SFM
was changed to complete DMEM containing 10% FBS and 1% Pen/Strep. After 48-72 hours, the
lentiviral supernatant was collected and filtered through 0.45uM PES filter into 1.5mL centrifuge
tubes before being stored in -80C until further use.

High-titer lentiviral vectors was made for the pLKO-Cre stuffer v4 (Addgene #158032)
plasmid containing each of the five Sstr4 sgRNAs for in-vivo knockout of Sstr4 in HNSCC mouse
model. The following lentivirus packaging plasmids- psPAX2(Addgene #12260), pMD2.G
(Addgene #12259), and transfer plasmid (Sstr4-KO sgRNAT) were mixed to a picomolar (pmol)
ratio of 1.3:0.72:1.64 in DMEM serum free media (SFM). The plasmid mixture was combined
with Branched polyethyleneimine (PEI; Sigma-Aldrich #408727) to a DNA:PEI ratio of 1:3 (w/w).
The combined mixture was incubated for 1 hour at room temperature before being added dropwise
to HEK293T cells in six 150mm plates that were 70% confluent and contained SFM. The
HEK293T cells were incubated overnight (16 hours) in SFM at 37°C and 5% CQO2. The following
day, SFM was changed to complete DMEM with 1% Pen/Strep and 10% FBS. The supernatant
consisting of complete DMEM media with virus particles was collected after 72 hours and

underwent lentiviral purification using sucrose cushion and ultracentrifugation method with a final
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resuspension volume of 100ul using Cytiva HyClone 1X PBS (Cat. SH30256.FS) (Yan et al.,
2023). The concentrated lentiviral packaged plasmid constructs were made into 10uL aliquots and

frozen in -80C until future use for mouse embryonic in-utero lentiviral injections.

3.3 Lentivirus Transduction

The low-titer lentivirus that packaged each of the Sstr4 sgRNAs in lentiCRISPR v2 plasmid
and the Sstr4 gene constructs in LentiCas9 Blast plasmid was used for lentiviral transduction of
KT-CHEN cells. Approximately 300uL of each low-titer lentivirus was added to 30% confluent
KT-CHEN cells in 6-well plate along with 10mg/mL polybrene stock to a final concentration of
8ug/mL polybrene (Sigma-Aldrich # H9268). The 6-well plates were then ‘spinoculated’ by
centrifugation at 1100g for 30min. After centrifugation, the wells were washed with PBS followed
by addition of E-intermediate media containing low calcium (50uM), following regular culturing
conditions of primary mouse keratinocytes (Ge et al., 2017). The cells were allowed to grow for
72 hours. After 72 hours, the cells were split and selected with 2ug/mL puromycin for 72 hours
with daily media change and PBS washes until no cells in the non-transduced control well was
observed. The cell lines were expanded, and early passages were stored in liquid nitrogen as stocks.

The Sstr4-KO keratinocyte cell line made using sgRNA and displaying high degree of
indels, was transduced with the virus packaging the Sstr4 gene block fragments, followed by
selection using 4.5ug/mL of Blasticidin for 5-days with daily media change and PBS washes until

no cells in the non-transduced control well was observed (Wisent, # 450-190-XL).
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3.4 Knock-out efficiency quantification by Tracking of Indels by Decomposition (TIDE)
The unavailability of anti-Sstr4 primary antibody pivoted us to utilize available molecular
methods to quantify gene deletion efficiency to confirm protein ablation success. After obtaining
transduced and puromycin selected KT-CHEN cell lines with each of the five Sstr4-KO sgRNAs,
the whole DNA content was extracted from the cell lines and PCR was done to amplify the region
of the indel using 2X Taq Mastermix (FroggaBio, ##fBTAQM). Approximately 250bp region
upstream and downstream of the expected indel site was amplified by PCR using primers specific
for each sgRNA location called ‘TIDE primers’ which are listed in Table.2. After PCR, the samples
were sent for sanger sequencing using only the FW oligo of the TIDE primer depending on the

indel location.

Table 2: List of TIDE primers used to confirm DNA indels in Sstr4-KO sgRNA1-5 cell lines

. . Annealing
Guide-RNA . . Amplicon
TIDE primer FW TIDE primer RV p Temp.
ID (bp) o

0
sgRNAI1 TCATCTTCGTGATCCTACGCTA ~ GCACGAGCCTAGTGATCTTCTT 582 60.4
sgRNA2 AGCTAATCAACCTGGGAGTGTG ~ ATAGTAGTCCAGGGGCTCTTCC 551 61.8
sgRNA3 GCGCTCAGAGAAGAAGATCACT GTCCTAGGAGAGGGAGGGACTA 583 60.4
sgRNA4 GCGCTCAGAGAAGAAGATCACT GTCCTAGGAGAGGGAGGGACTA 583 60.4
sgRNAS AAGCTAATCAACCTGGGAGTGT =~ ATAGTAGTCCAGGGGCTCTTCC 552 61.8

3.5 BCA Assay and Western Blot
3.5.1 Protein Lysate Extraction

After culturing Sstr4 relevant cell lines in 6-well plates to 70-90% confluency, the 6-well
plate was processed for protein and immunoassays. This was done by cell scraping following the
addition of 100uL 1X RIPA Buffer (Cell Signaling Technologies, #9806) containing 1X protease

inhibitor cocktail (Sigma-Aldrich, #P8340). The crude mixture was transferred to a centrifuge tube
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and after brief vortexing it was kept on ice for 30min to allow further shearing of cell membrane.
Centrifugation at 12,000rpm for Smin at 4°C was done to remove cell debris. The supernatant

containing the total protein lysate was used for protein quantification through BCA assay.

3.5.2 BCA Assay

A small volume of the whole cell protein lysate was diluted to 1:10 ratio with a final volume
of 50uL. The Pierce™ BCA Protein Assay Kits (Thermofisher Scientific, #23225) was utilized for
conducting BCA assay following manufacturer’s protocol. Bovine Serum Albumin (BSA)
supplied in the kit was used to plot standard curves. The GloMax® Discover Microplate Reader

(Promega) machine was used to measure absorbance at 560nm.

3.5.3 Protein lysate denaturation, SDS-PAGE, and Western Blot

All protein lysates were denatured in 2X SDS Sample Buffer (Laemmli buffer) containing
bromophenol blue and boiled at 65°C for 5 minutes. 10 microgram (ug) amount of denatured
lysates previously calculated from BCA assay were loaded in 10% polyacrylamide gel and gel
electrophoresis was done for protein separation at 85V for 25min followed by 130V for 45min.

The polyacrylamide gel was assembled into a sandwich for transfer onto a 0.45uM PVDF
membrane which was done at constant current of 400mA for 45min. Ponceau S staining was done
for quality control which was washed with 1X TBST (0.5% Tween-20) once before imaging
(Thermofisher, # A40000279). Blocking with 5% non-fat skim milk powder in TBST was done
for 1 hour followed by overnight 4°C incubation with mouse Anti-HA (BioLegend, #901514) and
mouse Anti-f actin (CellSignalling Technologies, # 5125S) primary antibodies at 1:4000 dilution.

After three 1X TBST washes, Anti-mouse HRP detection secondary antibody (Cell Signaling
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Technologies, #7076) was added at 1:6000 dilution and incubated for 1 hour. After incubation, the
blot was washed three times with 1X TBST and then underwent detection. The blot was incubated
in Clarity Western ECL Substrate (BioRad, #1705061) for 5 minutes in the dark room before

imaging in the Invitrogen iBright 750 gel documentation machine.

3.6 RNA-Sequencing and Analysis
3.6.1 Sample processing

The Sstr4 relevant cell lines KT-CHEN, Sstr4-KO, and SStr4-ORF were cultured in 10cm
plates. Only Sstr4-KO and Sstr4-ORF cell lines were incubated with 1uM of J-2156 agonist for 24
hours at 37°C and 5% CO,. After incubation, the cell culture plates were scraped, RNA was
extracted and purified using Qiagen RNeasy Plus Mini Kit (Cat. No. 74134). The purified RNA
samples were sent to Novogene for library preparation and subsequent Illumina Sequencing. RNA-

sequencing of each cell line was performed in duplicates

3.6.2 RNA-Sequencing

The schematic workflow of RNA-sequencing is shown in (Figure.8). Briefly, the RNA
samples first went quality control (QC) through sample quantitation, integrity, and purity using
the Agilent 5400 Fragment analyzer system. The RNA Integrity Number (RIN) for all samples
measured from Fragment analyzer were above 9.7. After QC analysis, library preparation was done
by first purifying only messenger RNAs (mRNAs) through oligo poly-T magnetic bead-based
separation. Fragmentation is done to shear RNA into appropriate sizes before reverse transcription
and cDNA synthesis. Non-template deoxy Adenosine monophosphate (d1AMP) 3’ end-tailing is

done to prevent concatemer formation and efficient ligation of adapter sequences before whole
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genome sequencing on the Illumina NovaSeq X Plus platform. Between 30-52 million raw reads
were obtained from Sstr4 cell lines and above 80 million reads from KT-CHEN cell line.
3.6.3 Bioinformatics Analysis

The reads obtained underwent quality control using FastQC. Mapping and aligning of the
reads to the reference mm10 mouse genome was done using STAR. Differential gene analysis was
done using the DESeq2 R package by comparing read counts between KT-CHEN and each Sstr4
sample. After identification of DEGs for each Sstr4 cell line, the DEGs underwent functional

analysis on EnrichR by inputting the upregulated and downregulated DEG sets.

3.7 Co-Immunoprecipitation Mass Spectrometry (Co-IP MS) for PPIs

The Sstr4-ORF cell line was treated with 1uM of J-2156 agonist for 6 hours before
harvesting total protein lysate. The cells were scraped after addition of 500uL of Pierce IP Lysis
Buffer and kept in ice for 3 hours to obtain efficient lysing and reduced degradation (Thermofisher
Cat. No. 87787). The lysate was centrifuged at 12,000rpm for Smin for removal of cell debris such
as lipids. The supernatant consisting of total protein lysate underwent protein pulldown assay using
the Pierce Anti-HA magnetic beads pulldown assay kit (Thermofisher, Cat. No. 88836). The Sstr4-
OREF containing the HA-tag was the ‘bait’ and any proteins interacting with it was considered
‘prey’. All proteins considered to be interacting with Sstr4 that were obtained towards the end of
the pulldown assay were sent for mass spectrometry (MS) analysis performed by the Proteomics
Core located in RI-MUHC. For controls, the PPIs obtained were contrasted with pulldown results
of other HA-tag protein such as Nudtl1, which is under investigation in The Loganathan Lab. A
pulldown assay for the Wildtype (WT) KT-CHEN cell line was also performed to exclude random

proteins obtained at the end of the pulldown assay.
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Figure 8: Pipeline of RNA-sequencing as performed by Novogene | (A) RNA
quality control (QC) pipeline to test for RNA integrity and purity before library
preparation. (B) Library preparation pipeline of whole RNA following QC validation
of samples. Figure taken from Novogene website with permission.

52



3.8 Cell Proliferation Assay: Incucyte SX5

Approximately 5,000 cells were seeded in each well of a 96-well plate and were allowed
to adhere to the plate surface overnight. For each specific Sstr4 cell line, a total of six replicates
was done with and without J-2156 agonist to account for potential edge effect caused by media
evaporation. The 96-well plate with the seeded Sstr4 cell lines was inserted into the SX5 Incucyte
machine (Sartorius) where images of each well was captured every 6-hour interval till 66-hour
timepoint where confluency was saturated. The image analysis was done on the Incucyte software
by first quantifying cell confluency by creating cell masks. After label-free cell identification, raw
values of each well for each timepoint was exported and a plot was created on R Studio for data
visualization and statistical analysis. For statistical analysis, linear regression and Wilcoxon Rank

Sum test was done on R Studio.

3.9 Flow Cytometry Confirming Sstr4 plays a role in G1 Cell Cycle Arrest

All sstr4 relevant cell lines were grown to 90% confluency in T25 flasks and the complete
E-intermediate media was changed to DMEM/F12 while still maintaining low calcium (50uM) to
prevent differentiation (Beronja et al., 2013; Li, 2012). After 24-hour incubation in SFM
DMEM/F12 media for cell synchronization to G1 cell cycle phase, approximately 1.5 x 10° were
passaged to 10cm plates containing complete E-intermediate media with or without 1uM J-2156
agonist. The remaining cells uplifted from the T25 flasks at zero timepoint were fixed with ice
cold 70% ethanol for 30min, then stored in -20°C before proceeding with staining for flow
cytometry acquisition. After 30-hour release into E-intermediate media, all eight plates of Sstr4

relevant cell lines were detached by adding 0.05% Trypsin/0.53mM EDTA for 20min. After
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centrifugation, the cell pellets were resuspended in 2mL D-PBS. 1mL of cell suspension for each
sample was fixed in 9mL of 70% ethanol with continuous vortexing.

For DNA staining, the fixed cells were centrifuged for 2000rpm for 10min and washed
with DPBS twice to remove excess ethanol. The cell pellet was resuspended in 1mL DPBS and
cell counting was performed on LUNA-FX7 automated cell counter (Logos Biosystems). For
every 200,000 cells, 100uL of D-PBS was used for resuspension. 10mg/mL of RNAse A was
added to each cell suspension for a final concentration 200ug/mL and allowed to incubate in room
temperature for 1 hour. After centrifugation, the cells were resuspended in appropriate volumes of
D-PBS. Propidium iodide (PI) which stains for nucleic acid was added to a final concentration of
100ug/mL and allowed to incubate in the dark for at least Smin or up to 2-hour before acquisition
on BDFACS Fortessa.

Sample acquisition was performed on BDFACS Fortessa at a low flow rate and the rate of
events for all samples was maintained between 50-100 events/sec. In FlowJo application, cell
populations were identified with FSC vs SSC gating, doublet discrimination gating FSC-A vs FSC-
H. Cell cycle analysis was done on propidium iodide positive cells (PI+) using the univariate
Watson-Pragmatic modelling algorithm and adjusting the G1/G2 interval to maintain all Root
Mean Square Division (RMSD) values below 2 which enforces precise modelling by FlowJo
software. The values of each cell cycle phase for each Sstr4 cell line were exported to Microsoft

Excel to visualize the G1 change, S change, and G2 change.

54



3.10 In-Vivo mouse work
3.10.1 Mouse Breeding

All in-vivo experiments work was done in the animal facility maintained at Research
Institute of McGill University Health Center (RI-MUHC). All experiments were conducted
following approved standard operating protocol (SOP) in accordance to animal welfare and
Canadian Council on Animal Care (CCAC) guidelines (CCAC, 2009)

The entire schematic for in-vivo lentiviral injection is illustrated in Figure.9. For breeding,
a male C57BL/6 mice containing a loxP-STOP-loxP (LSL) cassette in the Rosa26 (R26) locus
which conditionally expresses Cas9 protein and the green fluorescent protein (GFP) in presence
of Cre-recombinase was crossed with a female C57BL/6 mice containing a LSL cassette in the

HI047R myutant. The

Rosa26 locus which conditionally expresses the oncogenic hyperactive Pik3ca
Cas9 protein, GFP, and Pik3ca!®R oncogene will only be expressed when Cre-recombinase
protein a fragment of the pLKO-NLS-iCre plasmid is introduced by lentiviral injection. This
results in the cleavage of LSL cassettes which initiates the central dogma processing of DNA to

protein resulting in induced expression of Cas9 protein, GFP, and Pik3ca'!*"R,

3.10.2 Ultrasound-guided in-utero lentiviral injection

After breeding of the specific mice strains, an ultrasound machine is used to identify the
embryonic stage of the pregnant female mouse under general anesthesia with HEPA-filtered
oxygen (02) and isoflurane (3%). At embryonic stage 9.5 (E9.5), a visible circular structure with
a white curved C-shaped body located just above the bladder signifies the E9.5 embryonic stage
where the in-utero ultrasound-guided lentiviral injection is initiated. At E9.5 embryo stage,

invasive open abdomen surgery is performed as done in previous studies (Beronja and Fuchs,
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2013; Loganathan et al., 2020; Yan et al., 2023). The lentivirus packaging the plasmid containing
Cre-recombinase and sgRNAs against Sstr4 is injected into the amniotic cavity of each of 6-8
embryos with variable volumes ranging from 100 nanoliters (nL) to 1000nL. Following injection,
the incisions are sutured, and the female mouse is observed for parturition after 19-21 days.

(Figure.9)
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Figure 9: Schematic of in-utero ultrasound-guided lentiviral injection in
HNSCC mouse model | The in-vivo model begins by breeding of the male and
female mouse with the required genotype. Plasmid contains the sgRNA targeting
Sstr4 for knockout. It also contains Cre-recombinase for activating oncogenic Pik3ca
mutant of the embryo, GFP, and Cas9 protein to assess Sstr4 potential in
tumorigenesis. Lentivirus packaging the plasmid is injected using Nanoject with
volumes ranging from 100nL to 1000nL. 11-13 days post-injection, mouse pups are
expected in the litter and are imaged for GFP presence on the skin. After weaning,
the mice are observed for tumor formation. (Created with BioRender.com)
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3.10.3 Tumor monitoring

After parturition, the outer skin of the mouse pups are imaged for GFP by epifluorescence
microscope indicating the activation of Cas9-GFP by Cre-recombinase. After 10-weeks, the mice
are weaned into separate cages based on their sex and are observed once a week for up to 6-months

for tumorigenesis.

3.10.4 Tumor processing, embedding, sectioning, and staining

The mice showing tumors were euthanized when the tumor volume reached lcm? or the
animal exhibited health conditions causing extreme discomfort that breaks guidelines established
by CCAC. After euthanasia, the epidermis skin layer containing the tumor was placed on a filter
paper and into a cryomold maintain orientation. Embedding was performed with OCT tissue
fixative (Fisher Scientific Cat No. 23-730-571). The embedded tumors were sent to the RI-MUHC
Histopathology Core for sectioning. Hematoxylin and Eosin (H&E) staining and Ki-67

proliferation marker staining was performed by the Histopathology Core at RI-MUHC.
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4 RESULTS

4.1 Knockout of Sstr4 and heterozygous Pik3ca''*7R mutation is sufficient to initiate
HNSCC tumorigenesis in in-vivo model within 8-weeks

The functional role and significance of SSTR4 in HNSCC remains largely unexplored.
Previous studies have indicated that Sstr4 may function as a tumor suppressor in HNSCC
tumorigenesis (Loganathan et al., 2020). Building on previous findings, we sought to validate Sstr4
as a tumor suppressor gene and a driver mutation by evaluating its loss-of-function effects in
HNSCC tumorigenesis, thereby solidifying its role in cancer initiation.

To validate Sstr4 function in HNSCC tumorigenesis, we performed in-utero lentiviral
injection to induce Sstr4 gene knockout (Sstr4-KO) in the stratum basale layer of the epidermis.
The stratum basale with the intended Sstr4-KO gene edit will then divide and form the remaining
outer four layers of the epidermis. During in-utero lentiviral injection, eight embryos at the E9.5
stage were injected with the Sstr4-KO high titer high-titer lentivirus that was produced by lentiviral
transfection.

Following successful surgery and at the end of parturition, seven mouse pups were born, each
exhibiting varying levels of green fluorescent protein (GFP) expression in the epidermal layer of
the skin when observed using a stereo fluorescence microscope (Figure.10A). The variability of
GFP is due to the varying volumes of lentivirus injected into the amniotic cavity of the embryo.
Of a total of five mice that survived and reached young adulthood, all of them were male and three
formed tumors. Two of the mice that exhibited high amounts of GFP at the pup stage developed
eyesight problems at approximately 38-day (~5-week) timepoint after date of birth (DOB). After
12-days, the tumor progressed rapidly into a tumor mass of greater than 1cm® volume near the

muzzle region at 50-day (~7-week) timepoint, ultimately affecting vision and causing distress
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requiring euthanasia (Figure.10B). Respective brightfield and fluorescence images taken of the
tumors that formed on the muzzle region, indicated that the cause of tumor is due to proliferation
of cells that contain Sstr4-KO and not due to neighboring cells in proximity of Sstr4-KO epidermal
keratinocytes (Figure.10B). Furthermore, the cell boundaries could be distinguished by imaging
for GFP indicating that there is a tumor ingrowth (Figure.10B) The tumors exhibited basal cell
carcinoma (BCC) like appearance with Hematoxylin and Eosin (H&E) staining due to the presence
of the stratum corneum layer (Figure.10C). The third and final mice developed tumors at 89-day
(~13-weeks) timepoint and showed a tumor appearance near the muzzle that resembles squamous
cell carcinoma (SCC) due to the scaly and reddish appearance (Figure.10D). Respective
fluorescence images taken of the SCC showed an outgrowth appearance where cell boundaries
could not be identified (Figure.10D). H&E staining done on the SCC mouse tumor exhibited
differences in histopathology with BCC mouse tumor and more closely resembled SCC pathology
with the absence of the stratum corneum layer (Figure.10E). The two of the five remaining mice
that did not show tumors exhibited unexplained mortality. The HNSCC mouse model injected with
a non-targeting (NTC) control sgRNA did not result in pups exhibiting tumor phenotype
(Figure.10F). Sstr4-KO results in the median overall survival to ~9-weeks, and average tumor-free
survival to ~8-weeks (Figure.10F). Thus, the combination of Sstr4-KO and Pik3ca!*"® mutation

results in rapid tumorigenesis in our HNSCC mouse model.
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Figure 10: Sstr4-KO and heterozygous Pik3caH!%’R mutation is sufficient to initiate
HNSCC tumorigenesis in-vivo within 8-weeks | (A) Presence of Green Fluorescence of the
skin cells of the mouse pups that were injected at E9.5 with Sstr4-KO high titer lentivirus. (B)
& (C) Mouse with a tumor volume >lcm3 observed at 50-day timepoint along with
representative 5X and 20X H&E staining images of the extracted tumor indicating Basal Cell
Carcinoma (BCC) appearance. (D) & (E) Mouse with tumor observed at 89-day timepoint
along with representative 5X and 20X H&E staining of the extracted tumor indicating
Squamous Cell Carcinoma (SCC) appearance. (F) Kaplan-Meier survival curve of Sstr4-KO
mice (n=5) and sgNTC (n=5). Log-Rank (Mantel-Cox) statistical test done on GraphPad Prism.
p <0.05. (Created with BioRender.com)
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4.2 Tracking of Indels by Decomposition (TIDE) shows considerable indels in Sstr4 due to
sgRNA1

After validating Sstr4 as a tumor suppressor in HNSCC mouse model, we sought to
understand the functional effects of Sstr4 in the context of HNSCC and how it interacts with
Pik3ca %R mutant. In order to achieve our research objective, we first aimed to establish stable
Sstr4 relevant cell lines in primary mouse keratinocyte cell lines (KT-CHEN) background. To
establish Sstr4 knockout (Sstr4-KO) cells, the targeting efficiency of five different single guide
RNAs (sgRNAs) was tested in-vitro.

After molecular cloning, low titer lentiviral transfection, lentiviral transduction, and TIDE
analysis, Sstr4-KO KT-CHEN obtained by sgRNA1 was used for subsequent experiments as
significant chromatogram aberrations was observed between wildtype KT-CHEN cells (WT KT-
CHEN) and KT-CHEN Sstr4-KO cells that was targeted by sgRNA1 (Figure.11A). Using the
TIDE program (tide.nki.nl), the KO efficiency was quantified from the sanger sequencing
chromatograms files and found to be 31.4% (Figure.11B).

We also estimated the knockout (KO) efficiency of the remaining four sgRNAs in our cell
lines of interest (Table.3). Though the TIDE program displays a KO efficiency of 31.4% for
sgRNA1 which is the third highest among all five, the predicted efficiency for all five sgRNAs
was indicated to be between 50%-62% in sgRNA design databases such as CHOP-CHOP.
Furthermore, the TIDE score is also dependent on factors such as sanger sequencing

chromatogram quality and base calling rate.
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Table 3: Sequence and Sstr4 KO efficiency of sgRNAs used

Guide-

Cut Site

Predicted Actual K.0%

RNA ID Sequence (1-1,388bp)  K.0% (TIDE) R’
sgRNAI GGTGTCAGCGAAGACTGCGA 656bp 56.68% 31.40% 0.77
sgRNA2 GGGCTGGCTGGCAACAACGG 848bp 57.66% 9.50% 0.98
sgRNA3 ACTTCCGGCGCTCTTTCCAG 1067bp 61.33% 67.50% 0.82
sgRNA4 AGCGCAGGCACAGAACCCGC 1083bp 51.28% 21.90% 0.97
sgRNAS CACTAGGCTCGTGCTAATGG 888bp 59.94% 72.40% 0.9
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Figure 11: Tracking of Indel by Decomposition (TIDE) Analysis of sgRNA1 Sstr4-
KO efficiency | (A) Chromatograms obtained from sanger sequencing after
amplification of Sstr4 region around expected indel site shown for both WT KT-CHEN
and Sstr4-KO sgRNAT cells. (B) The distribution of insertions and deletions due to
cleavage activity of sgRNAT and Cas9 protein on Sstr4 region. (Tide.nki.nl).
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4.3 Western Blots confirm successful generation of Sstr4 relevant cell lines for downstream
research investigations

After the successful generation of Sstr4-KO cell line using sgRNAT1, we sought to establish
more Sstr4 relevant keratinocyte cell lines that will be utilized to further study Sstr4 in areas of
signalling pathways, protein localization, biological processes, and mutational effects. The second
cell line that was generated was the rescue of the Sstr4-KO genetic edit. The Sstr4-KO cell line
was rescued by expressing N-terminal HA-tag wildtype Sstr4 protein through molecular cloning,
lentiviral transfection, lentiviral transduction, and antibiotic selection. The cell line with the rescue
of Sstr4-KO is thereafter referred to as Sstr4-ORF. Subsequently, the Sstr4-KO cell line was made
to express an N-terminal HA-tagged mutant Sstr4, where the DRY motif is mutated to Glycine.
This mutant Sstr4 cell lines is thereafter referred to as Sstr4-DRY.

The four Sstr4 relevant cell lines established (WT, Sstr4-KO, Sstr4-ORF, Sstr4-DRY)) to
study different aspects of Sstr4 function were validated by SDS-PAGE followed by western
blotting with equal amount of total protein lysate loading after protein quantification done though
BCA assay. Ponceau S staining done on the blot indicates successful transfer and approximately
similar amount of protein lysate loaded (Figure.12A). Expression of functional Sstr4-ORF to
rescue Sstr4-KO and the expression of the mutant Sstr4-DRY protein is observed by the presence
of HA-tag at approximately 43kDa region (Figure.12B). Equal total protein lysate is confirmed by

actin detection (Figure.12B)
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Figure 12: Validation of Sstr4 Relevant Cell Lines for
Downstream Transcriptomic and Proteomic Experiments |
(A) Ponceau S staining done on 0.45uM PVDF blot containing

proteins transferred from SDS-PAGE. (B) Western blot of Sstr4
relevant cell lines
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4.4 RNA-Sequencing Reveals Key Biological Processes and Pathways involved in Sstr4

Signaling in mouse Keratinocytes
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Figure 13: Volcano Plot and Venn Diagram of Differentially Expressed Genes
(DEGs) in Sstr4 cell lines | Volcano Plot depicting upregulated and downregulated
DEGs between WT KT-CHEN and (A) Sstr4-KO, (B) Sstr4-ORF. (C) Volcano plot
depicting DEGs between Sstr4-KO and Sstr4-ORF cell lines. (D) Number of unique

and common genes in downregulated DEGs between Sstr4-KO and Sstr4-ORF cell line.

(E) Number of unique and common genes in upregulated DEGs between Sstr4-KO and
Sstr4-ORF cell line. Plots made with R Studio.
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4.4.1 RNA-Sequencing Reveals Differentially Expressed Genes (DEGs) in Sstr4 Cell Lines

To unravel the function and signalling of Sstr4 in mouse keratinocytes KT-CHEN cell
line, RNA-sequencing was performed for Sstr4-KO, Sstr4-ORF (rescue), and WT KT-CHEN
cell lines. For Sstr4-ORF and Sstr4-KO cell lines, 1uM of J-2156 agonist was added and
incubated for 24 hours prior to RNA extraction and subsequent RNA-sequencing.

When comparing gene expression changes between Sstr4-KO and KT-CHEN, RNA-
sequencing revealed thousands of differentially expressed genes (DEGs) (Figure.13A). From the
volcano plot, 1081 genes were downregulated, and 1243 genes were upregulated because of Sstr4
ablation (Figure.13A). STRING analysis done of the top downregulated genes such as Cgnl1, Flnc,
Fmnll, Eps8, Itgb7, and Sppl1 illustrated the role of the genes in cell-cell junctions, Extracellular
Matrix (ECM) interaction, and cytoskeleton dynamics (Neri et al., 2011; Chrifi et al., 2017;
Szklarczyk et al., 2023; STRING-db.org). Genes such as Jagl and Wnt4 which are positive
regulators of Wnt/beta-catenin signalling were observed to be upregulated (Rodilla et al., 2009).
Whereas negative regulator of Wnt signaling genes such as Apcdd]l were downregulated
(Shimomura et al., 2010). It is possible that Sstr4 may regulated cell proliferation and apoptosis
through Wnt Signaling pathways. Grid2ip, a known biomarker for immune cell infiltration in
colorectal cancer, was upregulated by two million-fold following Sstr4 knockout (Sstr4-KO), as
revealed by DEGs analysis (Figure.13A). (Zhao et al., 2023)

When comparing gene expression changes between Sstr4-ORF and KT-CHEN, RNA-
sequencing revealed equal amounts of DEGs when compared to Sstr4-KO DEGs (Figure.13B).
951 genes were downregulated, and 1058 genes were upregulated because of Sstr4 overexpression
and activation (Figure.13B). Notably, genes such as Phosphatidylinositol 4-phosphate 5-kinase

type-1 beta (PipSklb) was downregulated (Figure.13B). Pip5kl1b is involved in the biosynthesis

66



of phosphatidylinositol 4,5- bisphosphate (PIP2) and along with Racl mediates cytoskeleton
reorganization in prostate cancer which elucidates that Sstr4 overexpression possibly maintains
cellular architecture, regulates metastasis, and regulates Akt signaling (Semanas et al., 2014;
Weernink et al., 2004). Genes such as Lama3, Lamb3, and Itga2 responsible for maintaining cell
attachment and adhesion to basal membrane were upregulated further highlighting Sstr4 role in
cell/tissue architecture maintenance (Figure.13B) (Islam et al., 2023; Kim et al., 2013).

For quality control measure, we compared DEGs between Sstr4-ORF and Sstr4-KO and
found 592 downregulated DEGs and 693 upregulated DEGs (Figure.13C). Trp73 involved in
apoptosis and Krtdap required for differentiation was downregulated (Figure.13C) (Maeso-Alonso
etal., 2021). Wnt3a involved in canonical Frizzled/Wnt signaling was downregulated (Figure.13C)
(Shimomura et al.,, 2010). Other genes such as Fgfr2 involved in cell proliferation were
downregulated as well (Lim et al., 2017). These downregulated genes could either be due to Sstr4
activation or ablation. On the contrary, Mapk10, I118rap, and Nlrp3 genes involved in MAPK
signaling were upregulated followed by Csf2 and Il1a involved in NF-KappaB cell signaling and
chemotaxis (Yue & Lopez, 2020; Dobre et al., 2022).

To identify unique downregulated and upregulated genes, we found duplicated DEGs in
downregulated and upregulated groups, comparing the Sstr4-KO and Sstr4-ORF datasets
(Figure.13D). 445 DEGs were common in the downregulated group and 494 DEGs were
common in the upregulated group between Sstr4-KO and Sstr4-ORF (Figure.13D and
Figure.13E).

4.4.2 Gene Ontology (GO) Analysis of Biological Processes shows enrichment of genes

associated with proliferation, cell-cell adhesion, and chemotaxis due to Sstr4

67



To investigate the functional role of Sstr4, we conducted a Gene Ontology (GO) biological
processes analysis of all the 1081 downregulated and 1243 upregulated genes as a result of Sstr4-
KO using Enrichr databases. We found that Sstr4-KO results in enrichment of genes related to
increased chemotaxis (GO:0050919), increased differentiation (GO:0045445; GO:0048708),
decreased adhesion (GO:2000048), and increased hyaluronan ECM secretion (GO:0030213)
(Figure.14A & Figure.14B). Sstr4 knockout resulted in increased gene expression of Wnt4,
Notchl/4, and Jagl genes which are indicative of activated Notchl signalling (Figure.14B)

(Rodilla et al., 2009).
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Figure 14: Gene Ontology (GO) Biological Processes Analysis of Sstr4 cell lines | GO
analysis performed on Enrichr for: (A-B) Sstr4-KO vs KT-CHEN cell line. (C-D) Sstr4-
ORF vs KT-CHEN cell line. (E-F) Sstr4-KO vs Sstr4-ORF cell line. GO analysis indicates
possible biological functions of Sstr4 depending on the number of genes enriched for the
given pathway. Plots made with R Studio.
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The GO analysis data obtained from DEGs identified for the Sstr4-KO condition were
cross-examined to the Sstr4-ORF condition. Sstr4-ORF showed enrichment of genes involved in
keratinocyte proliferation (GO:0010839; GO:0010837) and cell adhesion regulation
(GO:0060353) (Figure.14C & Figure.14D). Importantly, protein tyrosine phosphatase receptor
type K (PTPRK) gene in Sstr4-ORF was largely involved for the enrichment of keratinocyte
proliferation term. The downregulation of PTPRK was shown to enhance cell proliferation,
enhance migration, and increase invasion in non-small cell lung cancer (NSCLC) through STAT3
pathway (Xu et al., 2019). Finally, GO analysis comparing Sstr4-KO and Sstr4-ORF did not reveal

any new enrichment of biological processes (Figure.14E & Figure.14F).

4.4.3 Elsevier Pathway analysis of DEGs reveals potential involvement of Wnt/beta-catenin,

TNF-alpha, and Notchl signaling
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Figure 15: Elsevier Pathway analysis conducted for Sstr4 cell lines utilizing Enrichr
database | Thousands of DEGs identified from the volcano plot were inputted in Enrichr
database in Elsevier Pathway Analysis for downregulated and upregulated gene subsets
for: (A-B) Sstr4-KO cell lines. (C-D) Sstr4-ORF cell line. Elsevier pathway analysis was
done to pinpoint all the signalling pathways that are enriched depending on Sstr4 status in
the cell lines. Plots made with R Studio.
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Conducting Elsevier pathway enrichment analysis of all DEGs identified in the volcano plot for
Sstr4 relevant cell lines, various signaling pathways were identified. While Sstr4 may not be
important for regulating metastasis through epithelial to mesenchymal transition (Figure.15A), the
ablation of Sstr4 showed gene enrichment in Notch signaling and NF-kappaB signaling
(Figure.15B). For Notch associated signaling, upregulation of genes such as Jagl, Notchl, and
DLL1 were observed repeatedly. The downregulated genes showed enrichment in immune
suppression associated genes such as ENTPD1, ADORA2A, and NFATCI. This could indicate
that Sstr4 activation not only modulates the cellular functions, but also displays exocrine signaling
to modulate chemotaxis of infiltrating immune cells.

Analysis of the downregulated DEGs in the Sstr4-ORF condition did not reveal any
significant biologically relevant changes associated with Elsevier pathway enrichment
(Figure.15C). However, for Sstr4-ORF upregulated genes, TNFa pathways were enriched due to
genes such as IL1B, LTA, FOS, TNF, and BIRC3 (Figure.15D). The upregulation of FOS could
indicate phosphorylation of ERK1/2 which is part of the MAPK pathway through p38 activation
(Sabio et al., 2014).

To summarize, the functional effects of Sstr4 activation may extend beyond regulation of
cell cycle progression as observed from RNA-sequencing data. Enrichment of genes involved in
regulation of various pathways were discovered such as- MAPK pathway, TNF-alpha pathway,
Notchl/4 pathway, and NF-kappaB. The expression of these stress stimuli could indicate the

function of Sstr4 to regulate immune cell chemotaxis and apoptosis.
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4.5 Co-Immunoprecipitation Mass Spectrometry (Co-IP MS) reveals protein-protein
interactions (PPIs) of Sstr4 and 14-3-3 protein family that regulate MAPK signaling and
cell cycle regulation

As previous studies have elucidated the heterodimerization capability of SSTR4 with other
SSTRs and EGFR, we sought to investigate if a similar effect is seen in the context of HNSCC in
keratinocyte cells (Kharmate et al., 2011; Somvanshi et al., 2009). We performed Co-
Immunoprecipitation (Co-IP) along with Mass Spectrometry (MS) to isolate and identify protein-
protein interactions (PPIs) of Sstr4-ORF cell line in cellular context of keratinocytes after
activation with 1uM of J-2156 agonist incubated for 4 hours.

Unsurprisingly, none of the protein coding genes identified as DEGs in Sstr4 cell lines
through RNA-sequencing were direct interactors of Sstr4 (Figure.16A). PPI data suggests
substantial involvement of the MAPK signalling and cell cycle regulation (Figure.16B).
MAPK6/MAPK4 signalling was indicative through identification of PPIs such as- Taokl,
Map2k3, Cdc42, and Epha2 (Figure.16B and Figure.16C).

A remarkable and novel finding was that, in mouse keratinocytes, we identified a cluster
of three 14-3-3 proteins namely- 14-3-3 protein theta (0; Ywhaq), 14-3-3 protein gamma (y,
Ywhaqg), and 14-3-3 protein epsilon (g, Ywhae) (Figure.16.B and Figure.16.C). These 14-3-3
proteins associate with Sstr4 on the cytoplasmic side and do not belong to the G-protein trimer
family (Yuan et al., 2019). 14-3-3 proteins have seven isoforms, are highly conserved between
eukaryotes, and all eukaryotic cells have at least 1 isoform (Yuan et al., 2019). Several intracellular
signalling pathways such as MAPK signaling, PI3K/Akt signaling, and Wnt signaling are also

regulated by 14-3-3 proteins (Brandwein & Wang, 2017; Zhu et al., 2015).
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Top hits of Sstr4 PPI
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MMU-111447  Activation of BAD and translocation to mitochondria 30of 12 217 0.0034 &
MMU-9614399  Regulation of localization of FOXO transcription factors 20f12 1.99 0.0306 @
MMU-5625740 RHO GTPases activate PKNs 3of 22 1.91 0.0034
MMU-9013408 RHOG GTPase cycle 30f73 1.38 0.0306 )
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MMU-162582 Signal Transduction 13 of 2212 0.54 0.0069

Figure 16: Identification of Sstr4-ORF Protein-Protein Interactions (PPIs) by
Pulldown Mass Spectrometry Assay | (A) List of all PPI with Sstr4 protein. (B) A Protein
network map of all identified pulldown hits created using STRING-db.org. (C) Enriched
pathways associated with the PPI hits of Sstr4-ORF pulldown assay. Colors to the right of
the table row correlate with the filled colors in the protein network STRING map above.
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The 14-3-3 proteins bind to serine/threonine phosphorylated amino acid residues of
guanine nucleotide-exchange factors (GEFs) or GTPase activating proteins (GAPs) that regulate
GTPases such as Racl, Rho, and Cdc42 (Brandwein & Wang, 2017; Zhu et al., 2015; Das et al.,
2015). Indeed, Cdc42 was also one of the identified hits of pulldown mass spectrometry assay
(Figure.16A). Importantly, in squamous cell carcinoma (SCC), it was shown that 14-3-3¢ can
suppress apoptosis through Cdc25, but in laryngeal SCC it promoted apoptosis and suppressed
metastasis (Zhang et al., 2024; Datta et al., 1999). 14-3-3¢ protein can also regulate Wnt/B-catenin
signalling, PI3K signalling, Hippo/Y AP pathway, and MAPK/ERK pathway (Zhang et al., 2024;
Datta et al., 1999; Pennington et al., 2018).

Besides regulating signalling, 14-3-3 proteins also regulate cell cycle progression
(Figure.16C). For instance, 14-3-3y can regulate G1-S and G2-M cell cycle transition by
interacting with specific serine and threonine amino acid residues of p27, FOXOI, p53, and
Cdc25C proteins (Hermeking & Benzinger et al., 2006). In HNSCC, it was shown that high
expression of 14-3-3eta (n) protein in patient samples is positively correlated with increased
apoptosis with activated and translocated intracellular inhibitor of growth gene 4 (ING4) protein
(Aseervatham et al., 2022). However, in adenocarcinoma 786-0 cell line with mutated Von-Hippel
Lindau (VHL) protein, inhibition of 14-3-3¢ and 14-3-36 decreases cell proliferation through
reduced beta-catenin accumulation (Castaneda et al., 2017). Indeed, the regulation of cell
proliferation function by different isoforms of 14-3-3 proteins is cell context dependent. Through
experimental data obtained from in-vivo, RNA-sequencing, and proteomic experiments, for the
Sstr4 relevant cell lines, it would be logical to presume that of the three 14-3-3 proteins identified,

they likely perform pro-apoptotic and anti-proliferative functions.
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4.6 Incucyte cell proliferation data indicates that functional Sstr4 limits rate of cell growth

(A) Cell Proliferation Assay of Sstr4 cell lines

S

"o 600 * p=0.0375

o

=

o

e

)

>

2 400

Q

=

5 Condition

O DRY

S 200 @ Ko

% @ oRF
WT

0 6 12 18 24 30 36 42 48 54 80 66
Elapsed Time (Hours)

(B) Cell Proliferation Assay of Sstr4 cell lines 100nM J-2156

9

w 600 * p=0.02351

2

© ] " >

)

2 400

@

g .

g : Condition

@] DRY

@ 200 : ® Ko

% - @ orF
- wT

0 3 12 18 24 30 36 42 48 54 60 66
Elapsed Time (Hours)

Figure 17: Cell Proliferation Assay of Sstr4 Relevant Cell Lines | (A) Cell proliferation
of Sstr4 cell lines without J-2156 agonist. (B) Cell proliferation of Sstr4 cell lines in the
presence of 100nM J-2156 agonist present throughout the Incucyte run. Data obtained
across two biological replicates. Statistical analysis was done using Wilcoxon Rank Sum
test. p < 0.05. Linear regression analysis (R? > 0.93) resulted in p-value <0.0005 for both
with and without J-2156 agonist between Sstr4-KO vs WT.
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After the identification of Sstr4’s potential role in cell cycle regulation through in-vivo,
transcriptomic, and proteomic data, we conducted cell proliferation assay utilizing the Incucyte
SX5 machine (Sartorius). All Sstr4 relevant keratinocyte cell lines that were established
previously through cloning, lentivirus transfection, lentivirus transduction, and antibiotic
selection were used for this assay.

KT-CHEN cell lines that express a functional Sstr4 protein (WT, ORF), exhibited reduced
cell proliferation rate compared to KT-CHEN cell lines that did not express a wildtype Sstr4
protein (KO, DRY) (Figure.17A). Importantly, Sstr4-ORF, which served as the rescue for Sstr4-
KO, exhibited a cell proliferation rate comparable to that of WT KT-CHEN, indicating a successful
rescue through genetic modification (Figure.17A & Figure.17B). When Sstr4 relevant cell lines
were activated with 100nM J-2156 agonist at timepoint 0-hr onwards, the Sstr4-DRY cell line
showed a minor yet insignificant decrease in cell proliferation when compared to Sstr4-KO and
WT-KT-CHEN (Figure.17A & Figure.17B). This could indicate that the 14-3-3 proteins don’t
associate with the DRY motif that was mutated and can potentially exert minor anti-proliferative
function. Overall, a functional Sstr4 results in decreased cell proliferation regardless of agonist

treatment.

4.7 Flow Cytometry data elucidates the role of Sstr4 in G1 cell cycle arrest which is
potentiated in the presence of J-2156 agonist
After validating the anti-proliferative effects of a functional Sstr4 protein in mouse
keratinocytes, we next investigated if PI3K/Akt and MAPK signalling is indeed modulated by
Sstr4, which regulates the activity of proteins that control cell cycle progression such as- Cyclin-
D, pl6, p27, and p21 (Alderton et al., 2001). We were interested in PI3K/Akt signalling for several

reasons. The primary reason being that our mouse models contained a heterozygous mutation
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Pik3ca 'R The second being that the PI3K/Akt pathway contains EGFR as the key mediator
through phosphorylation of amino acid residue Tyrosine-920 (Y-920) intracellular domain of
EGFR by SHP-1/2 (Amelia et al., 2022). Pulldown mass spectrometry data suggests that Sstr4
regulates cell cycle at G2/M phase and 14-3-3y protein regulates cell proliferation at the G1/S and
G2/M cell cycle phases (Hermeking & Benzinger et al., 2006). Utilizing flow cytometry, we
wanted to assess the cell cycle progression and distribution across different phases of cell cycle
(G1, S, G2), and compare it between all relevant Sstr4 cell lines.

Flow cytometry data was acquired from all Sstr4 relevant cell lines after G1 cell cycle
arrest and release into complete media (Figure.18A). The addition of 1uM J-2156 agonist for 30hr
resulted in minor G1 arrest across all Sstr4 cell lines when comparing 30-hr timepoint with and
without J-2156 agonist for each Sstr4 cell line (Figure.18A). The effect of G1 arrest was higher by
4-6% in Sstr4-KO and Sstr4-ORF cell lines when comparing release into complete media for 30hr
with and without 1uM of J-2156 agonist (Figure.18A). A moderate G1 arrest was seen for Sstr4-
KO cell line with the agonist, which could be explained that at high concentration of J-2156 agonist
exceeding 350nM and 460nM, it will bind and activate SSTR1 and SSTRS respectively, resulting
in inhibition of cell proliferation through cell cycle arrest (Figure.18A) (Engstrom et al., 2005; Zou
et al., 2019). Strikingly, Sstr4-DRY did not exhibit G1 arrest, but Sstr4-KO did, when activated
by J-2156 agonist (Figure.18A). This finding means that the DRY motif of Sstr4 that is required
for the association of G-protein trimer is required for potent G1 arrest, and 14-3-3 proteins are not
sufficient for potent cell cycle arrest. Furthermore, exceeding the agonist treated concentration for
the Sstr4-DRY cell line did not cause minor G1 arrest similar to Sstr4-KO cell line, this could
mean that the DRY motif might affect heterodimerization or localization of the Sstr4 protein to

the plasma membrane.
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The G2 phases of WT, Sstr4-KO, and Sstr4-DRY were consistent when comparing release
into complete media with and without the agonist (Figure.18A). However, there was a difference
0f'5.5% of G2 cell populations for the Sstr4-ORF cell line with and without the agonist in complete
media release which indicates the presence of strong G1 arrest in presence of agonist that reduces
the population of cells in G2 phase (Figure.18A).

When performing G1 cell cycle synchronization across all Sstr4 cell lines, the degree of
G1 populations at 0-hr timepoint varied between 1-7% (Figure.18A). This required data analysis
by observing the ‘change’ or ‘turnover’ of populations within each Sstr4 cell line (Figure.18B).
The cell cycle ‘turnover’ is calculated by subtracting G1, S, and G2 percentages of timepoint zero
with G1, S, and G2 percentages of 30-hour release with or without agonist within each Sstr4 cell
line (Figure.18A & Figure.18B). Upon release of G1 arrest with 30-hour complete media, 42.6%
of cells progressed out of G1 phase in WT KT-CHEN, 37.1% of cells progressed out of G1 phase
in Sstr4-KO, 40.2% of cells progressed out of G1 phase in Sstr4-DRY, and 33.2% progressed out
of G1 phase in Sstr4-ORF (Figure.18B). The percentage of cell cycle progression out of G1 in
complete media with and without agonist remained approximately the same for WT KT-CHEN
and Sstr4-DRY, but it showed an approximate 5% GI1 change for Sstr4-KO and Sstr4-ORF
(Figure.18B). The action of 1uM J-2156 agonist increased the G1 change by 11% (Figure.18B).
No major difference in ‘S phase change’ with or without the agonist was observed (Figure.18B).
There was a difference in ‘G2 change’ for Sstr4-ORF with and without agonist, however this is
because of less acquisition of cells for Sstr4-ORF at timepoint 0-hour that resulted in the G2 phase

population percentage to show zero (Figure.18A & Figure.18B).
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Figure 18: Flow Cytometry Analysis of G1 Arrest in Sstr4 Cell Lines | (A) Cell cycle
analysis for each Sstr4 cell line at G1 arrest timepoint 0-hr and complete media release
timepoint 30-hr (with/without 1uM J-2156). Identification of phases of cell cycle and
modelling of the curve was done using FlowJo software and utilizing the cell cycle analysis
program for modelling using Watson Pragmatic algorithm. Modelling was performed after
gating for cell population, single cells, and PI+ cells. (B) Visualizing the cell cycle
‘turnover’ or ‘change’ by assessing the difference between timepoint O-hr and 30-hr
(with/without) J-2156 agonist. Plots made on FlowJo.
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S DISCUSSION

Cancer is devastating disease that is ever increasing among human populations due to
processed foods, lifestyle choices, and environmental carcinogens (Barned et al., 2018; Isaken &
Dankel, 2023). Current treatments for HNSCC are outdated and thus research is needed for
understanding molecular pathology of HNSCC thereby identifying novel drug targets for
therapeutic benefits of patients. The primary aim of this study was to investigate the role of Sstr4
in HNSCC tumorigenesis, particularly in relation to its potential as a tumor suppressor gene.

As indicated with our in-vivo experiments utilizing the ultrasound-guided in-utero
lentiviral injection, our results demonstrate that the homozygous loss of Sstr4 coupled to the
heterozygous mutation of Pik3ca'!%R is sufficient enough to initiate tumorigenesis in our mouse
model. To date, most studies have investigated the tumor suppressor function of Sstr4 in cancers
excluding HNSCC. However, no literature has established the tumor suppressor role of Sstr4 in
addition to it as a driver of tumorigenesis, which is a novel finding in this study.

An intriguing aspect of our in vivo data is the observed heterogeneity in cancer progression.
Specifically, we identified the development of two distinct forms of HNSCC: basal cell carcinoma
(BCC) and squamous cell carcinoma (SCC). SCC was observed at a later timepoint than BCC
despite identical genetic manipulation of cells in the epidermal layers. One possible explanation
for the observation is that development of distinct forms of HNSCC depends on the cell origin.
This suggests that the tumor suppressive function of Sstr4 is critical not only in the stratum
spinosum/granulosum layers, but also in the stratum basale, all of which contains keratinocytes
responsible for the formation of SCC and BCC, respectively. These findings emphasize the highly

localized, layer-specific role of Sstr4 in HNSCC tumorigenesis.
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While our in-vivo results indicated tumor formation in an immunocompetent mouse model
due to Sstr4 knockout, this phenotype was not seen in all cohorts of mice. One likely explanation
for this phenomenon could be due to the variable volumes of the lentivirus that was injected, this
reasoning corroborates with varying intensities of GFP observed on the epidermis of pups. In the

HI047 genetic background only

in-vivo experiment, sgNTC injected mice in a heterozygous Pik3ca
form mild hyperplasia beyond 6-months which could not be detected due to the short span of our
experimental timeline (Loganathan et al., 2020). Although our in vivo model is well-suited for
studying head and neck cancer, one important consideration is that during lentiviral injection, we
also genetically manipulate melanocyte cells in the stratum basale, which are the cells of origin for
melanoma. Indeed, mutant Pik3ca'%’R has oncogenic roles in melanoma, but the physical
appearance of the tumor in Sstr4-KO mice did not resemble that of melanoma (Candido et al.,
2022; Xia et al., 2006). Lastly, though SSTR4 exhibits amplification in 2-4% of HNSCC patients
(CBioPortal), we predict that this may be a compensatory mechanism when Sstr4 has missense
mutations, as our in-vivo data suggests accelerated tumorigenesis when Sstr4 is lost.

The second aim of this study was to decipher the precise intracellular signaling
mechanisms by which Sstr4 exerts its tumor suppressor function in HNSCC. While this aim was
not achieved to the full extent, we still obtained crucial preliminary insights about the underlying
pathways that are governed by Sstr4 signalling.

The RNA-sequencing data presented in this study provided key insights into the role of
Sstr4 in mouse keratinocytes, particularly with respect to enrichment in several biological
processes and pathways. The transcriptomic data revealed enrichment in biological processes
related to the regulation of cell proliferation, cell adhesion, cytoskeleton organization, and multiple

intracellular signaling pathways, including TNF-o, MAPK, Wnt/B-catenin, Notch, and NF-
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KappaB signaling, as well as immune chemotaxis. While SSTRs have been previously implicated
in cell proliferation and adhesion, particularly through the adhesion of T-cells to the extracellular
matrix (ECM) and the modulation of SSTRS signaling by the cytoskeleton actin-binding protein
filamin A (FLNA), their role in immune cell infiltration through chemotaxis has not been
extensively studied (Zou et al., 2019; Talme et al., 2011; Peverelli et al., 2022; Yamamoto et al.,
2014; Kumar et al., 2024).

Another novel finding for Sstr4 was the enrichment of several pathways previously not
reported before for Sstr4 in any cell line such as Wnt/beta-catenin, Notch, NF-KappaB, and TNF-
alpha signalling (Kumar et al., 2024). SSTR2 is reported to be involved in Notch, NF-KappaB,
and TNF-alpha pathways, whereas, SSTR4 has not (Kumar et al., 2024; Lehman et al., 2019;
Guillermet et al., 2003; Guillermet-Guibert et al., 2007). MAPK signalling has been previously
reported with regards to Sstr4 (Bito et al., 1994; Alderton et al., 2001). Wnt/beta-catenin pathway
activation has not been studied as a result of SSTR activation, however, inhibition of Wnt
decreased SSTR expression neuroendocrine tumors (NETs) (Weich et al., 2023).

Although the primary aim of this research was not to explore the inflammation-driven
aspects of cancer initiation, it would be valuable to investigate whether the tumors that develop in
the mouse models contain infiltrating T-lymphocytes or other immune cells. Future studies could
utilize an inflammatory cell antibody panel (ArigoBio #ARG30326) to further explore the
potential role of Sstr4 in modulating immune infiltration in tumorigenesis (Johnson et al., 2020;
Li et al.,, 2023). The indication of inflammation was observed for both transcriptomic and
proteomic data, largely through MAPK signalling involvement. In Sstr4-KO RNA-sequencing
data, MAPK10 (JNK3) was upregulated, which is a kinase known to phosphorylate and activate

cJUN resulting in increased cell proliferation (Pritchard & Hayward, 2013). This finding is
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comparable to SSTR2 signalling pathway (Kumar et al., 2024). One in five HNSCC patients harbor
activating mutations in the MAPK pathway. The novel discovery that Sstr4 knockout
downregulates MAPK10 (JNK3) suggests potential for future studies to explore this as a drug
target (Ngan et al., 2022).

The downregulation of PTPRK in Sstr4-ORF condition was observed. PTPRK
downregulation was shown to enhance cell proliferation, enhance migration, and increase invasion
in non-small cell lung cancer (NSCLC) through STAT3 pathway (Xu et al., 2019). In
keratinocytes, it was shown that reduced cell-cell contacts decreased PTPRK gene expression
through TGF-beta and Notch signalling (Xu et al., 2015). This finding could mean that the rapid
cell proliferation due to Sstr4-KO causes hyperplasia, which is followed by sustained oncogenic
signalling due to the loss of cell-cell contact and secretion of Matrix metalloproteinases (MMPs)
leading to rapid tumorigenesis. It would be of interest to investigate if PTPRK also exhibits tumor
suppressor effects due to Sstr4 activation that negatively regulates keratinocyte cell proliferation
and invasion (Yu et al., 2009). Furthermore, the exact functional and regulatory role of PTPRK in
keratinocytes could lead to further insights in Sstr4 tumor suppressor signaling pathway.

The proteomic data obtained from Co-IP MS found new PPIs for Sstr4. One major class of
proteins are the 14-3-3 proteins, specifically the 14-3-360, 14-3-3y, and 14-3-3¢. To date, no paper
has shown these proteins to associate with SSTRs. While our study lacks the validation to confirm
the PPI between 14-3-3 proteins and Sstr4, there is a good logical explanation. These 14-3-3
proteins associate with GPCRs such as SStr4 on the cytoplasmic side, but it is unknown if they
associate with the DRY motif (Yuan et al., 2019). The cell proliferation growth assay with the

Sstr4-DRY cell line in media containing 100nM J-2156 agonist, showed a slight reduction in cell
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growth rate. This observation could indicate that G-protein trimers are not exclusive to Sstr4
signalling, but also the 14-3-3 proteins identified from proteomic data.

MAPK signalling in transcriptomic experiment showed enrichment due to expression of
Matrix metalloproteinases (MMPs) that increase the invasiveness of tumors (Jimenez et al., 2015).
The involvement of MAPK4 and MAPKG6 signaling, as indicated by the proteomic data, was
mediated through the effector function of 14-3-3 proteins, which regulate downstream effectors
such as JNK and p38, both of which are involved in apoptosis (Kciuk et al., 2022). Future research
can investigate if Sstr4 also has functional capabilities in regulating apoptosis by utilizing
biomarkers such as cleaved caspase-8 antibody (Cell Signalling Technologies #8592T) (Tummers
& Green, 2017).

Importantly, transcription factors (TFs) such as cFOS and FOXO1 appear downstream of
MAPK kinase and its regulation is by ERK1/2 in other SSTRs signalling pathways (Sakamoto &
Frank 2009; Farrell et al., 2014; Carper et al., 2022: Kumar et al., 2024). It remains unclear whether
Sstr4 regulates cell proliferation via cFOS or FOXO1 through the SHP2-MAPK-ERK1/2 signaling
pathway, mediated by the G-protein trimer, or through the dissociation of 14-3-3 proteins from the
activated Sstr4, which subsequently modulates FOXO1 and cJUN activity (Pennington et al., 2018;
Milewska-Kranc et al., 2024). Furthermore, the extent to which EGFR signalling contributes to
cell proliferation alongside PI3K/Akt signaling remains unclear, as our in vivo data suggest that a
synergistic interaction between mutant PI3K (Pik3ca!%*’?) and Sstr4-KO is required for HNSCC
tumorigenesis.

The transcriptomic and proteomic data revealed the involvement of cytoskeleton
organization in Sstr4 keratinocyte cell lines. The cytoskeleton is essential not only for maintaining

the structural integrity of the epidermis but also for supporting integrin-linked kinases (ILKs),
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which create a sensing network between the cytoskeleton and the extracellular matrix (ECM) to
preserve cellular homeostasis (Shrivastava et al., 2015; Jimenez et al., 2015). PipSk1b, one of the
downregulated genes when Sstr4 is overexpressed, synthesizes PIP2 which can bind with Racl
and initiate cytoskeleton rearrangement and regulate Akt signalling (Semanas et al., 2014;
Weernink et al., 2004). Racl is a GTPase that was shown to regulate cell proliferation, migration,
and NF-KappaB signalling in lung cancer (Moore et al., 1997, Gastonguay et al., 2012). 14-3-3
proteins have also been shown to regulate the active state of Racl by binding to serine
phosphorylated residue of a Guanine nucleotide Exchange factor (GEFs) such as Tiam1 (Zhu et
al., 2015). However, in the cellular context of keratinocyte, the GEF responsible for converting
Rac1-GDP (inactive) to Rac1-GTP (active) remains to be discovered. GTPases such as Racl, Ras,
and Cdc42 were top hits from our proteomic analysis. These GTPases function strongly in
cytoskeleton dynamics, cell proliferation, and cell migration through MAPK pathway. However,
more experimental validation is needed to see how Sstr4 activates these GTPases, since the
endocytosis of human SSTR4 upon activation can change cytoskeleton dynamics (Laroche et al.,
2005). However, this study did not establish if mouse Sstr4 internalizes upon agonist induction. It
is uncertain whether gene enrichment in cytoskeleton related genes occurred due to Sstr4 receptor
internalization or Sstr4 receptor signalling.

The final aim of this study was to study the cellular function of Sstr4 examining
proliferation behaviors in the cellular context of HNSCC. This was achieved by cell proliferation
assay that validated the transcriptomic and proteomic data indicating Sstr4 involvement in cell
proliferation. This finding aligns with several studies that indicate the role of SSTRs in cell
proliferation (Ben-Shlomo et al., 2013; Theodoropoulou et al., 2006; Milewska-Kranc et al., 2024;

Kumar et al, 2024). The finding that Sstr4 is involved in cell proliferation validates previous
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studies, but more importantly, it confirms its role in the keratinocyte cellular context (Yamamoto
et al., 2014; Somvanshi et al., 2009). Furthermore, to delineate which phase of cell cycle is being
regulated by Sstr4 activation, a subsequent flow cytometry experiment was done.

Flow cytometry data indicated that Sstr4 has the ability to restrict cells to G1 phase by
delaying entry to the S phase, albeit not strongly. When a potent agonist was given to activate
Sstrd, the G1 arrest was more pronounced between agonist treated and non-treated group in some
cell lines. In breast cancer cell lines, this was also a similar finding (Zou et al., 2019). Proteomic
data indicated that G2/M phase of the cell cycle may also be regulated by Sstr4 function, which

future studies can investigate.
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6 SUMMARY

In this study, we validated the role of Sstr4 as a tumor suppressor in mouse models and
identified key pathways and proteins potentially regulated by Sstr4 signaling. To summarize our
findings of proteomic and transcriptomic data of the newly identified proteins and genes, a Sstr4
signaling pathway map is presented in Figure.19. This map describes the mechanism of HNSCC
initiation mainly through cell cycle progression and MAPK signalling pathways.

Sstr4 activation results in GTPase activation such as Racl, Ras, and Cdc42 (Figure.19). 14-
3-3 proteins control the active state of these GTPases by inhibiting the PPI to their respective GEFs
containing a serine phosphorylated amino acid residue (Das et al., 2015). The 14-3-3 protein family
have enormous functions in several pathways including GPCR associated pathways (Kongsamut
& Eishingdrelo, 2023). The dissociation of 14-3-3 proteins from the C-terminal tail of Sstr4
requires the activation of Sstr4 and intracellular trafficking by endocytosis (Li et al., 2016; Yuan
et al., 2019). 14-3-3 proteins can also inhibit the translocation and hence the function TFs such as
FOXOI1 and Cdc25 that are involved in anti-apoptosis and G2/M cell cycle progression, which
was one of the KEGG pathways identified in the proteomic experiment (Obsilova & Obsil, 2022).
The MAPK pathway is regulated by the three GTPases identified, and each has specific
intermediary MAP4K, MAP3K, MAP2K, and MAPK proteins associated with it (Pritchard &
Hayward, 2013; Kciuk et al., 2022; Cicenas et al., 2018). The Racl pathway activates TFs such as
cJUN and SP1 through the MAPK/JNK pathway, resulting in increased cell proliferation by G1/S
progression and epigenetic changes (O’Connor et al., 2016; Schummer et al., 2016). The Ras
pathway activates TFs such as cFOS and cJUN through the canonical MAPK/ERK signaling,

where the ERK1/2 active state can also be regulated by the third GTPase Cdc42 (Xiao et al., 2018;
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Muhammad et al., 2017; Kciuk et al., 2022). Cdc42 is involved in regulating both JNK and ERK
proteins and also regulated downstream effectors such as PAK, IQGAPs, and N-Wasp proteins
involved in Proliferation, metastasis, and actin reorganization (Tomasevic et al., 2007; Byrne et
al., 2016). Map2k3, identified as a PPI hit, acts downstream of the Cdc42 protein that controls
ERK1/2 activation (Pritchard & Hayward, 2013). Cdc42 can also regulate the PI3K pathway and
p38 MAPK activity, both of which are involved in various immune signaling and cell proliferation
pathways in response to stressors such as hypoxia, DNA damage, and metabolic stress (Pennington
etal., 2018).

While our study did not reveal any evidence of EGFR involvement in Sstr4 signalling, we
speculate that it may be of importance. The tyrosine residue 845 (Y-845) of EGFR plays a crucial
role in regulating actin reorganization, cell proliferation, metastasis, and apoptosis via Src, through
the activation of Wnt/B-catenin, MAPK signalling, and PI3K signaling pathways, which are
mediated by Focal Adhesion Kinases (FAKs) (Kanteti et al., 2016; Amelia et al., 2022). Actin
rearrangement can also be regulated by Racl and Wasp (Byrne et al., 2016). EGFR also regulates
PI3K/AKkt signalling activity through its Y-920 residue (Amelia et a., 2022). The Y-1173 residue
can also inhibit the activity of SHP2 thereby activating all three GTPases resulting in sustained
cell proliferation and actin rearrangement signalling (Amelia et al., 2022; Ortiz et al., 2024).
PTPRK which showed enrichment in keratinocyte proliferation GO term for Sstr4-ORF cell line
is involved in regulating EGFR, and PTPRK’s downregulation results in NSCLC cancer
progression (Xu et al., 2019; Ortiz et al., 2024). The Y-1068 and Y-1086 residue also regulates the

MAPK/ERK pathway through Ras GTPase (Figure.19) (Amelia et al., 2022).
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Figure 19: Comprehensive Intracellular signalling map of activated Sstr4 encompassing
newly identified signalling pathways and PPI interactors | The figure illustrates Sstr4
signalling with regards to MAPK pathway and cell cycle regulation. The 14-3-3 proteins
identified as Sstr4 PPIs are a novel finding that control the active state of GTPases such as
Racl, Rho, and Cdc42 by binding to their GEFs on serine residues (shown right). Racl
activation leads to MAPK/JNK signalling whereas for Ras it leads to MAPK/ERK signalling.
14-3-3 proteins also inhibit the translocation of FOXO1 and Cdc25 TFs that increase cell cycle
progression. The MAPK pathway is also regulated by the inter-communication of EGFR and
PI3K pathway. Sstr4 activation may also influence actin cytoskeleton dynamics through the
Racl pathway or the EGFR-FAK pathway. FAK is regulated by several upstream pathways
such as Notch, Wnt, and ECM that can influence downstream effectors such as B-catenin, ERK,
JNK, and PI3K/Akt pathway. The minus symbol in red circle indicates inhibition of PPI. The
exclamation symbol in orange triangle indicates novel proteins identified in this study and
potential areas of interest to investigate. (Created with BioRender.com)
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7 FUTURE DIRECTIONS

While our study has pinpointed potential pathways of Sstr4 signalling in tumor
suppression, validation of our predicted signalling is needed. Conducting immunoassays for 14-3-
3 proteins, EGFR tyrosine phosphorylation sites, transcription factors (cJUN/SP1/cFOS/FOXO1),
MAPK signalling proteins (ERK1/2, p38) can elucidate which key signalling pathways are
activated in the presence or absence of the Sstr4 agonist.

Proteomic data indicated that G2/M phase of the cell cycle may also be regulated by Sstr4
function. Future experiments can study the G2 arrest in Sstr4 cell lines by a similar flow cytometry
experiment as done in this study. G2 synchronization will be done by nocodazole treatment for 16-
hours at 100 ng/mL concentration. After G2 arrest, the cells will be released into complete media
with/without agonist for 16-hours since G2 phase of cell cycle is much shorter compared to G1
phase (Yiangou et al., 2019).

While GTPases like Racl, Ras, and Cdc42 are not druggable targets, it would still of
interest to investigate which specific GEF binds to the 14-3-3 proteins resulting in the negative
regulation of GTPases, thereby discovering novel drug targets against major hubs of oncogenic
signalling (Bannoura et al., 2024).

The major finding of two distinct pathology of HNSCC namely SCC and BCC can be
further investigated by exploring if cell proliferation or loss of cell polarity due to cytoskeleton
rearrangement leads to tumorigenesis. PTPRK promotes cell-cell adhesion between the epithelial
cells, and the loss of cell adhesion can enhance Wnt signalling leading to Epithelial to
Mesenchymal Transition (EMT) (Young et al., 2024). As explained previously, PTPRK can also
regulate EGFR activity, which further downstream is also regulated by FAK activity (Ortiz et al.,

2024). Future experiments can utilize EGFR antagonist such as cetuximab, to study the synergistic
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interaction between Sstr4 signalling and EGFR tyrosine kinase domains. To conclude, future
research should explore whether the loss of cell adhesion or alterations in cell polarity also play a

contributory role in HNSCC tumorigenesis besides cell proliferation.

8 CONCLUSION

The purpose of this study was to understand the function of Sstr4 in HNSCC, which was
an area previously unexplored. Through the development of in vitro models employing precise
cellular context in addition to the in vivo model, we have made significant contributions to the
understanding of Sstr4's involvement in HNSCC tumorigenesis.

In conclusion, the insights gained from this study not only deepen our understanding of
Sstr4's tumor suppressor role in HNSCC, but also pave the way for future research to uncover

novel therapeutic targets that may alter the course of HNSCC progression in patients.
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