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Abstract

Kindlin-1 is a scaffold protein linking the cytoskeleton to the extracellular matrix. Loss of
function mutations in the FERMT1 gene (encoding Kindlin-1) cause gastrointestinal and
skin defects associated with increased susceptibility to aggressive epidermal squamous
cell carcinoma (SCC). This study investigated the consequences of targeted FERMT1
inactivation in the SCC-13 cell line of epidermal SCC. My studies demonstrate Kindlin-1 is
not essential for SCC-13 proliferation or clonogenic potential in culture. Kindlin-1 was
required for cell spreading on collagen |, but not on laminin-332, and its absence
enhanced SCC-13 directional migration. Finally, | identified several proteins involved in
tumor formation and progression as novel potential targets of Kindlin-1 modulation in
SCC-13 cells. To my knowledge, this is the first study evaluating Kindlin-1 function in
human epidermal SCC cells, providing novel insights into the role of Kindlin-1 in
epidermal carcinomas, which may aid in the development of therapies for cutaneous

SCC.
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Summary for Lay Audience

Kindlin-1 is a necessary component of cells in the outermost layer of the skin, called the
epidermis. Lack of Kindlin-1 in the body causes Kindler syndrome; a hereditary disease
that gives rise to skin abnormalities. Humans with Kindler syndrome often develop
cancer in the epidermis that is likely to spread throughout the body without medical
intervention; known as squamous cell carcinoma (SCC). | studied the role of Kindlin-1 in
cells called SCC-13, which are epidermal SCC cells. | compared SCC-13 cells that have
Kindlin-1 with SCC-13 cells that were modified so that Kindlin-1 is no longer present. |
found Kindlin-1 is not needed for the proliferation of SCC-13 cells. Cells without Kindlin-1
did not spread well, but they showed increased forward movement. Finally, | identified
many proteins important for cancer formation and progression that are regulated by
Kindlin-1. This study is the first of its kind to evaluate Kindlin-1 function in human
epidermal SCC, and increases our understanding of Kindlin-1 function, important for the

development of SCC treatments.
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1 Introduction

1.1 The Skin

The skin acts as a barrier between the organism and the external environment to protect
against pathogens, UV light, water loss, and mechanical and chemical injury (reviewed in
Baroni et al., 2012). The skin is composed of 2 main layers: the epidermis and the
dermis, and it contains appendages such as hair follicles, sweat glands, and sebaceous
glands (Fig. 1.1). The epidermis is the outermost layer of the skin and is mainly
comprised of keratinocytes. The dermis is mainly composed of fibroblasts and
connective tissue, which provide mechanical support to the skin (reviewed in Rittié,
2016). The epidermis is separated from the dermis by a basement membrane, a
collection of extracellular matrix (ECM) proteins mainly comprised of collagen IV,

laminin-332, perlecan, and nidogen (Behrens et al., 2012).

1.1.1 Overview of the Epidermis

The epidermis is a stratified squamous epithelium composed of undifferentiated cells in
the stratum basale and several layers containing differentiated cells: stratum spinosum,
stratum granulosum, and stratum corneum (reviewed in Baroni et al., 2012). The cell
types found within the epidermis are Merkel cells, Langerhans cells, melanocytes and
keratinocytes (Fig. 1.2). Keratinocytes are the most abundant cell type and provide the
skin with its barrier functions. Melanocytes are responsible for producing and
transferring melanin to keratinocytes determining skin colour, and for photoprotection.

The Langerhans cells are the first immune defense of the skin, and the Merkel cells



Figure 1.1. Schematic of the skin. The skin is composed mainly of the epidermis and the
dermis, separated by the basement membrane composed of extracellular matrix (ECM)
proteins. The epidermis provides barrier functions to the skin and is composed mainly of
keratinocytes. The dermis is composed mainly of fibroblasts and connective tissue,
which provides the mechanical support to the skin. The skin contains appendages such
as sweat glands, sebaceous glands, and hair follicles. Created with Biorender

(https://app.biorender.com/).
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Figure 1.2. Schematic of the epidermis. The epidermis is made up of 4 cell layers termed
stratum basale, stratum spinosum, stratum granulosum, and stratum corneum. The
innermost layer is the stratum basale consisting of undifferentiated, basal keratinocytes.
The stratum basale contains basal stem cells which proliferate to maintain the
epidermis. Basal cells are attached to the basement membrane through
hemidesmosomes (green) and focal adhesions (orange). As the basal stem cells divide,
they produce transit amplifying (TA) cells that divide finitely in the inner layers of the
stratum spinosum. Keratinocytes moving up the cell layers are exposed to a calcium
gradient inducing differentiation. The cells in the stratum basale and spinosum are held
together by cell-cell junctions termed desmosomes (purple) and adherens junctions
(blue), while cells in the stratum granulosum adhere tightly to each other through tight
junctions (black). Melanocytes in the basal layer produce and transfer melanosomes
(black dots) to keratinocytes to protect their nuclei. Keratinocytes in the stratum
spinosum and granulosum produce lamellar bodies (red dots) containing lipids
important for forming the cornified envelope. Figure created with Biorender

(https://app.biorender.com/).
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act as mechanosensors for the sense of touch in the skin (reviewed in Baroni et al.,
2012).

The epidermis is maintained by basal keratinocytes, which in turn consist of
interfollicular stem cells and their undifferentiated progeny, transit amplifying (TA) cells.
The stem cells are slow cycling; capable of symmetrical division to produce either two
stem or two TA cells, or asymmetric division to produce one stem cell and one transit
amplifying cell. Transit amplifying cells can divide finitely, eventually losing their ability
to divide in the stratum spinosum as they move toward the surface of the epidermis and
slough off. This entire process takes up to four weeks in humans (Watt et al., 2016).
Basal cells can be characterized based on their expression of keratin 5 (K5), keratin 14
(K14) and high levels of B1 integrins, whereas the cells of the suprabasal layers express
keratin 1 (K1), keratin 10 (K10), increased levels of involucrin and, in intact epidermis, do
not express integrins (Bott, 2014; Jones et al., 1993).

There is a balance between proliferation and differentiation that must be maintained to
sustain a normal epidermis. For example, the proliferative capacity of stem cells is
maintained by several proteins, including the transcription factor p63 (Koster et al.,
2004). p63 expression is highest in stem cells and its repression results in decreased
clonogenic potential (Senoo et al., 2007). Proliferation of keratinocytes is induced in
response to various signals, such as those activated during wound healing, and to
maintain epidermal homeostasis. The epidermal growth factor receptor (EGFR) becomes
activated to maintain epidermal homeostasis, which signals through extracellular signal

regulated kinase (Erk)- mitogen activated protein kinase (MAPK), resulting in the



activation of c-myc, inducing proliferation (Watt et al., 2008). Differentiation is induced
through various processes, that include the downregulation of 31 integrins, possibly due

to a corresponding downregulation of Ras (reviewed in Watt, 2002).

1.1.2 Architecture and Functions of the Epidermal Layers

Basal keratinocytes strongly adhere to the underlying basement membrane through
hemidesmosomes and focal adhesions (Arda et al., 2014). The stratum spinosum
consists of several layers of keratinocytes, which exhibit moderate proliferation in the
inner layers, as it contains transit amplifying cells which continue to proliferate finitely
(Arda et al., 2014; Watt et al., 2016). The keratinocytes in this layer interdigitate and
produce tonofilaments composed of keratins, which terminate at desmosomes,
contributing to the strength of the skin (Arda et al., 2014). The stratum granulosum
consists of flattened polygonal cells containing kerato-hyaline with pro-filaggrin (Arda et
al., 2014). When pro-filaggrin is processed into filaggrin, it aids in packing keratin into
tonofibrils (Fleckman et al., 1985). Granular keratinocytes form tight cell-cell junctions,
important for the permeability barrier of the epidermis (Yoshida et al., 2013). The
keratinocytes in the granular layer produce components of the cornified envelope that
replaces the cell membrane in differentiated keratinocytes; first expressing proteins
such as involucrin, which concentrate at the apical cell membrane and becomes cross-
linked with other proteins through the action of transglutaminases (Kalinin et al., 2002).
As cells move outward through the granular layer, they are exposed to higher levels of
extracellular Ca?*, causing lamellar granules containing lipids to be exocytosed from

apical granular cells into the intercellular space (Kalinin et al., 2002). The lipids are in



turn cross-linked to scaffold proteins by transglutaminases, thus forming intercellular
lamellae that replace the plasma membrane lipid bilayer (Kalinin et al., 2002).

The stratum corneum is composed of flattened highly keratinized, enucleated cells
termed corneocytes, that are continually sloughed off (Fuchs, 2008). The plasma
membrane lipid bilayer in these cells is replaced with the proteins and lipids of the
cornified envelope that connect to the dense network of keratin bundles, providing
protection against water-loss, mechanical stress, and chemical and pathogen insults to

the corneocytes (Madison, 2003).
1.2 Integrins

1.2.1 Integrins in the Epidermis

Integrins are heterodimeric transmembrane proteins composed of o and 3 subunits.
There are 18 o and 8 3 subunits, which give rise to 24 different heterodimers. The
extracellular domains of distinct integrins bind to different ECM ligands, depending on
the heterodimer formed (reviewed in Takada et al., 2007). In the intact epidermis, the
most abundant heterodimers are o231 (collagen receptor), a3p1, and o634 (laminin-
332 receptors) (reviewed in Watt, 2002). o331 integrins are key components of focal
adhesions, which connect the actin cytoskeleton to laminin-332. The a6p4 integrins are
found in hemidesmisomes and connect keratin intermediate filaments to laminin-332
(Carter et al., 1990). The cytoplasmic tails of 3 integrins contain a proximal and distal
NPxY motif, to which adaptor/signaling proteins, such as integrin cytoplasmic domain —
associated protein 1 (ICAP-1), Talin and Kindlin, bind to modulate ligand binding (Fig. 1.3;

Morse et al., 2014; Reszka et al., 1992).



Figure 1.3. Model of integrin activation by adaptor proteins. A) Integrins are in a low
affinity state for their extracellular matrix (ECM) ligand (depicted in black) when they are
in the bent conformation, induced by binding of inhibitor proteins, such as integrin
cytoplasmic domain — associated protein 1 (ICAP-1) that block the binding of activating
proteins. B) Integrins are brought into a high affinity state by binding of activating
proteins such as Talin and Kindlins. These adaptor proteins bind to 3 integrin tails
causing the integrin pair to straighten. Integrin binding to the ECM induces outside-in

signaling such as signaling to induce actin polymerization (depicted in red).
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Integrins are involved in bidirectional signalling. That is, the composition of intracelllar
adaptor/signalling proteins associated with integrins can affect the affinity of integrins
for their ligands (inside-out signaling). Conversely, integrin binding to a ligand induces a
variety of intracellular signaling cascades involved in cellular processes such as
proliferation, adhesion, motility, differentiation, and survival (outside-in signaling)
(Takada et al., 2007).

Whole organism deletion of a6 or B4 integrins in mice results in blistering, loss of
hemidesmisomes, and premature death, indicating the role of these proteins in
adhesion to the basement membrane and proper epidermal function (Watt, 2002).
Global loss of B1 integrins in mice is neonatally lethal, while targetted deletion of 1
integrin in the epidermis results in blistering, reduced re-epithelialization upon
wounding, and reduced spreading, proliferation and migration in vitro (Grose et al.,
2002).

1.2.2 Integrins and Cancer

Integrins contribute to cancer development, maintainance and metastasis. a634
integrins have been found to cooperate with mutant receptor tyrosine kinases (RTK) to
induce proliferation, migration, and survival through activation of ERK and AKT/PI3K
signaling (Janes et al., 2006). Furthermore, overexpression of a6p4 integrins is
associated with poor prognosis in epithelial cancers (Streulli et al., 2009). Integrins a5p1
and a21 have been shown to downregulate the activity and expression of p53, a tumor
supressor gene, contributing to tumor development and/or progression (Blandin et al.,

2015).
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Expression of avp6 integrins in oral squamous cell carcinoma (SCC) cells in culture
induces anchorage-independent expression of AKT, which prevents anchorage-
dependent apoptosis (Janes et al., 2006). Integrins are known to regulate matrix
metalloproteinase (MMP) expression, localization, and activation, which can enhance
tumor invasion and progression (Blandin et al., 2015; Itoh et al., 2002). B1 integrins are
found to enable lymph node metastasis of head and neck SCC by anchoring of 231, and
a6P1 integrins to laminin present in the lymphatic enviroment (Blandin et al., 2015).
1.3 Skin Carcinogenesis

Skin carcinogenesis is the process through which normal skin cells are transformed into
cancer cells. Skin carcinogenesis has certain hallmarks to create a primary tumor, invade,
and metastasize. For the primary tumor to form, gene mutations must arise to allow
clonal expansion of cells harbouring the mutation, prevent cell death and senescence
(Hanahan et al., 2011). To gain access to sufficient nutrients, the primary tumor must
vascularize to establish a blood supply by inducing angiogenesis, or it must invade
normal vascularized tissue. To begin local invasion and eventually metastasis, epithelial
cells lose their adhesiveness to other cells, likely by downregulating E-cadherin, and
undergo epithelial-mesenchymal transition (EMT). Metastasis to distant sites is induced
when cancer cells intravasate into the lymph or blood stream, and then extravasate to a
distant tissue to then form a microscopic tumor. That microscopic tumor must then
establish itself in the new tissue environment and grow.

There are several types of skin cancers, named based on their cell type of origin. The

most common skin cancer is basal cell carcinoma (BCC), followed by squamous cell
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carcinoma (SCC) which together (termed keratinocyte carcinoma) account for an
estimated 5.4 million cases of skin cancer in the U.S. according to the American Cancer
Society (Didona et al., 2018). Also, keratinocyte carcinomas are the most common of all
cancers in Canada, and constitute 40% of all cancers (Canadian Cancer Statistics, 2014).
However, Canadian statistics regarding keratinocyte cancers are derived from only 4
provinces (Abbas et al., 2016). The most deadly skin cancer is melanoma, cancer of
melanocytes that reside in the epidermis, which accounts for about 75% of all skin
cancer deaths, despite comprising only 4% of skin cancer incidence (Davis et al., 2019).
Other forms of skin cancer include Merkel cell carcinoma (Becker et al., 2018) and

cutaneous lymphoma (Wilcox, 2018).
1.4 Keratinocyte Carcinomas

1.4.1 Basal Cell Carcinoma

Basal cell carcinoma is caused by malignant transformation of basal cells and adnexal
appendages (Tanese, 2019). BCC is thought to arise de novo without precursor lesions
(Didona et al., 2018). BCC is most prevalent in sun-exposed areas of light-skinned
individuals, as the major risk factor for developing BCC is UV exposure (Didona et al.,
2018). The most prevalent genetic mutations found in BCC result in activation of
hedgehog signaling, through inactivation of repressors or stimulation of activators of the
hedgehog pathway. A large fraction of BCC exhibit mutations in the gene that encodes
Patched 1 (Hutchin et al., 2005; Marzuka et al., 2015). Despite the fact that BCC accounts
for about 80% of keratinocyte cancer incidence, it has a mortality rate of 0.2%, and is

most often treated by surgical removal (Didona et al., 2018).
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1.4.2 Squamous Cell Carcinoma
Squamous cell carcinoma is cancer of the squamous epithelia. SCC can arise on the skin
(cutaneous), on the epithelia that line the oral cavity, nasopharynx, oropharynx,
hypopharynx, and larynx (these tumors are termed Head and Neck tumors) (Marur et
al., 2008), lungs (Bonastre et al., 2016), and the esophagus (Chen et al., 2019). The most
common type of SCC is cutaneous SCC (cSCC) representing 20-50% of all skin cancers
(Que et al., 2018). A definitive diagnosis of SCC can only be achieved through biopsy of
the lesion and histological examination of the specimen (Kallini et al., 2015). Ultraviolet
radiation is the largest etiological agent that causes cSCC (Gordon, 2013). Cutaneous SCC
has one of the highest mutational burdens of all cancers. Some of the most common
mutations in ¢SCC are:
- TP53, which encodes p53, a tumor suppressor protein that induces apoptosis
through the pro-apoptotic Bax pathway (Hanahan et al., 2000)
- CDKNZ2A, which encodes Cyclin-dependent kinase inhibitor 2A, a cell cycle
checkpoint protein
- Ras, a signal transduction protein associated with pro-growth signals (Hanahan
et al., 2000)
- Notchl, a receptor protein involved in differentiation, proliferation, and
apoptosis in ¢SCC cells (South et al., 2014).
Unlike BCC, there are precancerous lesions in humans that precede SCC formation,
termed actinic keratosis (AK). Actinic keratosis most frequently presents as scaling
papules on sun-exposed areas (Moy, 2000). Histologically, AK is characterized by atypical
keratinocytes with loss of polarity, nuclear pleomorphism, and an increase in mitotic
figures in the basal layer of the epidermis (Siegel et al., 2017). It is unclear how many

AKs undergo malignant transformation to become SCC, as the transition from the former

to the latter is a continuum with no clear delineation between them. Estimates for
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malignant conversion range from 0.025% to 20%, with higher rates seen in patients with
multiple AKs (Siegel et al., 2017). There are two pathways identified for AK progression
to SCC: classical and differentiated. In the classical pathway, AK cells of the lower third of
the epidermis progress to the upper layers of the epidermis, which then turns invasive.
In the differentiated pathway, atypical basal cells exhibiting AK characteristics undergo
malignant transformation (Siegel et al., 2017). The most common risk factors for SCC
metastasis is immunosuppression, tumor thickness, and local recurrence (Kallini et al.,
2015).

The most common treatment for SCC is surgical excision with a wide surgical margin,
however, if the lesion appear benign and not recurrent, it may be treated with
cryosurgery (Kallini et al., 2015). When SCC is sufficiently advanced, such as with lymph
node metastasis, treatment may involve removal of large areas of afflicted tissue, or
amputation, followed by radiotherapy (Kallini et al., 2015). Certain genetic skin disorders
can cause increased susceptibility to develop SCC. One such disorder is Kindler

syndrome, caused by loss of functional Kindlin-1 (Saleva et al., 2018).
1.5 Kindlin

1.5.1 The Kindlin Family of Proteins

The Kindlin family of scaffold proteins includes three members in mammals. Kindlin-2
was first discovered in 1994, as an epidermal growth factor (EGF)-induced mRNA in a
group of mitogen inducible genes and was named MIG-2 (Wick et al., 1994). The next
protein identified in the Kindlin family was Kindlin-1. Kindlin-1 was identified by

analyzing patient cohorts harbouring Kindler syndrome, where loss-of-function
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mutations in Kindlin-1 lead to the syndrome (Siegel et al., 2003). To identify proteins
similar to Kindlin-1, Siegel et al. (2003) evaluated genes with high sequence homology to
Kindlin-1, which identified MIG-2, as well as the predicted gene MGC10966 (later termed
Kindlin-2 and -3, respectively). The genes that encode Kindlin -1, -2, and -3 were
subsequently named FERMT1, FERMT2, and FERMT3, respectively (Ussar et al., 2008).
The Kindlin proteins contain a four-point-one ezrin, radixin, moesin (FERM) domain,
which consists of three subdomains (F1, F2, and F3; Fig. 1.4A). Kindlins also contain a
pleckstrin-homology (PH) domain within their F2 subdomain (Ussar et al., 2006). These
subdomains contribute to the cloverleaf-like shape of Kindlin-1 (Fig. 1.4B; Rognoni et al.,
2016). The FERM domain is involved in anchoring actin microfilaments to the plasma
membrane, while the PH domain anchors the protein to the plasma membrane through
interactions with phosphoiniostitides and contributes to integrin activation (Ussar et al.,
2006; Yates et al., 2012). Uniquely, Kindlin-2 has a nuclear localization signal and has
been found in the nucleus of certain tumor cells (Ussar et al., 2006). Kindlin-1 is
exclusively expressed in epithelial cells, Kindlin-2 is ubiquitous, and Kindlin-3 is
expressed in hematopoietic tissues (Ussar et al., 2006). In the skin, Kindlin-1 is expressed
in the epidermis, whereas Kindlin-2 is present in keratinocytes and abundant in dermal
fibroblasts (Ussar et al., 2006). Kindlin-1 and -2 are involved in integrin activation by
binding directly to B1 integrin tails at the NPxY distal motif via their FERM domain

(Harburger et al., 2009).
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Figure 1.4. Schematic representation of the structural domains of Kindlin proteins.
Kindlins contain 5 structural domains. A) The F1, F2, and F3 domains contain a four-
point-one ezrin, radixin, moesin (FERM) domain, important for anchoring actin to the
plasma membrane, and binding to 3 integrin tails. Contained within the F2 domain is a
pleckstrin homology (PH) domain, which anchors Kindlins to the plasma membrane and
along with the F3 domain is involved in activating integrins. N terminal domain is on the

left. B) The F domains of Kindlin-1 fold into a cloverleaf-like shape.



FERM

FERM

18



19

1.5.2 Structure of Kindlin-1

The Kindlin-1 gene, termed FERMT]1, localizes to chromosome 20p12.3 (Lai-Cheong et
al., 2009; Siegel et al., 2003). FERMT1 is a 15-exon gene, 4931 bp long with a start codon
in exon 2 and a stop codon in exon 15. It encodes a protein of 677 amino acids, with a
calculated molecular mass of 77.3 kDa (Siegel et al., 2003). The N-terminus has sequence
homology to talin (which binds and activates 3 integrin tails), and its C-terminus has
homology to filopodin, involved in anchoring actin to focal adhesions.

Kindlin-1 is a phosphoprotein, and appears as a doublet on immunoblots with apparent
molecular masses of 74 and 78 kDa (Herz et al., 2006). Herz et al. (2006) identified the
phosphorylated form and the unphosphorylated form, respectively, as the 78-kDa and
the 74-kDa species. It has been demonstrated that Kindlin-1 is phosphorylated by Polo-
like kinase 1 (Plk-1) at centrosomes in mitotic cells, where it is involved in centrosome
formation/maturation, and microtubule stability (Patel et al., 2016; Patel et al., 2013).
1.5.3 Biological Functions of Kindlin-1

Kindlin-1 is essential for normal development and skin homeostasis. In humans, loss of
function mutations in the FERMT1 gene cause Kindler syndrome, first identified in 1954
(Kindler, 1954). Individuals with Kindler syndrome suffer skin blistering and fragility, sun
sensitivity at birth, which develops into poikiloderma, skin atrophy, palmoplantar
hyperkeratosis, and webbed digits (Guerrero-aspizua et al., 2019; Kindler, 1954).
Frequently, mucosal abnormalities are also present, causing hemorrhagic gingivitis and
periodontal disease (Yildirim et al., 2017). Rarely, Kindler syndrome will present with

ulcerative colitis, and esophageal and anal stenosis (Sadler et al., 2006).
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In the epidermis, Kindlin-1 localizes to the basal aspect of basal keratinocytes at cell-
matrix adhesion sites (Herz et al., 2006). Kindlin-1 is required for epidermal proliferation
and polarization. Kindlin-1 deficient epidermis exhibits significantly reduced expression
of the proliferative marker Ki67, and aberrant placement of transmembrane
components at the basal aspect of the cell membrane (Herz et al., 2006). Basal
keratinocytes lacking Kindlin-1 exhibit variable cell shape, whereas Kindlin-1 expressing
basal cells retain a columnar shape, indicating Kindlin-1 is essential for maintaining
normal cell morphology in the epidermis (Has et al., 2009). In culture, Kindlin-1-deficient
basal keratinocytes exhibit abnormally elongated shape with multiple cell protrusions
containing actin (Has et al., 2009). Kindlin-1 is required for normal activation of Rho-
GTPases (Racl, Cdc42, RhoA) and polarization to induce normal lamellipodia formation
in keratinocytes (Has et al., 2009).

Kindlin-1 localizes to focal adhesions where it binds directly to the distal NPxY motif in
B1, B3, and 36 integrin cytoplasmic tails (Bandyopadhyay et al., 2012; Kloeker et al.,
2004). Once bound to integrins, Kindlin-1 aids in talin-mediated activation of integrins,
inducing a high affinity state for their ECM ligands and adhesion (Ussar et al., 2008).
Kindlin-1 binds to a variety of focal adhesion proteins, some of which are summarized in
Table 1.1. Loss of Kindlin-1 does not affect the expression or localization of these
proteins to focal adhesions; however, it can alter the distribution of focal adhesions in

the cell (Has et al., 2009).
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Table 1.1. Kindlin-1 binding partners

Protein Reference
Migfilin (Has et al., 2009)
B1integrin (Has et al., 2009)
3 integrin (Kloeker et al., 2004)
B6 integrin (Bandyog%igy)/ay etal.,
a-actinin (Has et al., 2009)
Focal adhesion kinase (FAK) (Has et al., 2009)
Kindlin-2 (Lai-Cheong et al., 2008)
Epidermal growth factor receptor (EGFR) (Michael et al., 2019)
Src (Qu et al., 2014)
TPR1 (Kong et al., 2016)
Smad3 (Kong et al., 2016)
Smad anchor for receptor activation (SARA) (Kong et al., 2016)
Polo-like kinase 1 (Plk-1) (Patel et al., 2013)
Aurora Kinase A (Patel et al., 2013)
Cyclin dependent kinase 5 regulatory subunit
' assiciated protein 2 (C%)KSRAIZZ) (Patel etal., 2013)
Cyclin dependent kinase 1 (CDK1) (Emmert et al., 2019)
Cyclin dependent kinase 2 (CDK2) (Emmert et al., 2019)

Kindlin-1 is required for the recycling of internalized integrins to the plasma membrane,
mediated by direct binding to B integrin tails. The recycling of integrins is important for
integrin mediated processes such as cell spreading, migration and invasion (Margadant
et al., 2013). Kindlin-1 regulates epidermal growth factor receptor (EGFR) surface
protein levels in the skin through direct binding to EGFR, preventing its recycling by
endocytosis (Michael et al., 2019). EGF signaling is important for regulating growth,
differentiation, proliferation, and motility (Bakker et al., 2017). In terms of its regulation,
Kindlin-1 is a transforming growth factor-beta (TGF-B) inducible gene, as exogenous
expression of TGF-3 leads to an increase in Kindlin-1 expression, inducing a

mesenchymal phenotype (Kloeker et al., 2004). In MDA-MB-231 breast epithelial cells,
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Kindlin-1 localizes to spindle poles in mitotic cells, driven by binding to and
phosphorylation by Polo-like kinase 1 (Plk-1; Patel et al., 2013). At spindle poles, Kindlin-
1 interacts with Plk-1, Aurora kinase A, and Cyclin dependent kinase 5 regulatory subunit
associated protein 2 (CDK5RAP2) to induce normal centrosome formation (Patel et al.,
2013). Additionally, Kindlin-1 is involved in regulating microtubule stability through
interactions with histone deacetylase 6 (HDAC6) (Patel et al., 2016).

In mouse models, global loss of Kindlin-1 is neonatal lethal, owing to severe ulcerative
colitis (Ussar et al., 2008). This differs from loss of Kindlin-1 in humans, where ulcerative
colitis is rarely seen and is not lethal (Sadler et al., 2006). These differences may be due
to high expression of Kindlin-1 in kidney, small intestines, and colon of mice, and
differences in epidermal thickness between mice and humans (Ussar et al., 2006). To
overcome the neonatal lethality of whole-organism loss of Kindlin-1 in mice, Rognoni et
al. (2014) used a Cre-lox system to target deletion of Kindlin-1 to the skin. The study
found Kindlin-1 is required for homeostasis of epidermal hair follicle stem cells, as loss of
Kindlin-1 induces rapid expansion of the stem cell compartment and diminished stem
cell composition later in life. This effect occurs independent of integrin binding, and is
likely due to impaired avf36 functionality preventing release of TGF-f from its inhibitor
(Rognoni et al., 2014). Kindlin-1 is essential for normal Wnt/B-catenin signaling, as loss
of Kindlin-1 induces increased expression of canonical and non-canonical Wnts, as well
as several Frizzled receptors, causing premature hair follicle anagen (Rognoni et al.,

2014).
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In mice and humans, loss of Kindlin-1 is associated with an increased risk of developing
aggressive squamous cell carcinomas (Guerrero-aspizua et al., 2019; Rognoni et al.,
2014). This increased incidence of SCC with the loss of Kindlin-1 may be due to Kindlin-1
role in protecting against UV-induced DNA damage, and cell stress (Emmert et al., 2017).
Humans with Kindler syndrome have a 67% lifetime risk of developing SCC, and those
that develop SCC have a 54% chance of developing metastatic disease (Guerrero-aspizua
et al., 2019).

1.6 Kindlin-1in Cancer

Kindlin-1 expression has been linked with different characteristics and outcomes on
carcinoma development and progression, depending on the tissue of origin.

1.6.1 Lung Carcinoma

Kindlin-1 is overexpressed in 60% of lung carcinomas and its expression correlated with
differentiated lung SCC (Weinstein et al., 2003; Zhan et al., 2012). Kindlin-1 was found in
the nucleus of SCC cells on the invasive front indicating a cytoplasm to nuclear transition
(Zhan et al., 2012). In lung adenocarcinoma cells, Kindlin-1 overexpression caused a
decrease in EMT markers Vimentin and N-cadherin, and reduced hepatotactic migration
on collagen |; matrix metalloproteinase 7 (MMP7) and MMP9 were also downregulated
(zhan et al., 2012). When Kindlin-1 overexpressing cells were xenografted onto mice, it
impaired tumor growth, indicating Kindlin-1 negatively regulates lung carcinoma

progression (Zhan et al., 2012).
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1.6.2 Breast Carcinoma

High Kindlin-1 expression is associated with breast cancer aggressiveness, and high risk
of lung metastasis (Sin et al., 2011). Kindlin-1 expression was higher in invasive
metastatic breast cancer cell lines (MDA-MB-231 and MDA-MB-468), compared to
poorly invasive cell lines (MCF-7 and SKBR3) (Sin et al., 2011). Stable expression of
Kindlin-1 in MCF-7 cells causes more proliferation, clonogenicity, migration and cell
spreading relative to controls, and an increase in mesenchymal markers Vimentin and N-
cadherin, indicating Kindlin-1 increases breast cancer aggressiveness, likely due to an
increase in TGF- signaling (Sin et al., 2011). Loss of Kindlin-1 in MDA-MB-231 cells leads
to a decrease in migration and invasion (Azorin et al., 2018).

In in vivo mouse models, knockout of Kindlin-1 delays mammary tumor onset (Sarvi et
al., 2018) and diminishes tumor growth (Sin et al., 2011). Kindlin-1 knockout mice also
exhibit reduced metastasis to lungs, likely due to a reduction in adhesion to the

metastatic site due to diminished 1 integrin activation (Sarvi et al., 2018).

1.6.3 Colorectal Carcinoma

High Kindlin-1 expression is correlated with progression of colorectal cancer and shorter
overall survival (Kong et al., 2016). Stable overexpression of Kindlin-1 in colorectal
cancer cells increased proliferation, clonogenicity, migration, invasion and expression of
mesenchymal markers N-cadherin, Vimentin, leucine-rich repeat-containing G-protein

coupled receptor 5 (LRG5), and MMP7; the opposite effect was found with depletion of

Kindlin-1 (Kong et al., 2016). Injection of these cells overexpressing Kindlin-1 into mice

causes an increase in tumor growth, indicating Kindlin-1 is required for colorectal cell
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growth in vivo (Kong et al., 2016). As mentioned in Table 1.1, Kindlin-1 interacts directly
with Smad3 and TBR1 at the N and C terminus respectively, and this interaction is
important for activation of Smad3 and its translocation to the nucleus (Kong et al.,
2016).

1.6.4 Pancreatic Carcinoma

Kindlin-1 expression is high in pancreatic cancer cells lines, but expressed at very low
levels in normal pancreas (Mahawithitwong et al., 2013). In vitro loss of Kindlin-1 with
siRNA in pancreas cancer cells causes a decrease in invasion and migration but has no
effect on proliferation, indicating Kindlin-1 plays a role in pancreatic cancer metastasis
(Mahawithitwong et al., 2013).

1.6.5 Esophageal Carcinoma

Kindlin-1 is upregulated in esophageal SCC compared to normal esophageal epithelium,
and is positively correlated with tumor differentiation and progression (Wang et al.,
2017). Interestingly, highly invasive esophageal SCC exhibit low expression of Kindlin-1,
indicating Kindlin-1 may inhibit the invasive phenotype in these cancers (Wang et al.,
2017). Esophageal epithelium is partially keratinized, similar to that seen in the
epidermis, indicating there may be similarities in Kindlin-1 function in esophageal
epithelium and the epidermis (Squier et al., 2001).

1.6.6 Keratinocyte Carcinoma

Knockout of Kindlin-1 in mouse cSCC cells causes increased levels of reactive oxygen
species (ROS) following treatment with H,0,, leading to increased DNA damage and

decreased ERK signaling which causes decreases in cell viability, and colony formation
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(Emmert et al., 2017). This indicates Kindlin-1 protects against oxidative stress in
cutaneous SCC. Additionally, individuals with Kindler syndrome, whom lack functional
Kindlin-1, have a high incidence of metastatic SCC (Guerrero-aspizua et al., 2019). The
general population carries a 0.001% risk for developing SCC, compared to Kindler
syndrome patients, who have a 66% risk for developing SCC, as well as a 53% metastatic
rate (Guerrero-aspizua et al., 2019). This indicates that the loss of Kindlin-1 causes a
predisposition for metastatic SCC. The increased risk of metastatic SCC with the loss of
Kindlin-1 in keratinocyte carcinoma differs from Kindlin-1 function in breast carcinoma
(Sin et al., 2011), colorectal carcinoma (Kong et al., 2016), and pancreatic carcinoma
(Mahawithitwong et al., 2013), where loss of Kindlin-1 causes a decrease in carcinoma
progression, indicating Kindlin-1 may serve different functions based on the tissue of
origin.

1.7 Rationale, Hypothesis and Aims

Previous work has shown that Kindlin-1 is important for the prevention of
tumorigenesis, likely due to its protective effect against UV-induced DNA damage, and
cell stress (Emmert et al., 2017). Furthermore, the loss of Kindlin-1 carries a large risk of
developing aggressive epidermal SCC, suggesting its importance in preventing tumor
progression. However, little work has been done to characterize how the loss of Kindlin-
1 affects the behavior of human epidermal squamous cell carcinoma. Given that Kindlin-
1 is thought to protect against carcinogenesis in normal keratinocytes, and that loss of
Kindlin-1 in the epidermis contributes to tumorigenesis, I hypothesize that Kindlin-1 is

essential for normal proliferation, adhesion, and motility in epidermal squamous
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carcinoma cells, such that loss of Kindlin-1 will alter these processes. To test this
hypothesis, the specific aims of this study are:

1. To determine the role of Kindlin-1 in epidermal squamous carcinoma cell
proliferation and clonogenic potential.

2. To determine the contribution of Kindlin-1 to cell-ECM interactions.

3. Todetermine if Kindlin-1 is required for cell migration.

4. To identify novel signaling pathways regulated by Kindlin-1 in squamous

carcinoma cells.



2 Materials and Methods

2.1 Reagents

Reagents and their sources are listed in Table 2.1

Table 2.1. Reagents

Reagent Source Catalogue No.
5-Bromo-2'-Deoxy-Uridine _Roche, 10280879001
Indianapolis, IN
) Sigma-Aldrich,
Accutase® solution st. Louis, MO A6956
Albumin Bovine Serum (BSA) BioShop, ALBOO1
! Burlington, ON
) MP Biomedical,
Ammonium persulfate Santa Ana, CA 802811
. BioShop,
Aprotinin Burlington, ON APR200
Thermo Fischer
B-27 supplement, serum free Scientific, 17504044
Waltham, MA
Bio-Rad
Bio-Rad Protein Assay Dye Laboratories 500-0006
Reagent Concentrate Inc., Hercules,
CA
BLUeye prestained protein FroggaBio,
ladder Concord, ON PM007-0500F
Fish entifi
Bromophenol blue 'S grSuentl < 115-39-9
Fairlawn, NJ
Bio-Rad
L .
Clarity Western ECL Substrate aboratories 1705060
Inc., Hercules,
CA
- . BioShop,
Dithiothreitol (DTT) Burlington, ON 3483-12-3
. . Qiagen,
DNEasy Blood and Tissue kits Toronto, ON 69506
Dulbecco’s Modified Eagle Sigma-Aldrich,
. . . D6429
Medium (DMEM) — high glucose | St. Louis, MO
) ) Life
F-12 N“Eﬁr‘émﬂr:rs (Ham) | o chnologies, 11765-054
Wi utamine Carlsbad, CA
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Reagent Source Catalogue No.
Life
Fetal bovine serum (FBS) Technologies, 12483-020
Carlsbad, CA
. BioShop,
Glycine Burlington, ON 56-40-6
Invitrogen,
Goat serum Carlsbad, CA 16210072
Caledon
HCL laboratories LTD 1789
Hoescht 33342, trihydrochloride, Invitrogen H1399
trihydrate Molecular Probes
. Fisher Scientific,
Igepal CA-630 (Nonidet P-40) Fairlawn, NJ 9002-93-1
Thermo Fischer
Immu-mount™ mounting medium Scientific, 77-86-1
Waltham, MA
. BioShop,
Leupeptin Burlington, ON LEUOO1
Sigma-Aldrich, St.
25-89-4
Paraformaldehyde (PFA) Louis, MO 30525-89
. BioShop,
Pepstatin Burlington, ON PEP605
Phenylmethanesulphonyl fluoride BioShop,
(PMSF) Burlington, ON PM5123
Poly 2-hydroxyethyl methacrylate Sigma-Aldrich, St.
(Poly-HEMA) Louis, MO 25249-16-5
Powdered skim milk Carnation Not available
Caledon
i loride (NaCl ’ 7647-14-
Sodium Chloride (NaCl) Georgetown, ON 6 5
. Sigma-Aldrich, St.
2-95-4
Sodium deoxycholate Louis, MO 302-95
. BioShop,
Sodium dodecyl sulphate (SDS) Burlington, ON 151-21-3
. . Sigma-Aldrich, St.
Sodium Fluoride (NaF) Louis, MO S$7920
Triton X-100 EMD, Darmstadt, CATX-1568
Germany
. BioShop,
Trizma base Burlington, ON 77-86-1
Trypan Blue ICN Biomedicals, 194600

Costa Mesa, CA




Table 2.1.

Cont. Reagents

Reagent Source Catalogue No.
Trypsin (0.25%) with 0.02% Thermo Fischer
ethylenediaminetetraacetic acid Scientific, 25200072
(EDTA) Rockford, IL
Tween 20 Amresco, Solon, 0777
OH
Corni Bedf
Rat Tail Collagen Type 1 ornlnf,;\,/lAed ord, 35-4236

2.2 Materials and Equipment

Materials and equipment are listed in Table 2.2

Table 2.2. Materials and equipment

Waltham, MA

Material Source Catalogue No.
Thermo Fischer
1.5-mL microcentrifuge tubes Scientific, 14-666-319
Waltham, MA
. VWR Scientific,
12-mm glass coverslips Radnor, PA 48366-251
Fish entifi
12-well cell culture plates 1S gr Scientific, FB0129289
Fairlawn, NJ
Corning,
96-well cell culture plate Bedford, MA 353872
Sarstedt,
Conical tubes, 15-mL Numbrecht, 62.554.205
Germany
Sarstedt,
Conical tubes, 50-mL Numbrecht, 62.547.205
Germany
Greiner Bio-One 10-mm cell culture VWR Scientific
! 41
dishes Radnor, PA 664 160
Greiner Bio-One 24-well cell culture VWR Scientific, 662 160
plates Radnor, PA
Thermo Fischer
25 mm syringe filter , 0.2 um pore size Scientific, 13-1001-06




Table 2.2. Cont. Materials and equipment

Material Source Catalogue No.
. . . Thermo Fischer
35-mm tissue cu;trl:;e dish with 2mm Scientific, 12-565-92
Waltham, MA
BD Biosciences,
5-mL glass polystyrene tubes Franklin Lakes, 352235
NJ
. GE Healthcare
AmerSha:;aTnZ? Eﬁ::c semi-dry Bio-Sciences, 80-6210-34
Mississauga, ON
. Fisher Scientific,
Disposable cell scraper Fairlawn, NJ 08-100-240
Beckman
DU 640 Spectrophotometer Coulter, 410-066
Indianapolis, IN
) ) Thermo Fischer
F|sherbrandTM£Ep;:>Eable cuvettes, Scientific, 14-955-127
Waltham, MA
Immobilon polyvinylidene difluoride Millipore,
(PVDF) transfer membranes, 0.45 um Billerica, MA IPVHO0010
pore size
Leica DM IRBE_mverted fluorescence Leica, Wetzlar, 090-134.729-0000
microscope Germany
Thermo Fischer
T150 Cell Culture Flask Scientific, 130191
Waltham, MA
Thermo Fischer
T25 Cell Culture Flask Scientific, 130189
Waltham, MA
Thermo Fischer
T75 Cell Culture Flask Scientific, 130190
Waltham, MA
Bio-Rad
VesaDoc Imaging System Laboratories 170-8280

Inc.,




2.3 Antibodies

Antibodies, their dilutions, and sources are listed in Table 2.3

Table 2.3. Antibodies
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Antibodies Dilution Source Cat;l;)gue Lot No.
Goat anti-Mouse igG Life Technologies, Not
(H+L), Ale?<a Fluor 555 | 1:5000 Carlsbad, CA A-21422 available

conjugate

_ , 1: Sigma-Aldrich, St.
Mouse anti-y-Tubulin 10 000 Louis, MO T6557 026M4832V
Developmental
Mouse anti-BrdU 1:1 000 Studies G3G4 52242
Hybridoma Bank
Peroxidase-AffiniPure Jackson
Goat anti-Mouse I1gG 1:5000 | ImmunoResearch, | 115-035-003 120344
(H+L) West Grove, PA
Peroxidase-AffiniPure Jackson
Goat anti-Rabbit IgG 1:5000 | ImmunoResearch, | 111-035-003 120104
(H+L) West Grove, PA
Peroxidase-AffiniPure Jackson
Goat anti-Rabbit IgG 1:5000 | ImmunoResearch, | 111-035-003 120104
(H+L) West Grove, PA
. C e ) Invitrogen, 800-874-
Rabbit anti-Kindlin-1 1:250 Carlsbad, CA 3723 710862
V\(/\r;:g;;g:g(:glﬂ‘:rg” 1400 Invitrogen, W32464 2110867
) Carlsbad, CA
555 conjugate

2.4 Primers

Primers and their sequences can be found in Table 2.4

Table 2.4. Sequences of primers used to generate Kindlin-1 deficient SCC-13 cells

Primer Primer sequence (5’-3’)
Exon 2 forward ATATCTGGAGCACCTGGAACC
Exon 2 reverse CACCAGCCATTAGTGGTGAGT
U6 promoter/gRNA cassette forward GGTACCTCTAGAGCCATTTGTCTGC
U6 promoter/gRNA cassette reverse TTTGCTAGCGAGGGCCTATTTCCCATGAT
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2.5 Cell Lines and Culture

2.5.1 Parental and Kindlin-1-Deficient SCC-13 Cells

The SCC-13 cell line was a generous gift from Dr. Fiona Watt (King’s College London,
London, U.K.). SCC-13 cells were originally isolated from an epidermal facial tumorin a
56-year old woman (Rheinwald et al., 1981). Two monoclonal populations of SCC-13
cells in which the FERMT1 gene was edited through CRISPR/Cas9 approaches (hereafter
termed Kin-1°? and Kin-1%92 cells) were generated in the Dagnino Laboratory by Dr. I. A.
Ivanova, as described below (section 2.5.3).

All cells used were cultured in DMEM supplemented with 8% (v/v) fetal bovine serum
(FBS) at 37°C in a humidified atmosphere containing 5% CO,. Cells were passaged once
they reached 80% confluency by gentle rinsing of the monolayer with phosphate
buffered saline (PBS), followed by incubation with 0.25% trypsin with 0.02% (w/v) EDTA
at 37°C. When approximately 100% of cells had detached, based on microscope
examination (approx. 5 min), an equal volume of DMEM with 8% FBS was added to
inhibit trypsin activity, and the resulting cell suspension was transferred to a 15-mL
conical tube and centrifuged at 193 x g for 5 min at 22°C. The supernatant was removed,
and the cell pellet was resuspended in DMEM with 8% FBS. Ten uL of the cell suspension
were mixed with an equal volume of 0.4% trypan blue solution, and the number of
viable, trypan-excluding cells in the cell suspension was determined with a

hemocytometer. Cells were seeded as described for individual experiments.
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2.5.2 804G Rat Bladder Epithelial Cells

Dr. J.C. Jones (Northwestern University Medical School, Illinois, USA) generously
provided our laboratory with 804G cells that secrete laminin-332 (Baker et al., 1996).
804G cells were maintained in DMEM supplemented with 8% FBS. To collect conditioned
medium containing laminin-332 matrix, 804G cells were cultured in T150 cell culture
flasks until confluent, as described (Dagnino et al., 2010). The culture medium was
aspirated, cells were rinsed twice with 5 mL of PBS. The PBS was aspirated, replaced
with 25 mL of serum-free DMEM and the cells were cultured at 37°C for 2 days. The
conditioned medium was collected in a sterile 50-mL conical tube, centrifuged at 193 x g
for 5 min at 22°C, and filter sterilized through a 0.2-um syringe filter. The conditioned

medium was stored at 4°C and used within 2 weeks after harvesting.

2.5.3 Generation of CRISPR/Cas9 Targeted SCC-13 Cells

SCC-13 clonal cell lines with inactivation of the FERMT1 gene were generated by Dr. I.
Ivanova, using CRISPR-Cas9 gene editing. To this end, SCC-13 cells were transiently
transfected with a pSpCas(BB)2A-GFP-based vector (Addgene plasmid # 48140;
http://n2t.net/addgene:48140; RRID:Addgene_48140) (Ran et al., 2013), which was
modified to encode two gRNAs (Table 2.4) that targeted exon 2 of the FERMT1 gene (Fig.
2.1; lvanova et al., unpublished). Cell transfections were conducted with
polyethyleneimine, following procedures described in (Dagnino et al., 2010). Seventy-
two hours after transfection, the cells were trypsinized, and green fluorescent protein
(GFP)-expressing cells were purified and sorted using fluorescence activated cell sorting

(FACS).
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Figure 2.1. CRISPR/Cas9 targeting of FERMT1. Schematic of CRISPR targeting of
FERMT]1. A) Yellow highlighted regions indicate sgRNA sequences used to induce 2
double stranded breaks in FERMT1. B) Position of sgRNA within the genomic exons of
FERMT1. C) sgRNA position corresponds to the very beginning of Kindlin-1 protein (FO

domain).
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GGTCCGCGTTGACCATCCCAATGAAGAGCAGCAGAAAGACGTCACACTGAGAGTATCTGGA

CCAGGCGCAACTGGTAGGGTTACTTCTCGTCGTCTTTCTGCAGTGTGACTCTCATAGACCT
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Single cells were seeded into each well of a 96-well plate to generate monoclonal
populations. FACS experiments were conducted at the London Regional Flow Cytometry
Facility of the Robarts Research Institute using a Becton Dickinson FACSAria Il cell sorter
(BD Biosciences, Mississauga, ON, Canada) with FACSDiVa software (v8.0.1).

To screen the monoclonal populations obtained for evidence of successful FERMT1 gene
editing, DNEasy Blood and Tissue kits (69506, Qiagen) were used to isolate genomic DNA
(following the manufacturer’s instructions), following 35-45 days of culture. The
genomic DNA was analyzed by polymerase chain reaction (PCR), using primers to amplify
the targeted FERMT1 regions (Table 2.4). Amplicon sizes from the clonal cell populations
were compared to amplicon size in Parental SCC-13 cells, and those with detectably
smaller sizes were further cultured for protein analysis to confirm lack of detectable
Kindlin-1 protein (Ilvanova et al., unpublished).

2.6 Preparation of Lysates for Protein Analysis

Cells were plated onto 10-cm cell culture dishes and allowed to grow until 70-80%
confluent. Cells were rinsed with ice-cold PBS and lysed by addition of ice-cold
radioimmunoprecipitation assay (RIPA) buffer containing freshly added protease
inhibitors (50 mM Tris-HCI pH 7.4, 150 mM NaCl, 1% Igepal CA-630, 0.5% sodium
deoxycholate, ImM PMSF, 1 ug/ml NaF, 1 pg/ml aprotinin, 1ug/ml pepstatin, 1 pg/ml
leupeptin). Cell culture plates were placed on ice. The cells were gently scraped from the
culture dishes using a sterile disposable cell scraper and transferred to 1.5-mL microfuge
tubes. The lysates were incubated on ice for 20 min followed by centrifugation at 13,000

x g for 10 min at 4°C. The supernatant was then transferred to a clean microfuge tube.
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The protein concentrations of the cell lysates were determined using a Bradford protein
guantification Bio-Rad Protein Assay Dye Reagent Concentrate (Bio-Rad Laboratories,
Hercules, CA). Absorbance of the samples was determined with a DU 650
Spectrophotometer (Beckman Coulter, Mississauga ON). For immunoblot experiments,
70 ug of lysate was added to a 1.5-mL microfuge tube and mixed with 1/6 volume of 6x
Laemmli buffer (1 M Tris-HCI pH 6.8, 20% SDS, 4 mg/ml bromophenol blue, 40% glycerol,
0.06 g/ml DTT). The samples were heated for 10 min at 99°C prior to loading on
denaturing polyacrylamide gels.
2.7 Denaturing Polyacrylamide Gel Electrophoresis (SDS-PAGE) and
Immunoblot Analysis
Lysates were resolved by SDS-PAGE using 5% (w/v) stacking and 10% (w/v) separating
polyacrylamide gels. Proteins in the gel were transferred to 0.45-um polyvinylidene
fluoride (PVDF) membranes using a TE-70 ECL semi-dry transfer apparatus (Amersham
Bioscience). Membranes were blocked with 5% (w/v) non-fat milk diluted in Tris-
buffered saline containing 0.05% (v/v) Tween-20 (TBST, 100 mM Tris-HCl pH 7.5, 1.5 M
NaCl) for 1 h at 22°C or 16 h at 4°C (conditions which | found to be equivalent). For
antibody probing, the membranes were placed in a tray containing 5 mL of primary
antibody diluted in TBST (as per Table 2.3) and incubated with gentle rocking for 1 h at
22°C. Membranes were washed thrice with TBST, 5 min per wash, followed by
incubation with 5 mL of HRP-conjugated secondary antibody solution (1:5 000 (v/v) in
TBST containing 5% (w/v) non-fat milk) for 1 h at 22°C or 16 h at 4°C. The membranes

were washed thrice with TBST (10 min per wash). Clarity Western ECL substrates were



39

mixed (1:1, v/v), and added to the membranes. Protein signals were visualized using a
VersaDoc 4000 MP Imaging System (Bio-Rad Laboratories Inc.) with Quantity One

software (V4.6.3).
2.8 Proliferation Assays

2.8.1 Growth Curve Assays

To generate cell growth curves and determine doubling times, 5x10° cells/mL of Parental
SCC-13, Cas9 control, Kin-1%°1 and Kin-1©2 cells were seeded onto 24-well cell culture
dishes and cultured at 37°C. Every 24 h, up to 96 h after plating, cells were rinsed with
500 L of PBS, and detached from the culture dish with 250 uL of 0.25% (v/v) trypsin
with 0.02% (w/v) EDTA. Once all of the cells detached (~5 min), as determined through
visual inspection with a microscope, 25 plL of FBS were added to neutralize the trypsin.
Ten pulL of cell suspension were mixed with an equal volume of 0.4% trypan blue solution,
and the number of trypan blue-excluding cells in the solution was determined with a
hemocytometer. Doubling times for each line were determined from the cell numbers

obtained between 24 and 72 h for each replicate, using the following equation:

In (2)
final cell count %
initial cell count)

In(

2.8.2 BrdU Incorporation Assays

Parental, Kin-1%0? and Kin-1%°2 SCC-13 cells were plated in 1 mL DMEM with 8% (v/v) FBS
in triplicate on a 24-well cell culture plate at a seeding density of 1 x 10° cells/mL and
cultured overnight. Medium was replaced with 1 mL of pre-warmed (37°C) medium

containing 10 uM BrdU and incubated for 2 h at 37°C. The cells were rinsed twice with 1
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mL of PBS and fixed with ice-cold freshly diluted 4% (w/v) paraformaldehyde (PFA) in
PBS for 20 min at 22°C with rocking. The PFA was quenched with 1 mL of 100 mM
glycine in PBS, and cells permeabilized with 250 pL of 0.1% (v/v) Triton X-100 and 0.1%
(w/v) bovine serum albumin (BSA) in PBS for 20 min at 22°C with rocking. DNA was
denatured by incubation with 250 pL of 2M HCI for 20 min at 22°C. The HCl was
removed, and the samples were subjected to five 10-min washes with 1 mL PBS each.
Cells were incubated with 250 pL blocking solution (3% (w/v) skim milk containing 5%
(v/v) goat serum in PBS) for 1 h at 22°C with rocking, and then incubated with 250 uL of
mouse anti-BrdU antibody (G3G4) diluted with PBS 1:1000 (v/v) for 1 h at 22°C with
rocking. Cells were rinsed thrice, 10 min per wash, in PBS with rocking at 22°C. Cells
were then incubated with 250 uL of goat anti-mouse Alexa 555 diluted 1:500 (v/v) in
blocking solution for 1 h at 22°C with rocking and protected from the light. DNA was
stained with 250 uL of Hoechst 33342 in PBS diluted 1:10 000 (v/v, 1 ng/uL, final) for 5
min with rocking at 22°C, protected from the light. Wells were covered with 12-mm
glass coverslips, mounted with 5 pL of Immu-mount medium, and allowed to dry
overnight at 4°C, protected from the light. Fluorescence micrographs were obtained
with a Leica DM IRBE fluorescence microscope equipped with an ORCA-ER digital camera
(Hamamatsu Photonics), using Volocity 6.1.1 software (Improvision). The number of
BrdU-positive cells were determined and compared to the total number of nuclei to

assess the fraction of BrdU-positive cells.
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2.9 Spheroid Formation Assays

Spheroid formation assays were conducted using 6-well plates or 35-mm grid cell culture
dishes. To this end, the culture surfaces were coated with 2.5 mL of 1.2 % (w/v) Poly-
HEMA dissolved in 95% ethanol and allowed to evaporate in a laminar flow hood for 16
h at 22°C. The plates were sterilized in a laminar flow hood by exposing them to UV light
for 1 h prior to use. To generate spheroids, Parental, Kin-1%°* and Kin-1%°2 SCC-13 cells
were cultured in T25 flasks until 80% confluent, then rinsed twice with 3 mL PBS, and
detached with 2 mL 0.25% (v/v) trypsin with 0.02% (w/v) EDTA. Once the cells had
detached, as determined through visual inspection with a microscope (~5 min), an equal
volume of DMEM with 8% (v/v) FBS was added. The cell suspension was transferred to a
15-mL conical tube and centrifuged at 193 x g for 5 min at 22°C. The supernatant was
removed, and the cell pellet was resuspended in spheroid medium (DMEM/F12, 1:1
(v/v)) supplemented with 2% (v/v) B27 supplement, 20 ng/mL EGF, 4 pug/mL insulin and
0.4% (w/v) BSA). The number of cells in this suspension was determined with a
hemocytometer, and cell density was adjusted to 6 500 cell/mL. Aliquots containing 2.5
mL of the cell suspension were plated in triplicate wells and cultured at 37°C. Fresh
spheroid medium (250 pL) was added to each well every 5 days. Phase contrast images
of all spheroids in each well were obtained using a Leica DM IRBE microscope equipped
with an ORCA-ER digital camera (Hamamatsu Photonics), using Volocity 6.1.1 software
(Improvision), 5, 10, and 15 days after plating. Spheroids were analyzed using the

manual tool in ImagelJ (V1.51) to trace all spheroids to determine spheroid perimeter
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and area. This approach also allowed the determination of the number of spheroids in

each well.
2.10 Cell Spreading Experiments

2.10.1 Analysis of Cell Spreading

For cell spreading assays on laminin-332 matrix, 24-well plates were coated with 1 mL of
laminin-332 matrix-containing conditioned medium from 804G cells as described above,
for 1 h at 37°C. The conditioned medium was aspirated and Parental, Kin-1%°? or Kin-1X°2
SCC-13 cells, suspended in 1 mL of DMEM with 8% (v/v) FBS, were plated in triplicate at
a seeding density of 3x10* cells/well and incubated at 37°C. For cell spreading assays on
collagen I, 24-well plates were coated with collagen 1 (1 pg/cm?or 3 ug/cm?, as
indicated in individual experiments) for 1 h at 22°C. The collagen solution was aspirated,
the wells were rinsed with 1 mL of PBS thrice, and Parental, Kin-1%°* and Kin-1¥°2 SCC-13
cells, suspended in 1 mL of DMEM with 8% (v/v) FBS, were plated in triplicate at a
seeding density of 3x10* cells/well, and cultured at 37°C. At timed intervals indicated in
individual experiments, the cell culture plates were rinsed with 1 mL of Hanks balanced
salt solution (HBSS) and fixed with 200 pL of freshly diluted, ice cold 4% (w/v) PFA in
PBS. The cells were then incubated for 20 min at 22°C with rocking. Cells were rinsed
twice with HBSS and labelled with 200 pL of Alexa Fluor® 555-conjugated wheat germ
agglutinin (WGA, 5.0 ug/mL) for 10 min at 22°C with rocking and protected from the
light. Cells were rinsed twice with HBSS, and nuclei were labelled with Hoechst 33342
diluted in PBS (1 ng/uL) for 5 min at 22°C, with rocking. Cells were rinsed thrice in HBSS,

mounted with Immu-mount mounting medium, covered with 12-mm glass coverslips,
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and allowed to dry overnight at 4°C, protected from the light. Photomicrographs were
obtained using a Leica DM IRBE microscope equipped with an ORCA-ER digital camera
(Hamamatsu Photonics, Hamamatsu City, Shizuoka, Japan), using Volocity 6.1.1 software
(Improvision, Coventry, United Kingdom). Photomicrographs were analyzed using
CellProfiler to render cell outlines, as described below. The area of 100 cells was

determined for each experiment.

2.10.2 CellProfiler Analysis of WGA Images

To automate cell surface area measurements, a CellProfiler software (V3.1.9) pipeline
was created to render the cell contour and measure the cell area. Images of nuclei
stained with Hoechst 33342, and plasma membranes stained with the Alexa Fluor® 555-
conjugated WGA were converted into greyscale. A threshold was applied to each image
separately, using a global threshold. This allowed the calculation of a single threshold
value for each image which classified pixels above this threshold value as foreground,
and below this threshold as background. The global threshold was calculated using the
robust background method, which assumed the pixel intensities were normally
distributed, and removed 2% of the lower fraction of pixel intensities and 0.5% of the
upper fraction of pixel intensities as outlier pixel intensity values. These percentages
were experimentally determined by visually determining the effect of fractions of
outliers removed on the thresholding of the cells to achieve the most accurate
thresholding of each cell and manually set in the software. The median and standard
deviation of the remaining pixels were then determined by the software, and the global

threshold for each image was calculated as the median + 5 times the standard deviation
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of pixel intensities (the number of standard deviations added to the median was
established by visually determining the effect of taking into account different numbers
of standard deviations on the thresholding of the cells and manually setting in the
software).

This thresholding produced a black and white image for nuclei and cell membranes,
where background was converted to black, and foreground to white. The outline of each
nucleus from the threshold nuclei image was identified by the software using the Otsu
thresholding method, which separated the two classes of pixels (foreground and
background) by minimizing the variance within each class. The nuclei outlines were then
mapped onto the corresponding cell in the thresholded cell image to ensure only cells
with identifiable nuclei were rendered. Once the nuclei outlines were mapped onto their
corresponding cell, the outline of each cell was identified using the same Otsu
thresholding method as for the nuclei images. Cell outlines were plotted onto the
original input cell image by the software, and visually verified to ensure only correctly
rendered cell outlines were considered for further analysis. The cell outlines that were
approved as correctly rendered were then used to calculate the area of each cell. The
area of one hundred cells were measured for each cell line in each biological replicate.
2.11 Migration Assays

For scrape-wound migration assays, Parental, Kin-1%°* and Kin-1%9? SCC-13 cells were
suspended in DMEM with 8% (v/v) FBS and plated in triplicate onto 12-well cell culture
plates, at a seeding density of 2x10° cells/mL, and cultured to confluence. The cell

monolayer was scraped using a p10 pipette tip to create a scrape in the monolayer. The
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culture medium was aspirated to remove cell debris and replaced with 1 mL fresh
DMEM with 2% (v/v) FBS. Phase-contrast images of the denuded area were obtained
using a Leica DM IRBE microscope equipped with an ORCA-ER digital camera
(Hamamatsu Photonics), using Volocity 6.1.1 software (Improvision) immediately
following scraping, and every 4 h subsequently, up to 12 h. The cell-free area in the
scrape-wound was determined using the MRl Wound Healing plugin from ImageJ.

2.12 Reverse Phase Protein Array (RPPA) Analysis

To obtain total cellular protein in the form of cell pellets Parental, Kin-1%°* and Kin-1X°2
SCC-13 cells were cultured in 10-cm dishes to 80% confluency with DMEM
supplemented with 8% (v/v) FBS. Cells were detached from the culture surface with a
disposable cell scraper and centrifuged at 140 x g for 5 min at 22°C. The supernatant
was removed by aspiration and cell pellets were immediately frozen to -80°C. The cell
pellets were processed and analyzed at the RPPA core facility of the MD Anderson
Cancer Center (Houston, TX, USA). To this end, relative protein levels were determined
from curves generated using serial lysate dilutions spotted onto nitrocellulose
membranes, which were subsequently probed with a given antibody, and visualized with
a 3, 3'-diaminobenzidine (DAB) colorimetric reaction, followed by densitometry analysis.
Protein levels were then normalized for sample loading, determined using SYPRO Ruby
protein fluorescence dye staining.

Using the log,-median centered values of protein intensity, principal component analysis
(PCA) was conducted by Drs. S. Sayedyahossein, M. Karimiand M. Bahmani using free,

publicly available RStudio Cloud software (https://rstudio.cloud/plans/free). PCA is a
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dimensionality-reduction method, which is used to reduce the number of dimensions of
a large data set, by grouping a large set of variables into a single variable, termed
principal components, that contains most of the information from the larger set of
variables. The principal components can then be represented as the axes in a coordinate
system, with the samples placed within the system based on how much each principal
component explains the variation for each sample. RStudio Cloud was also utilized to
identify those proteins whose abundance was significantly different between Parental,
and Kin-1%1 and Kin-1%©2 cells, thus allowing the generation of heatmaps.

Those proteins identified to have significantly different abundance between Parental
and Kin-1%01 and Kin-1%°2 cells were then separated based on mean-fold difference in
levels from the mean calculated protein levels in Kin-1%°! together with Kin-1%°2 clones,
relative to Parental SCC-13 cells.

2.13 Statistical Analyses

For immunoblot analysis of Kindlin-1 abundance, three biological replicates were
analyzed and normalized to y-tubulin abundance. Statistical significance of the
normalized protein abundances was determined using an ordinary unpaired one-way
analysis of variance (ANOVA) with Tukey’s post hoc test. Significance was set at P<0.05.
For proliferation studies using growth curves, each biological replicate contained
triplicate samples (i.e. three technical replicates, obtained from triplicate culture wells).
The significance of differences in doubling times was determined using an ordinary

unpaired one-way ANOVA with Tukey’s post hoc test. Significance was set at P<0.05.
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For proliferation studies using BrdU labelling, each biological replicate contained
triplicate technical replicates, with at least 300 nuclei/sample (100/well) counted. To
determine the significance of the number of BrdU positive cells in cell lines containing or
lacking Kindlin-1, | used an unpaired one-way ANOVA with Tukey’s post hoc test.
Significance was set at P<0.05.

For spheroid formation assays, each biological replicate contained triplicate technical
replicates. A two-way mixed model ANOVA with Tukey’s post hoc test was used to
determine the significance of spheroid number, and perimeter between Parental and
Kin-1%01 and Kin-192 cells. One-way repeated measures ANOVA with Tukey’s post hoc
test was used to determine the significance of spheroid number across each time point
for each cell line. To determine the significance of spheroid perimeter bins at each time
point for each cell line, a two-way mixed model ANOVA with Tukey’s post hoc test was
conducted. Significance was set at P<0.05.

For cell spreading studies, each biological replicate contained duplicate technical
replicates, with 100 cells/sample (50/well). In these experiments, maximum cell spread
was calculated for each replicate in each cell line by setting the area values at the time
point with the greatest mean area to 100%, and the mean area of the other time points
was expressed as the percentage of the greatest mean area. Differences in the percent
of maximum spread between Parental and Kin-1*°? and Kin-1%°? cells was determined
using a two-way mixed model ANOVA with Tukey’s post hoc test. Significance was set at

P<0.05.
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For scrape-wound experiments, each biological replicate included triplicate technical
replicates. Wound area values were converted to a percent of the wound area at time
zero (with wound area at time zero set to 100%). The significance of differences in the
percentage of wound area between Parental and Kin-1*°? and Kin-1%°2 cells was
determined using a two-way mixed model ANOVA with Tukey’s post hoc test.
Significance was set at P<0.05.

For RPPA studies, there were three biological replicates per sample, containing three
technical replicates. The significance in differences of relative protein abundance was
determined using an unpaired t-test, comparing the mean protein levels from three
biological replicates (comprised of the mean of three technical replicates) in Parental
cells to the mean protein levels of both Kin-1%° and Kin-1%©? lines. Significance was set
at P<0.05

All statistical analysis was done with GraphPad Prism version 6.
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3 Results

3.1 Abundance of Kindlin-1 Protein in SCC-13 Cell Lines

To investigate the role of Kindlin-1 in epidermal squamous carcinoma cells, two
monoclonal populations of CRISPR/Cas9 gene-edited SCC-13 cells (hereafter termed
Kin-1°1 and Kin-1%02 cells) were generated in our laboratory (lvanova et al.,
unpublished). To confirm that editing of the FERMT1 gene had generated Kindlin-1-
deficient cell populations, | first investigated the abundance of Kindlin-1 protein in
Parental, Cas9 control, Kin-1%°! and Kin-1X°2 SCC-13 cell lines. Cas9 control cells are a
polyclonal population of SCC-13 cells, transiently transfected with a Cas9 plasmid lacking
guide RNA, generated as a negative control to determine if Cas9 expression alone results
in off-target effects. To this end, | prepared protein lysates and analyzed them by
immunoblot with antibodies against Kindlin-1 or y-tubulin (used as a loading control).
Kindlin-1 was present in both Parental and Cas9 control cells at similar levels, whereas
Kindlin-1 protein was undetectable in both Kin-1°* and Kin-1%2 cells (Fig. 3.1). This
confirms CRISPR/Cas9 editing of the FERMT1 gene, with a resulting loss of detectable
Kindlin-1 protein in Kin-1%°1 and Kin-1*°2 cells.

3.2 Proliferation of Kin-1*°? and Kin-1¥°2 Cells

To determine the consequences of loss of Kindlin-1 protein on SCC-13 cell proliferation, |
assessed changes in cell numbers as a function of time in exponentially proliferating
Parental, Cas9 control, Kin-1%°* and Kin-1%02SCC-13 cells. | determined cell numbers at
24-hour intervals following seeding. Parental SCC-13 cell numbers modestly increased 24

h after plating, likely reflecting the combined effects of plating efficiency, as cells attach
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Figure 3.1. Abundance of Kindlin-1 in Parental and CRISPR/Cas9 edited SCC-13 cells. A)
Immunoblot of Kindlin-1 expression using cell lysates from Parental, Cas 9 control, Kin-
1%01 and Kin-1%°2 SCC-13 cell lines, embedded in PVDF membrane, probed with
antibodies against Kindlin-1 and y-Tubulin (used as loading control). B) Densitometric
qguantification of Kindlin-1 levels in the indicated SCC-13 cell lines. The results are
expressed relative to Kindlin-1 abundance, normalized to y-Tubulin, in Parental SCC-13
cells, which is set to 1.0. The data are shown as the mean + SD (one-way ANOVA with

Tukey’s post hoc test, n=3). ***p<0.001
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to the culture dish and begin to proliferate (Fig. 3.2A). Between 24 and 72 h of growth,
Parental cells exhibited linear growth, indicative of an exponentially proliferating cell
population, which continued to 96 h. Cas9 control cells also exhibited a modest increase
in cell number at 24 h compared to the initial plating density. By 72 h, the Cas9 control
cells were in the exponential phase, which, similar to the Parental cells, continued to 96
h (Fig. 3.2A). Both Kin-1%°1 and Kin-1¥°2 cells had a slight reduction in cell number 24 h
after plating, likely reflecting plating efficiency. However, similar to Parental cells, they
showed exponential cell growth between 24 and 72 h. The growth of Kin-1%°? and
Kin-1%02 cells between 72 and 96 h, contrasted with that of the Parental and Cas9 control
cells, as the former showed slower growth, (shallower slope) which likely reflected the
beginning of the plateau phase (Fig. 3.2A).

Doubling times were calculated using the cell numbers measured 24 and 72 h after
plating, because during this period all of the cell lines were in the exponential phase of
growth, a requirement for accurate determination of doubling times (Hall et al., 2014).
The mean doubling time of the Parental cells was 36.5 + 2.9 h. There were no significant
differences in the doubling times of Cas9 control, Kin-1%° and Kin-1%°2 cells compared to
Parental cells (Figure 3.2B).

To complement these proliferation assays, | also analyzed the fraction of cells in the S-
phase of the cell cycle, using a 2-h bromodeoxyuridine (BrdU) pulse. | then analyzed the
fraction of cells that showed BrdU incorporation into newly synthesized DNA, using
immunofluorescence microscopy (Fig. 3.3A). The mean percentage of cells in S-phase for

Parental, Kin-1%°! and Kin-1X°2 cell lines was 25.4 + 3.8, 32.8 + 3.8, and 25.6 + 1.8,
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Figure 3.2. Proliferation of Parental, Cas9 control, Kin-1%°!, and Kin-1%2 cells. A)
Parental, Cas9 control, Kin-1%1, and Kin-1%°2 SCC-13 cells were plated at a density of
5x10% cells/mL. At the indicated times after plating, the cells were trypsinized and the
number of trypan blue-excluding cells was determined. B) Doubling times for each cell
type were calculated from cell number values obtained between 24 and 72 h after
plating. The data are expressed as the mean + SEM (one-way ANOVA with Tukey’s post-

hoc test, n=4).
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Figure 3.3. Incorporation of BrdU into DNA in SCC-13 cell lines. Parental, Kin-1°* and
Kin-1%02 SCC-13 cells were grown overnight and incubated with 10 uM
bromodeoxyuridine (BrdU) for 2 h prior to processing for immunofluorescence
microscopy, using anti-BrdU antibodies. A) Representative micrographs of BrdU-positive
nuclei for each cell line. DNA was visualized with Hoechst 33342 (BrdU — red, Hoechst —
blue, merged — violet). Scale bar is 6 microns. B) The fraction of cells containing BrdU is
represented as mean + SEM. An one-way ANOVA was conducted with a Tukey’s post-hoc

test, n=4.
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respectively, with no significant differences among Parental, Kin-1%°* and Kin-1©2
SCC-13 cell lines (Fig. 3.3B). These results indicate Kindlin-1 is not essential for
proliferation of SCC-13 cells in culture.

The temporary expression of Cas9 only, in the absence of any guide RNA, did not result
in off-target effects in Cas9 control cells in both immunoblot experiments and growth
curve assays, when compared to Parental cells. Similar levels of Kindlin-1 were observed
in Parental and in Cas9 cells (Fig. 3.1B). Furthermore, doubling times in Parental and
Cas9 control cells were comparable (Fig. 3.2B), indicating that transient Cas9 expression
in SCC-13 cells was unlikely to be associated with detectable off-target effects.
Consequently, all subsequent experiments evaluating the effect of inactivating the
FERMT1 gene using Kin-1%°1 and Kin-1©2 SCC-13 cells were conducted using the Parental
cells as controls.

3.3 Spheroid Forming Ability of Parental, Kin-1¥°! and Kin-1¥°2SCC-13 Cells
There is a growing body of evidence consistent with the notion that tumor formation is
mediated by a small population of slow cycling cells, capable of cell renewal, termed
cancer stem cells (Yu et al., 2012). Tumor cell renewal capacity (clonogenicity) can be
modeled through evaluation of spheroid formation in 3-D cultures (Adhikary et al., 2013;
Shaheen et al., 2016). To evaluate the spheroid-forming capacity of SCC-13 cells
containing or lacking Kindlin-1, single cells were cultured in low-attachment surfaces
coated with poly-HEMA, to allow formation of spheroids in suspension. Changes in
spheroid abundance and size were measured at 5-day intervals, concluding on the 15t

day after seeding. On the 2" day, Parental cells began to form multi-cellular clusters,
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with each cell in the cluster being clearly delineated. By days 3 and 4, the clusters had
increased in size, and individual cells were no longer distinct; more closely resembling
bona fide spheroids. At day 5, spheroids had a clear border, generally round in shape,
with a somewhat irregular appearance on the surface, possibly reflecting the individual
cells that make up a spheroid (Fig. 3.4A). The mean number of spheroids in Parental
SCC-13 cultures at day 5 was 110.3 + 26.4 spheroids, whereas on day 10 there were 42.4
+ 5.6 spheroids (Fig. 3.4D). Parental spheroid numbers remained stable between days 10
and 15. The decrease in spheroid number at days 10 and 15, relative to day 5 was
significant. This decrease in spheroid number at days 10 and 15, relative to day 5 was
also observed in Kin-1%? cells (Fig. 3.4E). However, there were no observable
differences in spheroid numbers for Kin-1X°2 cells (Figure 3.4F). No significant differences
in spheroid numbers were observed between Parental, Kin-1°? and Kin-1%°2 at all time
points measured (Fig. 3.4B).

At day 5, most Parental spheroids had a small perimeter (0-299 um), with very few
spheroids of 900 um or greater (Fig. 3.4G). Days 10 and 15 had significantly less Parental
spheroids with a small perimeter (0-299 um) relative to day 5. At days 10 and 15 there
were more spheroids with a perimeter of 300 um or greater, compared to day 5,
however this difference was not significant.

At day 5, Kin-1%°1 and Kin-1X°2 spheroids, also had a majority of spheroids with a small
perimeter (0-299 um) (Fig. 3.4H, | respectively), with a significant decrease in the
number of spheroids of that size at days 10 and 15 (Fig. 3.4H, 1). By day 15, Kin-1%° had

significantly more spheroids with a perimeter between 300-599 um, relative to days 5
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Figure 3.4. Spheroid formation in Parental, Kin-1¥°1 and Kin-1%°2, A) Representative
micrographs of spheroids at the indicated time points. Single cells were cultured in
spheroid media on culture plates coated with poly-HEMA and imaged at the indicated
time points. Scale bar is 48 microns. B) Spheroid number at each time point is
represented as mean + SEM. Two-way ANOVA was conducted with Tukey’s post hoc
test, n=4. C) Spheroid perimeter at each time point, represented as mean + SEM. Two-
way ANOVA was conducted with Tukey’s post hoc test, n=4. **p<0.01. D, E, F) Spheroid
number at days 5, 10 and 15 for Parental, Kin-1%°! and Kin-1X°2 cells, respectively,
represented as mean + SEM. One-way ANOVA was conducted with Tukey’s post hoc
test, n=4. G, H, 1) Spheroid perimeter distribution at days 5, 10 and 15 for Parental, Kin-
1%01 and Kin-1¥©?2 cells, respectively, represented as mean + SEM. Two-way ANOVA was

conducted with Tukey’s post hoc test, n=4. *p<0.05, **p<0.01, ***p<0.001.
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and 10 (Fig. 3.4H). Conversely, Kin-1%02 at day 15 had significantly more spheroids with a
perimeter between 600-899 um and 1200 um or greater, compared to day 5 (Fig. 3.4l).
There were significant differences in spheroid perimeter between Parental, Kin-1*°* and
Kin-12 cell lines, however it was only observable on day 15, in which Kin-1%°! spheroids
had significantly smaller mean perimeter compared to Parental and Kin-1°? spheroids
(Fig. 3.4C).

3.4 Cell Spreading on Laminin-332 Matrix and Collagen |

Cell spreading is dependent upon a variety of factors, including adhesion to the
underlying ECM and formation of mature focal adhesions, which in keratinocytes involve
Kindlin-1 (McGrath, 2007; Ussar et al., 2008). | assessed spreading of SCC-13 cells
expressing and lacking Kindlin-1 on laminin-332 matrix at timed intervals following
plating. Epidermal cells interact with laminin-332 through o331 and o634 integrins
(Watt, 2002), and Kindlin-1 is a known modulator of 1 integrin function.

Cell spreading was assessed at 2-h intervals following plating, by processing the cells for
fluorescence microscopy using Alexa Fluor® 555-conjugated wheat germ agglutinin
(WGA). This approach allowed me to visualize the plasma membrane, as WGA is a lectin
that binds to glycoproteins present at the cell membrane. Upon plating, cells began to
attach to the culture surface and spread. In Parental cells, mean cell area at 2 h was
similar to that observed at 6 h, which was also the case in Kin-1¥° and Kin-1¥°2 cells (Fig.
3.5). To calculate mean relative areas, | determined the time point when the greatest
mean cell area was observed for each cell line and each biological replicate (set to 100%;

Table 3.1). The mean cell area values at the other time points were then expressed as a
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Figure 3.5. Spreading of SCC-13 cells containing and lacking Kindlin-1 on laminin-332
matrix. SCC-13 Parental, Kin-1%°? and Kin-1%? cells were plated and allowed to adhere
on laminin-332 matrix coated 24-well plates. At the indicated time points, cells were
processed for fluorescence microscopy using wheat germ agglutinin (WGA) Alexa Fluor®
555 to visualize the cell surface, and Hoechst 33342 to visual the nuclear DNA. A)
Representative micrographs depicting cell surface with WGA (red) at the indicated time
points. Scale bar is 12 microns. B) Representative micrographs depicting cell surface with
WGA (red) at 2 h, with the coloured outline added by CellProfiler software which is used
to measure the area within. Bar is 12 microns.C) Bar graph representing mean cell area
measured for each cell line at the indicated time points, relative to the largest mean
area measured for the corresponding individual cell line, set to 100%. The mean cell area
for each experiment was derived from the area of 100 cells. A two-way ANOVA was

conducted with a Tukey’s post-hoc test, with p<0.05. Results are mean + SEM, n=6.
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Table 3.1. Maximal mean area of cells spread on laminin-332 matrix

64

Parental Kin-1Ko1 Kin-1K02
M M M
Biological ear: Time ean Time ean Time
. area SD area?® SD area?® SD
replicate 5 (h) 5 (h) 5 (h)
(um?) (um?) (um?)
1 4244.3 | 1994.9 2 4818.6 | 4092.0 4 3815.6 | 1602.9 6
2 4683.5 | 2502.5 2 2747.8 | 1014.6 6 2773.2 | 1164.5 6
3 4084.6 | 2519.4 6 4067.7 | 1453.1 4 3148.9 | 1117.3 4
4 4492.7 | 2585.6 6 4807.7 | 2229.1 2 3858.9 | 1799.9 6
5 4247.3 | 1940.8 6 5432.3 | 5183.9 4 3493.9 | 1681.2 6
6 3222.5|1237.8 2 2793.7 | 1295.2 4 3055.8 | 1714.7 4

@ Mean area of 100 cells.
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percentage. The mean relative area for Parental, Kin-1%C! and Kin-1°2 cells 2 h after
plating was 92.0 + 3.6%, 82.1 £ 7.5%, and 84.5 £ 5.1%, respectively. There were no
significant differences in the mean relative areas of cells containing or lacking Kindlin-1
at any time points measured (Fig. 3.5C).

| next determined the role of Kindlin-1 in the ability a21 integrins to bind to and spread
on collagen I. Whereas collagen IV is the main collagen isoform present in the intact
epidermis, collagen | is found in healing epidermis (Xue et al., 2015). Notably, both
collagen IV and collagen | are ligands for a231 integrins in epidermal cells (Boraschi-Diaz
et al,, 2017; Nguyen et al., 2012). | plated Parental, Kin-1%°* and Kin-1°2 cells onto a low
or a medium concentration of collagen | (1 ug/cm? and 3 pg/cm?, respectively), as the
density of ECM ligands can impact the ability of cells to spread, based on availability of
unbound ligands (Millon-Frémillon et al., 2008). At 1, 2, 4, 6, and 24 h after plating, cells
were fixed and processed for fluorescence microscopy using fluorescently-labelled WGA,
to visualize the cell membrane. The relative mean cell area on collagen | was calculated
as described above for the laminin-332 matrix experiments (Table 3.2). The area of
Parental cells seeded on 1 pg/cm?increased over time, with the most pronounced
change in mean area observed from 1 to 2 h (Fig. 3.6C). During this period, the area
increased from 63.8 £ 1.1% to 77.9 £ 7.9% of maximum spread, which was measured at
24 h. Kin-1%°1 and Kin-1%©2 cells saw a similar change in mean cell area, increasing,
respectively, from 58.7 £ 6.1% to 74.9 £ 7.1%, and 53.9 + 1.7% t0 67.2 £ 7.5%, from 1 to
2 h. There were no significant differences in the mean relative area of Parental, Kin-1%0!

and Kin-1%92 cells spread on 1 pg/cm? collagen | at any time point measured (Fig. 3.6C).



Table 3.2. Maximal mean area of cells spread on a low concentration of collagen |

66

(1 pg/cm?)
Parental Kin-1K01 Kin-1K02
M
Biological Mean Time Mean Time ear: Time
O - area?® SD (h) area?® SD (h) area SD (h)
(um?) (um?) (um?)

1 4607.7 | 2459.6 | 24 |4933.8|2770.9| 24 |5679.7 |2809.5| 24

2 5365.1 | 2253.7 | 24 ] 6611.7 | 3159.3 | 24 |3478.9|1703.7 | 24

3 4696.1 | 33429 | 24 |5176.0|2526.8 | 24 |4297.5|1651.0| 24

@ Mean area of 100 cells
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Figure 3.6. Spreading of SCC-13 cell lines on a low concentration of collagen I. SCC-13
Parental, Kin-1%01 and Kin-1X°2 cells were grown on 24-well plates coated with Collagen |
(1 ug/cm?). At the indicated time points, cells were fixed and processed for fluorescence
microscopy using wheat germ agglutinin (WGA) Alexa Fluor® 555 to visualize the cell
surface, and Hoechst 33342 to visualize the nuclear DNA. A) Representative micrographs
depicting cell surface with WGA (red) at the indicated time points. Scale bar is 12
microns. B) Representative micrographs depicting cell surface with WGA (red) at 1 h,
with the coloured outline added by CellProfiler software which is used to measure the
area within. Bar is 12 microns. C) Bar graph representing mean cell area measured for
each cell line at the indicated time points, relative to the greatest mean cell area
measured for the corresponding individual cell line, set to 100%. The mean cell area for
each experiment was derived from the area of 100 cells. A two-way ANOVA and Tukey’s

post-hoc test was conducted with p<0.05, Results are mean + SEM, n=3.
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In contrast, the data for cells lacking Kindlin-1 plated on 3 pug/cm? collagen | (Table 3.3)
demonstrated significant differences in the mean relative area of the cells compared to
Parental cells (Fig. 3.7). Parental cells had a significantly larger mean relative area
compared to cells lacking Kindlin-1 1, 2 and 6 h after plating (Fig. 3.7C). The most
pronounced difference was observed at 6 h, at which Parental cells had a mean relative
area of 91.4 + 3.9%, compared to Kin-1°* and Kin-1%02 cells which had a mean relative
area of 72.8 £ 7.1%, and 72.6 + 2.7%, respectively. However, by 24 h there were no
differences in mean relative area between Parental (98.4 + 1.6%), Kin-1¥01 (94.1 + 5.9%)
and Kin-1%92 (100.0 + 0.0%) cells (mean + SEM), indicating that cells lacking Kindlin-1
exhibit delays in spreading when seeded onto surfaces coated with a medium
concentration of collagen .

3.5 Directional Migration of Kin-1%°! and Kin-1°2 Cells

Kindlin-1 is found at focal adhesions in keratinocytes where it participates in modulating
cell migration (Herz et al., 2006). To establish Kindlin-1 role in cell migration in SCC-13
cells, monolayers of Parental, Kin-1%°* and Kin-1%°2 cells were cultured to confluence, at
which time a wound scrape was created to induce directional migration into the cell-free
area. | then measured the reduction in cell-free area over time (Fig. 3.8). Four hours
after scraping, Parental cells had reduced the cell-free area by about 22% and by 8 h
they had migrated to cover approximately 50% of the cell-free area. Following 24 h of
Parental cell migration, there remained 37% of cell-free area. By 4 h significant

differences in migration between the Parental, and Kin-1%°? and Kin-1%°2 cells were
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Table 3.3. Maximal mean area of cells spread on a medium concentration of collagen |

(3 pg/cm?)
Parental Kin-1K01 Kin-1K02

Biological Mean Time Mean Time Mean Time

. area?® SD area?® SD area?® SD
replicate 5 (h) 5 (h) 5 (h)

(um?) (um?) (um?)

1 4569.8 | 1929.7 24 6137.8 | 3063.8 24 5339.1 | 2834.7 24

2 5313.5 | 3597.8 24 6227.9 | 3394.5 24 5717.1 | 3998.0 24

3 4448.4 | 1932.5 6 7572.3 | 8868.3 4 4175.1 | 2293.3 24

4 4819.7 | 3261.9 24 6638.5 | 4540.2 24 5078.3 | 3234.8 24

5 4457.3 | 2927.4 24 4658.8 | 4827.2 24 4187.7 | 2064.4 24

@ Mean area of 100 cells.
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Figure 3.7. Spreading of SCC-13 cells on a medium concentration of collagen I. SCC-13
Parental, Kin-1%0? and Kin-1°2 cells were grown on 24-well plates coated with collagen |
(3 ug/cm?). At the indicated time points, cells were fixed and processed for fluorescence
microscopy using wheat germ agglutinin (WGA) Alexa Fluor® 555 to visualize the cell
surface, and Hoechst 33342 to visualize the nuclear DNA. A) Representative micrographs
depicting cell surface with WGA (red) at the indicated time points. Scale bar is 12
microns. B) Representative micrographs depicting cell surface with WGA (red) at 1 h,
with the coloured outline added by CellProfiler software which is used to measure the
area within. Bar is 12 microns. C) Bar graph representing cell area measured for each cell
line at the indicated time points, relative to the largest mean area measured for the
corresponding individual cell line, set to 100%. The mean cell area for each experiment
was derived from the area of 100 cells. A two-way ANOVA with Tukey’s post hoc test

was conducted with *p<0.05, **p<0.01. Results are mean + SEM, n=5.
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Figure 3.8. Directional migration of Parental, Kin-1%°! and Kin-1X°2 SCC-13 cells. Cells
were plated at a density 2x10° cells/mL and cultured for 16 h. Confluent monolayers
were scraped with a p10 pipette tip and imaged every 4 h. A) Representative phase-
contrast images of the denuded area at the indicated time points. Scale bar is 24
microns. B) Denuded area remaining at the indicated time points. The results are shown
as the mean denuded area + SEM, relative to the mean original denuded area for each
cell line (t=0), set to 100%. A two-way ANOVA with Tukey’s post-hoc test was conducted

with ***p<0.001. Results are mean + SEM, n=3.



74

Kin-1Ko1 Kin-1K02

Parental

RS

J.\.OQ.. nld - N
L 53¢
e ™ <
o 1 1
c £ £
a ¥
¢
[N
o
= CO
- <t
| | | | | | | | | | o
o o o o o o
o -] © < N
e
(o,) eaue yojeiog

Time (h)



75

evident, as reflected by the distance cells travelled into the denuded area (Fig. 3.8A).

The cell-free area at 4 h in Parental cell cultures was 77.9 £ 2.8%, whereas that of

Kin-1°% and Kin-1%92? was, respectively, 61.5 + 4.7, and 63.0 + 4.5%, relative to the initial

wound area (mean + SEM). This demonstrates greater migration in the cells lacking

Kindlin-1, which persisted at all subsequent time points measured. At the final 12-h time

point, the cell-free areas in Kin-1°* and Kin-1%°2 cell cultures were 7.2 + 2.7% and 20.0 +

4.0%, respectively. By contrast, the wound area in Parental cell cultures was 37.0 £ 5.6%

of the initial wound area (mean + SEM; Fig. 3.8B). These results indicate that loss of

Kindlin-1 in SCC-13 cells enhances directional cell migration.

3.6 Proteomic Analysis using Reverse Phase Protein Arrays Reveals Differences
in the Abundance of Proteins Associated with Carcinogenesis in Kindlin-1-
Deficient SCC-13 Cells

To identify potential novel pathways modulated by Kindlin-1 in squamous carcinoma

cells, | conducted functional proteomic studies, screening reverse phase protein arrays

(RPPA) of protein lysates isolated from Parental, Kin-1° and Kin-1%©2 cells. The arrays

were probed with antibodies against 466 different proteins known to be important

contributors to carcinogenic pathways, a subset of which identified post-translational
modifications.

Using the median centered log; values of protein levels, principal component analysis

(PCA) of the abundance of proteins in the arrays was conducted by Drs. S.

Sayedyahossein, M. Karimiand M. Bahmani. PCA is a dimensionality-reduction method,

which is used to reduce the number of dimensions of a large data set, by grouping a
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large set of variables into a single variable, termed principal components, that contains
most of the information from the larger set of variables. The principal components can
then be represented as the axes in a coordinate system, with the samples placed within
the system based on how much each principal component explains the variation for
each sample.
The coordinate system produced by PCA revealed that overall protein levels of Parental
cells differed from those in both Kin-1%°! and Kin-1X°2 cells (Fig. 3.9A). The data from
Parental samples (blue) clustered tightly toward the x-axis, whereas both Kin-1¥C1
(green) and Kin-1°? (orange) sample data clustered toward the z-axis, indicating that
the levels of proteins are dictated by different principal components as a result of the
loss of Kindlin-1.
Further analysis using unpaired t-tests identified 100 protein whose abundance was
significantly different in both Kin-1%0? and Kin-12 cells, compared to Parental cells
(Tables 3.4 and 3.5). A heatmap of the 30 proteins with the most pronounced
differences in abundance is shown in Figure 3.9B. Many of the proteins that cluster
together in the heatmap with increased abundance in Kindlin-1-deficient cells are
involved in DNA damage responses, such as:

- Poly ADP-ribose glycohydrolase (PARG; Steffen et al., 2012)

- DNA endonuclease RBBP8 (RBBP8; Mozaffari et al., 2021)

- Aurora A/B/C phosphorylated at Thr288, Thr232 and Thr198 (AURKA; Wang et

al., 2014)
- Serine/threonine-protein kinase Chk1 (CHK1; Tho et al., 2012)
- DNA mismatch repair protein Mlhl (MLH1; Gray et al., 2006)

- Serine-protein kinase ATM (ATM; Ismail et al., 2011)
- Ribonucleoside-diphosphate reductase subunit M2 (RRM1; Shu et al., 2020)
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Figure 3.9. Principal component analysis and heat map of protein abundances in
reverse phase protein arrays of SCC-13 cell lines. Cell pellets were sent to the M.D.
Anderson Cancer center for reverse phase protein array (RPPA) analysis using 466
antibodies against various proteins. A) Principal component analysis of RPPA data in R
studio groups variables that have similar values along vectors to place samples in a
coordinate system so as to have the most separation between variable groups. Unpaired
t-tests of protein levels with p<0.05, revealed 30 proteins with the most pronounced
differences in abundances in both Kin-1°1 and Kin-1%°2 cells compared to Parental cells,
which was used to generate B) a clustered heatmap. Magenta represents proteins with

high abundance and blue represents low abundance. N=3.
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Table 3.4. Proteins with increased abundance in Kindlin-1-deficient SCC-13 clonal lines

Protein Relative protein abundance in RPPA? Mean fold
Protein name Parental | Kin-1%C! | Kin-1%02 | Kin-1%01+ |
symbol " S o, Kin-1K02b difference®
Neuregulin-1 NRG1 0.39 0.94 0.82 0.88 2.27
Tyrosine protein
kinase receptor AXL 0.52 1.27 0.95 1.11 2.12
UFO
DNA mismatch
repair protein MLH1 1.10 2.16 2.27 2.21 2.02
Mlh1
Basic fibroblast | op) | 7g 140 | 1.59 1.50 1.91
growth factor
Serine/threonine-
protein kinase CHEK1 1.26 2.34 2.47 241 1.91
Chk1
DNA
endonuclease RBBP8 1.07 1.81 1.85 1.83 1.71
RBBP8
Mixed lineage
kinase domain MLKL 1.14 1.99 1.89 1.94 1.70
like pseudokinase
Neurogenic locus
notch homolog NOTCH3 0.94 1.32 1.64 1.48 1.57
protein 3
Lol d"’;"é” ovele | epeasc | 1.07 174 | 157 1.65 1.55
Mismatch repair
endonuclease PMS2 1.26 1.99 1.90 1.94 1.55
PMS2
Serine-protein
kinase ATM ATM 0.84 1.25 1.30 1.28 1.52
Caveolin 1 CAV1 0.45 0.58 0.78 0.68 1.52
Transcriptional
ey T ATRX 1.09 1.42 1.69 1.55 1.42
Weel-like protein |\ eeq | 009 123 | 1.54 1.38 1.40
kinase
Aurora A/B/C
phosphorylated
at Thr288, Thr232 AURKA 0.90 1.27 1.26 1.26 1.40
and Thr198
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Table 3.4. Cont. Proteins with increased abundance in Kindlin-1-deficient SCC-13 clonal

lines
. Relative protein abundance in RPPA?
Protein name Protein Parental | Kin-1%01 | Kin-102 | Kin-10!+ Mean fold
symbol - S 3 Kin.1<02b difference®
DNA
methyltransferase | DNMT1 1.53 1.99 2.28 2.14 1.39
1
Poly ADP-ribose | o\ o o 1.19 1.74 1.56 1.65 1.39
glycohydrolase
CD276 antigen CD276 0.70 0.87 1.05 0.96 1.37
Protein tyrosine
phosphatase non- | PTPN12 1.04 1.45 1.40 1.43 1.37
receptor Type 12
Transcription
factor SOX-7 SOX7 0.80 1.17 1.04 1.10 1.37
Epidermal growth | .o | 25 | oo1 1.06 0.98 1.37
factor receptor
DNA mismatch
repair protein MSH2 1.15 1.47 1.66 1.56 1.36
Msh2
Mothers against
decapentaplegic | SMAD4 1.28 1.62 1.84 1.73 1.35
homolog 4
Breastcancer | poca1 | 124 | 1.72 1.62 1.67 1.34
type 1
5'-AMP-activated
protein kinase
catalytic subunit | PRKAA1-
alpha-1/2 5 0.67 0.84 0.93 0.89 1.32
phosphorylated
at Tyr172
p21l-activated
kinase 4/5/6
phosphorylated PAK4-6 1.09 1.45 141 1.43 1.31
at Serd74, Ser602
and Ser560
Ribonucleoside-
diphosphate | pon | 109 1.38 1.40 1.39 1.28
reductase subunit
M2
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Table 3.4. Cont. Proteins with increased abundance in Kindlin-1-deficient SCC-13 clonal

lines

Relative protein abundance in RPPA?

Protein name Protein Parental | Kin-1%01 | Kin-1%02 | Kin-1¥0! + Mean fold
symbol b b b Kin-1K02b difference®
serine/threonine- | ey | 0gg | 123 | 128 1.25 1.27
protein kinase Chk2
Proto-oncogene
tyrosine-protein SRC 0.57 0.71 0.72 0.71 1.26
kinase
p21‘aCt"’alted kinase | k1 | 0.95 122 | 116 1.19 1.25
DNA damage- DDB1 | 061 | 079 | 0.74 0.77 1.25
binding protein 1
Celldivisioncycle | nry | 107 | 122 | 144 1.33 1.25
protein 2
DNA repair protein
complementing XP- XPA 0.91 1.17 1.06 1.11 1.23
A cells
Caspase 8 CASP8 0.95 1.10 1.22 1.16 1.22
Serine/threonine-
protein kinase
e CHEK2 0.95 1.11 1.19 1.15 1.21
at Tyr68
Replication Protein
A2 phosphorylated RPA2 1.04 1.25 1.26 1.26 1.21
at Ser4 and Ser8
Proliferating Cell 1 oo\ a | 096 | 1.00 | 1.18 1.13 1.19
Nuclear Antigen
Ribonucleoside-
ST EIE: RRM1 | 0.91 1.08 1.07 1.08 1.18
reductase large
subunit
Von Hippel-Lindau |\ 1 596 | 147 | 115 1.13 1.18
tumor suppressor
ATR
Serine/Threonine ATR 0.96 1.12 1.13 1.13 1.17
Kinase
Protein C-ets-1 ETS1 0.91 1.03 1.09 1.06 1.17
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Table 3.4. Cont. Proteins with increased abundance in Kindlin-1-deficient SCC-13 clonal

lines
. Relative protein abundance in RPPA?
Proteinname | - C.o" [“parental | Kin-1% | Kin-1%2 | Kin-10T+ | ean fold
symbol b b b . xoap | difference®
Kin-1
Ribosomal
protein S6
kinase beta-1 RPS6KB1 1.25 1.46 1.44 1.45 1.16
phosphorylated
at Tyr389
Forkhggd boX | toxo3 | 097 113 | 1.09 1.11 1.15
DNA repair
endonuclease ERCC4 0.79 0.90 0.89 0.89 1.13
XPF
p2lactivated |\, 0.83 095 | 091 0.93 1.12
kinase 4
Forkhead box
03
phosphorylated FOX03 0.93 1.04 1.04 1.04 1.11
at Ser318 and
Ser321
Serine-protein
kinase ATM ATM 1.01 1.07 | 112 1.09 1.08
phosphorylated
at Ser1981
Glycogen
synthase kinase GSK3B 1.02 1.08 1.10 1.09 1.07
3 beta

4 Relative protein levels were determined from curves generated using serial lysate
dilutions spotted on nitrocellulose membranes, subsequently probed with a given
antibody. The values shown are also normalized for protein loading.

b Mean values of 3 biological replicates.

¢ Fold relative difference in abundance found from the mean calculated levels in Kin-1%°?
together with Kin-1%°2 clones, relative to Parental SCC-13 cells. Abundance in Parental
SCC-13 cells have been set to 1.
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Table 3.5. Proteins with decreased abundance in Kindlin-1-deficient SCC-13 clonal lines

Protein name

Protein
symbol

Relative protein abundance in RPPA?

Parental
b

Kin-1K01
b

Kin-1K02
b

Kin-101 +
Kin_lKOZ b

Mean fold
difference®

Mucin 1

MUC1

2.88

1.07

1.04

1.05

-2.73

Stimulator of
interferon
genes
protein

STING1

0.81

0.45

0.18

0.32

-2.56

Claudin 7

CLDN7

2.36

1.26

0.81

1.03

-2.29

Microtubule
associated
protein 1
light chain 3
alpha/beta

MAP1LC3A/
B

1.73

0.94

0.68

0.81

-2.13

Epiplakin 1

EPPK1

1.91

0.93

0.91

0.92

-2.09

Cyclin
dependent
kinase
inhibitor 1a

CDKN1A

1.18

0.54

0.63

0.59

-2.02

Acetyl-
coenzyme A
synthetase

ACSS2

1.10

0.55

0.63

0.59

-1.86

Ephrin type-A
receptor 2
phosphorylat
ed at Tyr588

EPHA2

1.71

0.98

0.87

0.92

-1.85

Signal
transducer
and activator
of
transcription
1
phosphorylat
ed at Tyr701

STAT1

2.14

1.29

1.13

1.21

-1.77

Transferrin
Receptor
protein 1

TFRC

1.53

1.03

0.79

0.91

-1.69

Vascular
endothelial
growth factor
receptor 2

VEGFR

1.15

0.68

0.77

0.72

-1.59
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Table 3.5. Cont. Proteins with decreased abundance in Kindlin-1-deficient SCC-13

clonal lines
Relati in abund in RPPA?
oroteinname | Protein | hlative protei abundance in ROy, g
- - - + | 5
symbol arin a In . In . Kli:—lKOZb difference®
Ras-related RAB25 | 1.65 1.08 | 1.02 1.05 1,58
protein rab-25
Indoleamine 2,3- | ) 1.54 1.03 0.93 0.98 -1.58
dioxygenase 1
Wd repeat
dom_aln,' . WIPI1 1.29 0.79 0.91 0.85 -1.52
phosphoinositide
interacting 1
Tumor necrosis
factor receptor | ynepspra | 160 | 122 | 092 | 107 -1.49
superfamily
member 12
Insulin receptor INSR 2.14 1.44 1.45 1.44 -1.48
Stearoyl-coa scD 1.26 0.85 0.86 0.86 1.47
Desaturase
DNA repair
protein RAD51 RAD51 1.53 1.07 1.03 1.05 -1.45
homolog 1
Notch 1 NOTCH1 0.88 0.70 0.55 0.62 -1.41
Monocarboxylate | ) ) 0.78 057 | 055 0.56 -1.39
transporter 4
Heat Shock
Factor Binding
Protein 1 HSBP1 1.07 0.86 0.68 0.77 -1.38
phosphorylated
at Ser82
Insulin like
growth factor IGFBP3 1.28 0.99 0.90 0.94 -1.35
binding protein 3
Bcl-2 like 11 BCL2L11 1.36 0.96 1.09 1.03 -1.33
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Table 3.5. Cont. Proteins with decreased abundance in Kindlin-1-deficient SCC-13
clonal lines

Protein name

Protein
symbol

Relative protein abundance in RPPA?

Parental
b

Kin-1K01
b

Kin-1K02
b

Kin-10T +
Kin_lKOZ b

Mean fold
difference®

Eukaryotic
translation
initiation factor 2
alpha kinase 3

EIF2AK3

0.98

0.80

0.68

0.74

-1.31

Serine/threonine-
protein kinase
ULK1
phosphorylated
at Ser757

ULK1

1.53

1.20

1.15

1.18

-1.30

Growth factor
receptor bound
protein 2-
associated
protein 2

GAB2

1.12

0.90

0.82

0.86

-1.30

Vascular
endothelial
growth factor
receptor
2 phosphorylated
at Tyr1175

VEGFR

1.26

1.03

0.92

0.98

-1.29

Receptor
tyrosine-protein
kinase erbb-3

ERBB3

1.65

1.33

1.23

1.28

-1.29

Succinate
dehydrogenase
complex iron
sulfur subunit b

SDHB

0.96

0.77

0.72

0.75

-1.28

Serine/threonine-
protein kinase
receptor R3

ACVRL1

1.05

0.81

0.86

0.83

-1.26

Receptor
tyrosine-protein
kinase erbb-2
phosphorylated
at Tyr1248

ERBB2

1.14

0.92

0.91

0.91

-1.25
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Table 3.5. Cont. Proteins with decreased abundance in Kindlin-1-deficient SCC-13
clonal lines

Protein name

Protein
symbol

Relative protein abundance in RPPA?

Parental
b

Kin-1K01
b

Kin-1K02
b

Kin-1%01 +
Kin_lKOZ b

Mean fold
difference®

Superoxide
dismutase 2

SOD2

1.37

1.07

1.13

1.10

-1.25

Epithelial
discoidin
domain-
containing
receptor 1

DDR1

1.16

0.90

0.96

0.93

-1.24

Glutamate
dehydrogenase
1

GLUD1

0.83

0.70

0.70

0.70

-1.19

Rapamycin-
insensitive
companion of
mTOR

RICTOR

1.43

1.12

1.28

1.20

-1.19

Tyrosine-protein
phosphatase
non-receptor

type 11
phosphorylated
at Tyr548

PTPN11

1.17

0.99

0.99

0.99

-1.19

DNA
polymerase
subunit gamma-
1

POLG

1.05

0.90

0.88

0.89

-1.19

Tyrosine-protein
kinase SYK

SYK

0.97

0.83

0.81

0.82

-1.18

Programmed
cell death 1
ligand 1

PDL1

1.13

0.97

0.94

0.96

-1.18

RAC-alpha
serine/threonin
e-protein kinase
phosphorylated

at Thr308

AKT1/2/
3

1.01

0.87

0.86

0.86

-1.17
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Table 3.5. Cont. Proteins with decreased abundance in Kindlin-1-deficient SCC-13
clonal lines

Protein name

Protein
symbol

Relative protein abundance in RPPA?

Parental
b

Kin-1K01
b

Kin-1K02
b

Kin-1%01 +
Kin_lKOZ b

Mean fold
difference®

Bcl-2 binding
component 3

BBC3

0.91

0.75

0.80

0.78

-1.17

Tyrosine-protein
phosphatase non-
receptor type 11

PTPN11

1.16

0.97

1.02

1.00

-1.16

Dipeptidyl
peptidase 4

DPP4

0.90

0.75

0.80

0.78

-1.16

Tyrosine-protein
kinase ABL1
phosphorylated
at Tyrd12

ABL1

1.12

0.99

0.95

0.97

-1.16

Phosphatidylinosi
tol 4,5-
bisphosphate 3-
kinase catalytic
subunit beta
isoform

PIK3CB

1.11

0.99

0.95

0.97

-1.15

T-cell surface
glycoprotein CD5

CD5

0.95

0.86

0.82

0.84

-1.14

Low-density
lipoprotein
receptor-related
protein 6
phosphorylated
at Ser1490

LRP6

1.13

1.01

0.99

1.00

-1.13

Growth factor
receptor-bound
protein 2

GRB2

1.12

0.99

1.01

1.00

-1.12

Eukaryotic
translation
initiation factor
4E

EIFAE

1.17

1.03

1.06

1.05

-1.12

Weel-like protein
kinase
phosphorylated
at Ser642

WEE1

1.01

0.90

0.95

0.92

-1.10
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Table 3.5. Cont. Proteins with decreased abundance in Kindlin-1-deficient SCC-13

clonal lines
. Relative protein abundance in RPPA?
. Prot 5 . . M fold
Protein name PO 1 o rental | Kin-1%01 | Kin-1%02 | Kin-1K01+ | oo 'O .
symbol - S > Kin-1<02b difference
Mitogen-
activated protein
kinase 14 MAPK1
. 91 . . -1.
N 4 0.98 0.9 0.89 0.90 09
at Thr180 and
Tyr182
P I
rogrammed cell | o0y | 099 | 003 | 0.89 0.91 11.09
death protein 1

4 Relative protein levels were determined from curves generated using serial lysate
dilutions spotted on nitrocellulose membranes, subsequently probed with a given
antibody. The values shown are also normalized for protein loading.

b Mean values of 3 biological replicates.

€ Fold relative difference in abundance found from the mean calculated levels in Kin-1%01
together with Kin-1%°2 clones, relative to Parental SCC-13 cells. Abundance in Parental
SCC-13 cells have been set to 1.
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Contrastingly, many of the proteins with decreased abundance in Kin-1%°* and
Kin-1X2 cells, relative to Parental SCC-13 cells, are associated with proliferation,
including:

- Cyclin dependent kinase inhibitor 1a (CDKN1A; Missero et al., 2014)

- Receptor tyrosine-protein kinase erbb-2 (ERBB2; Rao et al., 2015)

- Vascular endothelial growth factor receptor 2 phosphorylated at Tyr1175
(VEGFR; Johnson et al., 2012)

- Phosphatidylinositol 4,5-bisphosphate 3-kinase catalytic subunit beta isoform

(PIK3CB; Yang et al., 2019)

- Ephrin type-A receptor 2 phosphorylated at Tyr588 (EPHA2; Wang et al., 2021),
- Ras-related protein rab-25 (RAB25; Jeong et al., 2019)

- Signal transducer and activator of transcription 1 phosphorylated at Tyr701
(STATZ; Clifford et al., 2000).

3.6.1 Pathway Analysis of Proteins with Significantly Different Protein Abundances in
Kin-1%0! and Kin-12 Cells
Mean fold differences were determined from the proteins identified by unpaired t-tests
to be significantly different (calculated as the mean abundance of Kin-1*°* combined
with Kin-1%92 cells, and then compared to Parental cells). Of the 100 significantly
different proteins, 48 showed increased abundance (Table 3.4), and 52 showed
decreased abundance (Table 3.5) in Kin-1%°! and Kin-1X2 cells relative to Parental cells.
The 100 proteins that significantly differed in their levels were then analyzed for
overrepresented pathways using Reactome software and were filtered to only include
results with a significant p value (p<0.05). The software identified pathways
overrepresented in the list of 100 proteins (Table 3.6), including those pathways related
to: cell cycle mitotic, cellular responses to stress, DNA repair, cytokine signaling in the
immune system, signaling by receptor tyrosine kinases, negative regulation of the

PI3K/AKT network, and signaling by RhoGTPases.
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Table 3.6. Proteins with significantly increased or decreased abundance in Kin-1¥°* and
Kin-1%02 cells overrepresented in Reactome pathways

Cell Function

Protein symbol

Increase (+) or decrease (-)?

Cell cycle, mitotic
(10 proteins)

RPA2

+

AURKA

GSK3B

SRC

PCNA

RRM2

CDC25C

WEE1

o I o e I

CDKN1A

ABL1

Cellular response to stress
(12 proteins)

VHL

ETS1

RPA2

ATM

GSK3B

ATR

HSBP1

WIPI1

CDKN1A

EIF2AK3

MAPK14

SOD2

DNA repair
(19 proteins)

RBBP8

BRCA1

PMS2

ATM

ERCC4

CHEK1

CHEK2

ATR

CDT2

RPA2

MLH1

XPA

NRG1

MSH2

PCNA

PARG

DDB1

||+ [+ [+ |+ |+ |+ |+ |+ [+ |+ |+ |+ ]|+ |+ |+




Table 3.6. Cont. Proteins with significantly increased or decreased abundance
in Kin-1%°! and Kin-1%92 cells overrepresented in Reactome pathways

Cell Function Protein symbol | Increase (+) or decrease (-)®

DNA repair ABL1 -

(19 proteins) RAD51 -

PTPN12

FOXO3

PAK4

FGF2

GAB2 -

SYK -

CDKN1A -

SOD2 -

Cytokine signaling in Immune TNFRSF12A -

system PTPN11 :

1 tei
(18 proteins) GRB2 -

PIK3CB -

MUC1 -

BCL2L11 -

EIFAE -

AKT -

STAT1

MAPK14

SRC

FGF2

CAV1

EGFR

PTPN12

PAK4

CHEK1

Signaling by receptor PAK1

tyrosine kinases NRG1

N e S N e

(22 proteins) AXL

PTPN11

ERBB3

PIK3CB

AKT -

GAB2 -

CD274 -

STAT1 -




Table 3.6. Cont. Proteins with significantly increased or decreased abundance in
Kin-1%0! and Kin-1%©2 cells overrepresented in Reactome pathways

92

Cell Function

Protein symbol

Increase (+) or decrease (-)°

Signaling by receptor
tyrosine kinases
(22 proteins)

VEGFR

INSR

RICTOR

MAPK14

GRB2

Negative regulation of
PI3K/AKT network
(11 proteins)

EGFR

FGF2

SRC

NRG1

GAB2

PIK3CB

ERBB3

AKT

INSR

PTPN11

GRB2

Signaling by RhoGTPases
(11 proteins)

AURKA

CAV1

CDC25C

PAK4

PAK1

SRC

TFRC

ABL1

GRB2

EPHA2

MAPK14

3 Proteins with increased abundance in Kin-1%°1 and Kin-1%°2 cell relative to Parental cells
are denoted with “+”. Proteins with decreased abundance in Kin-1¥° and Kin-1°2 cell
relative to Parental cells are denoted with “-”.
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3.6.2 A Focused Examination of the 100 Differentially Expressed Proteins in Kin-1¥01
and Kin-192 cells
From the RPPA data, | next examined for proteins associated with proliferation,
migration, and adhesion, as these may help give insight into the molecular
underpinnings of these experiments — the role of Kindlin-1 in these cellular processes. |
conducted a literature review of all 100 proteins identified to be significantly different
with the loss of Kindlin-1, searching for each proteins’ function in SCC or keratinocytes.
This identified many proteins involved in proliferation, such as proliferating cell nuclear
antigen (PCNA) and epidermal growth factor receptor (EGFR) (Table 3.7). It also revealed
many proteins involved in migration such as proto-oncogene tyrosine-protein kinase
(SRC) and p21-activated kinase 1 (PAK1) (Table 3.8). However, this process yielded very
few proteins that are involved in adhesion: tyrosine protein kinase receptor UFO (AXL;
Cichon et al., 2014), growth factor receptor-bound protein 2 (GRB2; Giubellino et al.,
2008), and SRC (Ainger et al., 2015).
Therefore, to objectively identify proteins involved in adhesion, | cross-referenced the
100 proteins identified by RPPA with proteins that are known to be involved in the
consensus integrin adhesome. The consensus integrin adhesome was determined
through meta-analysis of proteomic data of components of integrin adhesion complexes
in a variety of cell types, under a variety of conditions to identify ubiquitous adhesion

proteins (Horton et al., 2016; Winograd-Katz et al., 2014; Zaidel-Bar et al., 2007). Using
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Table 3.7. Proteins with significantly increased or decreased abundance in Kin-1¥°* and
Kin-1%©2 cells involved in regulating proliferation in SCC or keratinocytes

Protein name Protein Mean fold Reference®
Symbol difference®
RAC-alpha serine/threonine-protein AKT1/2/3
-1.17 Luetal,, 2021
kinase phosphorylated at Thr308 (pY308) {ciE )
. . (Ismail et al.,
Serine-protein kinase ATM ATM 1.52 2011)
. . . (Parikh et al.,
ATR Serine/Threonine Kinase ATR 1.17 2014)
AURKA
Aurora A/B/C phosphorylated at (pY288, 1.40 (Davis et al.,
Thr288, Thr232 and Thr198 pY232, ' 2020)
pY198)
Cell division cycle 25C CDC25C 1.55 (Liu et al., 2020)
. . (Vanderdys et al.,
Cell division cycle protein 2 CDT2 1.25 2018)
Serine/threonine-protein kinase Chk1 CHEK1 1.91 (Tho et al., 2012)
Serine/threonine-protein kinase Chk2 CHEK2 1.27 (Tian et al., 2020)
DNA endonuclease RBBPS CTIP 171 DB St el
2021)
- . (Cang et al.,
DNA damage-binding protein 1 DDB1 1.25 2007)
DNA methyltransferase 1 DNMT1 1.39 (Li et al., 2020)
Dipeptidyl peptidase 4 DPP4 -1.16 (Shih et al., 2018)
Cai l.
Epidermal growth factor receptor EGFR 1.37 ( anuzztlc;;at e
Ephrin type-A receptor 2 EPHA2 1.85 (Wang et al.,
phosphorylated at Tyr588 (pY588) ’ 2021)
Receptor tyrosine-protein kinase (Pollock et al.,
ERBB2 -1.2
erbb-2 phosphorylated at Tyr1248 > 2015)
Receptor tyrosine-protein kinase (Dahlhoff et al.,
ERBB -1.2
erbb-3 3 2 2015)
. (Nagarajan et al.,
Protein C-ets-1 ETS1 1.17 2009)
Growth factor receptor-bound protein (Giubellino et al.,
’ GRB2 -1.12 2008)
Insulin like growth factor binding IGEBP3 135 (Liu et al., 2018)

protein 3
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Table 3.7. Cont. Proteins with significantly increased or decreased abundance in
Kin-1%°! and Kin-1%©2 cells involved in regulating proliferation in SCC or keratinocytes

Protein

Mean fold

i Ref 2
Protein name Soriloel difference? eference
MAPK14
Mitogen-activated protein kinase 14 .
T1 -1. L l., 2014
phosphorylated at Thr180 and Tyr182 [P, 09 [ e ek, AT,
pY182)
(Zhang et al.,
NOTCH1 -1.41
Notch 1 0] 2016)
) (Hegde et al.,
Neuregulin-1 NRG1 2.27 2019)
Proliferating Cell Nuclear Antigen PCNA 1.19 (Kawahira, 1999)
Proliferating Cell Nuclear Antigen PCNA 1.19 (Kawahira, 1999)
Phgsphahdylmgsﬂol 4,5_—b|sphc'>sphate PIK3CB 115 (Lu et al., 2021)
3-kinase catalytic subunit beta isoform
ingh l.
DNA polymerase subunit gamma-1 POLG -1.19 (g0 cEely
2018)
Protein tyrosine phosphatase non- PTPN12 137 (Su et al,, 2013)
receptor Type 12
. (Jeong et al.,
Ras-related protein rab-25 RAB25 1.58 2019)
Rapamycin-insensitive companion of (Back et al.,
mTOR RICTOR 1.19 2012)
Replication Protein A2 phosphorylated RPA2 191 (Chen et al.,
at Ser4 and Ser8 (pS4, pS8) ' 2017)
Ribonucleoside-diphosphate reductase (Wang et al.,
subunit M2 RRM2 1.28 2021)
Mothers against decapentaplegic (Hernandez et
MAD4 1.
homolog 4 = 35 al., 2019)
Ai l.
Proto-oncogene tyrosine-protein kinase SRC 1.26 ( ngggse; 2
Signal t_rahsducer and activator of STAT1 (Clifford et al.,
transcription 1 phosphorylated at (pY701) -1.77 2000)
Tyr701 P
Tumor necrosis factor receptor TNFRSF12A |  -1.49 | (Huetal,, 2019)
superfamily member 12A
Vascular endothelial growth factor (Johnson et al.,
receptor 2 VEGFR 159 2012)
(Ghelli Luserna
Weel-like protein kinase WEE1 1.40 Di Rora et al.,

2020)
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Table 3.7. Cont. Proteins with significantly increased or decreased abundance in
Kin-1%°! and Kin-1%©2 cells involved in regulating proliferation in SCC or keratinocytes

Protein

Mean fold

. Ref b
Protein name o difference? eference

Weel-like protein kinase WEE1 1.10 (Katayama et

phosphorylated at Ser642 (pS642) ' al., 2005)

2 Fold relative difference in abundance found from the mean calculated levels in Kin-1%01
together with Kin-1%°2 clones, relative to Parental SCC-13 cells. Abundance in Parental

SCC-13 cells have been set to 1.

b Protein function in SCC of a variety of tissue origin.
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Table 3.8. Proteins with significantly increased or decreased abundance in Kin-1¥°* and
Kin-1¥©2 cells involved in regulating migration in SCC or keratinocytes

superfamily member 12A

Protein name Protein Mean fold Reference®
Symbol difference?
RAC-alpha serine/threonine-protein AKT1/2/3
-1.17 Luetal., 2021
kinase phosphorylated at Thr308 (pY308) (Lueta )
Tyrosine protein kinase receptor UFO AXL 2.12 (Clcr;%ri:)t al,
. (Trimmer et al.,
Caveolin-1 CAV1 1.52 2013)
Epithelial discoidin domain-containing DDR1 1.4 (Hidalgo-Carcedo
receptor 1 et al., 2011)
Dipeptidyl peptidase 4 DPP4 -1.16 (Long et al., 2018)
Ephrin type-A receptor 2 EPHA2 1.85 (Wang et al.,
phosphorylated at Tyr588 (pY588) ’ 2021)
Receptor tyrosine protein kinase
ERBB2 -1.2 R tal., 201
erbb-2 phosphorylated at Tyr1248 > (Rao etal,, 2015)
Receptor tyrosine-protein kinase (Dahlhoff et al.,
erbb-3 ERBB3 1.29 2017)
Growth factor receptor-bound protein GRB2 112 (Giubellino et al.,
2 2008)
MAPK14
Mitogen-activated protein kinase 14 .
T1 -1. Liu et al., 2014
phosphorylated at Thr180 and Tyr182 (P 09 (Liu etal., 2014)
pY182)
(Zhang et al.,
-1.41
Notch 1 NOTCH1 1 2016)
. . (Chow et al.,
p21l-activated kinase 1 PAK 1 1.25 2012)
p21l-activated kinase 4 PAK 4 1.12 (Won et al., 2019)
Phosphatidylinositol 4,5-bisphosphate
3-kinase catalytic subunit beta PIK3CB -1.15 (Lu et al., 2021)
isoform
. (Jeong et al.,
- - -1.
Ras-related protein rab-25 RAB25 58 2019)
Transcription factor SOX-7 SOX7 1.37 (Hong etal,
P ' 2021)
Proto-oncogene tyrosine-protein (Ainger et al.,
RC 1.2
kinase > 6 2015)
Tumor necrosis factor receptor TNERSE12A 149 (Hu et al., 2019)
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2 Fold relative difference in abundance found from the mean calculated levels in Kin-1%01
together with Kin-1%°2 clones, relative to Parental SCC-13 cells. Abundance in Parental
SCC-13 cells have been set to 1.

b Protein function in SCC of a variety of tissue origin.
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this approach, 5 proteins were identified that had increased abundance in Kindlin-1-

deficient SCC-13 cells, and 8 proteins with decreased abundance (Table 3.9).

3.6.3 Phosphoproteins with Significantly Altered Abundance in Kin-1¥°! and Kin-1K©2
cells
Some of the antibodies used in the RPPA analysis recognized post-translational
modifications (specifically, phosphorylation). Of the 100 hits identified to have
significantly different abundances in both Kin-1%°! and Kin-1%92 cells relative to Parental
cells, 20 were assessed with antibodies against proteins with post translational
modifications (Table 3.10). The phosphorylation of most of these proteins increases the
activation of the protein, whereas the phosphorylation of Serine/threonine-protein
kinase ULK1 (ULK1), Weel-like protein kinase (WEE1), and Forkhead box O3 (FOX03),
are deactivating (references provided in Table 3.10).
These RPPA results indicate that Kindlin-1 impacts the abundance of many proteins
associated with tumor formation and/or progression. Furthermore, pathway analysis
and literature review identified pathways that are likely impacted as result of Kindlin-1-
deficiency in SCC-13 cells, such as those associated with proliferation, migration,

adhesion, and DNA repair.
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Table 3.9. Proteins with significantly increased or decreased abundance in Kin-1¥°* and
Kin-1%2 cells involved in the consensus integrin adhesome

: : Mean fold
Protein name Protein Symbol difference?
Tyrosine-protein kinase ABL1
ABL1 -1.1
phosphorylated at Tyr412 6
RA;—aIPha serine/threonine- AKT1/2/3
protein kinase phosphorylated at (pY308) -1.17
Thr308 .
Caspase 8 CASP8 1.22
Caveolin-1 CAV1 1.52
Growth factor re_ceptor—bound GRB2 112
protein 2
Heat Shock Factor Binding Protein
HSBP1 -1.38
1 phosphorylated at Ser82
Insulin receptor phosphorylated at
-1.2
Tyr1248 INSR >
p21l-activated kinase 1 PAK 1 1.25
Phosphatidylinositol 4,5-
bisphosphate 3-kinase catalytic PIK3CB -1.15
subunit beta isoform
Tyrosine-protein phosphatase non-
receptor type 11 phosphorylated PTPN11 -1.19
at Tyr548
Protein tyrosine phosphatase non- PTPN12 137
receptor Type 12
Proto—oncogen'e tyrosine-protein SRC 1.6
kinase
Tyrosine-protein kinase SYK SYK -1.18

3 Fold relative difference in abundance found from the mean calculated levels in Kin-1¥01
together with Kin-1%°2 clones, relative to Parental SCC-13 cells. Abundance in Parental
SCC-13 cells have been set to 1.
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Table 3.10. Phosphoproteins with significantly increased or decreased abundance in
Kin-1%°? and Kin-1%©2 cells

Phosphorylation

S | | | Rt
= Briickner et

e e § s || ::ll.J,c1997)
STAT1 Y701 A 177 (:ﬁ,dzzgg g)t
HSBP1 S82 A 138 (Ge;(r)noc;; al.,
ULK1 S757 D 2130 (Fazr;J its ;I.,
worn | s || am | [
A | e [T
PTPN11 Y542 A 119 (Lgoegla;l.,
AKT1/2/3 T308 A 117 (G:;% f;cl)al.,
ABL1 Y412 A 116 (Kl%gg)al.,
B
o | am | feem
MAPK14 T180, Y182 A -1.09 (Chgglezt)al.,
o | P |2 | e | g

) F

PRK?Al 1172 A 132 (acln.ig;gc;/;t
Ch |

PAK4-6 547; 2802' A 131 | ¢ ‘;ggle)t al
CHEK2 T68 A 121 fﬁf’?ﬂ';t
a2 | shss a | | G
RPS6KB1 T389 A 116 (Pulllt;r;; al.,




Table 3.10. Cont. Phosphoproteins with significantly increased or decreased

abundance in Kin-1¥°1 and Kin-1%°2 cells

Phosphorylation
Protein Phosphf)rylatlon is: Actlva"clng.(A) Mean fold Reference®
Symbol Site or Deactivating | difference?®
(D)
(Arden,
21 D 1.11
FOXO03 S318, S3 2004)
(Soetal.,
ATM $1981 A 1.08 2009)
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3 Fold relative difference in abundance found from the mean calculated levels in Kin-1%01
together with Kin-1%°2 clones, relative to Parental SCC-13 cells. Abundance in Parental

SCC-13 cells have been set to 1.
b Protein function in SCC of a variety of tissue origin.
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4 Discussion

4.1 Summary

Loss-of-function mutations of FERMT1, which encodes Kindlin-1, cause several
abnormalities in humans, collectively termed Kindler syndrome, characterized by skin
defects and increased susceptibility to developing aggressive epidermal squamous cell
carcinoma (Que et al., 2018). This has led efforts to investigate the role of Kindlin-1 in
keratinocytes, to better understand why the loss of Kindlin-1 expression increases
susceptibility to the development of aggressive SCC. Previous work has shown that
Kindlin-1 has protective effects against UV-induced DNA damage and cell stress in
mouse SCC (Emmert et al., 2017). Given the increased incidence of aggressive SCC as a
result of loss-of-function mutations in FERMT1, the goal of this study was to characterize
the consequences of inactivating Kindlin-1 expression in SCC-13 epidermal carcinoma
cells, to better understand Kindlin-1 function within human SCC. My studies (expanded
on below) demonstrate that Kindlin-1 is dispensable for SCC-13 proliferation, or
maintenance of clonogenic potential in culture. Changes in cell spreading on collagen |
were identified in SCC-13 cells with the loss of Kindlin-1, which were not observed in
cells spreading on laminin-332 matrix. | also determined that Kindlin-1 is involved in
directional migration, as loss of Kindlin-1 enhanced SCC-13 migration in culture. Finally, |
have identified a large number of proteins that differ in abundances in Kindlin-1-

deficient cells.



104

4.2 Kindlin-1is Dispensable for Proliferation and Clonogenic Potential in
SCC-13 Cells
From proliferation studies, | discovered the loss of Kindlin-1 did not impact proliferation
in the SCC-13 cells in culture (Fig. 3.2 and 3.3). Whereas there are no studies looking at
the effect of loss of Kindlin-1 on proliferation in epidermal SCC cells, knockout of Kindlin-
1 with siRNA in pancreatic carcinoma cells did not impact proliferation (Mahawithitwong
et al., 2013). However, other epithelial carcinomas, such as breast and colorectal
carcinomas, as well as keratinocytes show decreased proliferation with the loss of
Kindlin-1 (Herz et al., 2006; Kong et al., 2016; Sin et al., 2011). This discrepancy between
the different cell types in the effect of Kindlin-1 on proliferation may reflect differences
in the regulation of pathways that control proliferation in epidermal carcinoma cells
compared to keratinocytes, and breast and colorectal carcinomas. To address this
possibility, future work can focus on identifying the main effectors of proliferative
control in SCC-13 cells by adding inhibitors and activators of key proteins in proliferative
pathways such as the RAS-MEK-ERK pathway (Neu et al., 2017). This would give insight
into the pathway and proteins the control proliferation in epidermal SCC cells, that may
aid in understanding and treatment of epidermal SCC.
The spheroid formation assay models for the presence of stem-like cells which can self-
renew, proliferate in culture over the long term, and display an enhanced ability to form
tumors in vivo (Adhikary et al., 2013). Loss of Kindlin-1 did not impact the number of
spheroids formed (Figure 3.4B), suggesting Kindlin-1 is not essential for spheroid

formation. Previous work in the SCC-13 cell line showed that of the 4x10* cells plated,
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only 60 spheroids formed, meaning 0.15% of cells cultured were able to form spheroids
(Adhikary et al., 2013). However, in my studies, 0.68% of Parental SCC-13 cells plated
formed spheroids (110 spheroids formed out of a total of 1.6x10* cells plated, Figure
3.4B), indicating that in my hands, Parental SCC-13 cells formed 4.5 times more
spheroids than previously reported. Despite the discrepancy in the number of spheroids
formed, both results reflect less than 1% of all cells exhibiting stem-like capacity, which
is within the normal range for stem-like cells in a cancer cell population (Al-Hajj et al.,
2004; Dontu et al., 2005).

Differences in perimeter size at day 15 between Parental and Kin-1%°* spheroids (Fig.
3.4C) may reflect differences in the fraction of stem-like cells within the population.
Research in keratinocytes suggests that the fate of colony growth in monolayers is
dictated by the proliferative properties of the cells, where small colonies are derived
from transit amplifying cells, that proliferate finitely before becoming terminally
differentiated. By contrast, large colonies are formed from stem cells that are capable of
self-renewal, allowing for continuous growth (Watt, 1988). It is possible that the larger
mean perimeter of Parental spheroids reflects that there are more stem-like cells
present in the cell population to form larger spheroids, than in Kin-1%°? cell population,
which may have more transit amplifying cells. Alternatively, it is possible that the
differences in perimeter reflect faster proliferation of stem-like cells in the Parental
spheroids, compared to the Kin-1%°! cell population. Studies looking at markers of stem-

like cells in spheroids such as ALDH1, EZH2, SOX2, and OCT4 (Adhikary et al., 2013), as
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well as their proliferative status through the use of BrdU would need to be performed

on Parental, Kin-1°1 and Kin-1%°2 spheroids to differentiate between these options.

4.3 Defects in Cell Spreading on Collagen |, But Not on Laminin-332 Matrix
There were no detectable spreading defects observed on laminin-332 matrix obtained
from conditioned medium with the loss of Kindlin-1 (Fig. 3.5). There are 2 main integrin
pairs responsible for adhesion on laminin-332: a3fB1, found at focal adhesions, and
a6P4 found at hemidesmosomes (Watt, 2002). The presence of a6B4 integrins may aid
in adhesion to the laminin-332 matrix, a necessary step for cell spreading (McGrath,
2007). Furthermore, Kindlin-2 has been shown to replace Kindlin-1 to activate integrins
and induce cell adhesion to laminin-332 in keratinocytes (He et al., 2011).

The lack of differences seen in Parental cell spreading on laminin-332 matrix from 2 to 6
h (Fig. 3.5) is possibly due to laminin-332 inducing rapid spreading (Kariya et al., 2012). It
was previously reported that keratinocytes were largely spread on laminin-332 within 40
min of plating (Kariya et al., 2012). However, since my studies concluded at 6 h, it is also
possible that | did not capture cells at their maximum spreading, and the lack of
difference from 2 to 6 h may reflect a delay in spreading caused by extension and
retraction cycles of the membrane as the cells spread (Herz et al., 2006). To test this in
SCC-13 cells, spreading of SCC-13 cells containing and lacking Kindlin-1 should be
evaluated at earlier and later time points. Additionally, spreading was assessed on
laminin-332 matrix obtained from conditioned medium of 804G cell cultures, which was
not quantified for laminin content and therefore the laminin content could not be

altered. Evaluating SCC-13 cell spreading on different concentrations of laminin-332 may
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reveal differences in cell spreading between SCC-13 cells containing and lacking Kindlin-
1, as the concentration of ligands can impact spreading (Millon-Frémillon et al., 2008).
Gaudet et al. (2003) utilized the spreading of 3T3 fibroblasts on collagen | to propose a
hypothesis of cell spreading on different densities of collagen I. That study suggested
that, at low densities of the ligand, the limiting factor for spreading is the availability of
collagen |, whereas at higher densities of the ligand, the limiting factor for spreading is
integrin affinity for the collagen | ligand. This is because at lower densities of collagen,
there are many integrin receptors for each collagen molecule, and therefore the affinity
of the receptor is less important for spreading. However, when there are more collagen
molecules, the ratio of receptor to ligand is lower, and the affinity of each integrin
receptor is more important.

This hypothesis has bearing on my evaluation of SCC-13 spreading on low and medium
concentrations of collagen I|. Spreading on a low concentration of collagen | revealed no
differences in spreading between SCC-13 cells containing or lacking Kindlin-1 (Fig. 3.6),
however, there was a delay in spreading on a medium concentration of collagen | in
Kin-1°1 and Kin-1%02 cells, compared to Parental cells (Fig. 3.7) This may be due to the
fact that loss of Kindlin-1 may result in lower affinity of a231 integrin to collagen |,
caused by reduced integrin activation. While talin expression alone is reportedly
sufficient for integrin activation, a reduction in 1 integrin activation has been
established with the loss of Kindlin-1 in keratinocytes and carcinoma cells, indicating
that there is a synergistic effect with the co-expression of talin and Kindlin-1, which is

lost when Kindlin-1 is not present (Ussar et al., 2008). Differences in spreading at low
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concentrations of collagen | were not seen in my study, likely because even though there
may be less integrin activation in Kindlin-1 knockout cells, there are still many more
integrins relative to ligands in all cells. Thus, this high abundance of integrins relative to
ligand in Parental, Kin-1%C! and Kin-1X°? results in similar spreading, as all the available
collagen | was bound to integrins, even though Parental cells may have more activated
integrins.

Whereas, at medium concentrations of collagen |, there is a lower integrin to ligand
ratio, and the affinity of each integrin to its ligand plays a more prominent role in
spreading. Therefore, cells with integrins which display lower affinity for their ligand
(such as may occur in the Kindlin-1 knockout cells) may cause suboptimal ligand binding,
resulting in less efficient, and altered spreading. This concept could be tested by
measuring the affinity of a231 integrin for collagen | in the presence and absence of
Kindlin-1 in SCC-13 cells. This could be accomplished using an integrin soluble ligand
binding assay, where live SCC-13 cells expressing and lacking Kindlin-1 are held in
suspension culture and exposed to specific concentrations of collagen | ligand. The
binding of a231 integrin to the ligand can be detected using antibodies and measured
using flow cytometry (Wang et al., 2021).

Another important regulator of cell spreading is integrin clustering (avidity), which
occurs when integrins bind to their ligand, inducing more integrins to localize to that
adhesion site, increasing adhesion strength (Margadant et al., 2011). At low densities of
collagen |, differences in integrin avidity may not impact cell spreading, as there are

already more integrins relative to ligand. However, at higher concentrations of collagen
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I, the lower integrin to ligand ratio may reveal differences in avidity, as integrin
clustering can positively impact cell spreading, leading to a delay in spreading in cells
with reduced clustering, such as may occur in Kindlin-1-deficient cells (Cavalcanti-Adam
et al., 2007). While Kindlin-1 has not been shown to impact 1 integrin avidity, Kindlin-1
can induce clustering of allp3 integrins (Kukkurainen et al., 2021). Kindlin-1 effects on
21 integrin avidity could be measured using an ECM surface reported in Maheshwari
et al. (2000), where multiple ECM ligands are tethered to poly-ethylene glycol hydrogels
treated with polyethylene oxide which prevents cell adhesion, to ensure cells only
adhered to the ligand of interest. The binding of a231 integrin to the ligand can then be
measured using flow cytometry (Wang et al., 2021).

4.4 Loss of Kindlin-1 Enhances SCC-13 Migration in Culture

From scrape-wound assays, | found that loss of Kindlin-1 increased SCC directional
migration (Fig. 3.8). This is consistent with a study conducted by Margadant et al. (2009),
which found increased migration in keratinocytes with the loss of a3 integrins, likely due
to reduced adhesion at the rear of the cell, allowing it to migrate more persistently.
Similarly, in keratinocytes isolated from Kindler Syndrome patients there was an
abnormal distribution of focal adhesions, in that majority of the focal adhesions were
localized to the leading edge, despite there being the same overall number of focal
adhesions in normal and mutant cells (Has et al., 2009). This suggests that with the loss
of Kindlin-1 there are fewer adhesion sites at the rear of the cell to anchor it to the ECM,

resulting in increased migration. Experiments designed to evaluate the distribution of
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focal adhesions in SCC-13 cells containing and lacking Kindlin-1 could address this
possibility.

Adhesion strength is another metric important for cell migration. Yeoman et al. (2021),
found that lower adhesion strength in some tumor cells induces faster migration relative
to higher adhesion strength. This may help explain the increased migration of Kin-1°?
and Kin-1%92 cells, where the loss of Kindlin-1 may reduce integrin activation leading to
reduced affinity of integrins for their ECM ligand, reducing the strength of adhesion. This
can be tested using a parallel plate flow chamber, which allows separation of cells based
on adhesion strength, followed by a directional migration assay (Yeoman et al., 2021).
An important factor related to migration addressed by Yeoman et al. (2021) that was not
evaluated in the present study was the effect of substrate stiffness on cell migration. In
my experiments, migration was assessed with cells plated directly onto plastic culture
dishes, which has a stiffness on the order of megapascals; much higher than that
experienced in vivo (Skardal et al., 2013). However, the cells were plated 24 h prior to
the scrape-wound assay, allowing time for the cells to deposit their own ECM, affecting
substrate stiffness (Deville et al., 2019). Substrate stiffness can impact epidermal cell
migration, as epidermal cells exposed to high substrate stiffness, such as during wound
healing, exhibit faster migration than cells on lower stiffnesses (Wang et al., 2012). The
response to substrate stiffness is regulated in part by integrins and the signaling
cascades they activate (Chen et al., 2014). The effect of Kindlin-1 on cell migration on

different substrate stiffnesses can be tested by plating SCC-13 cells containing and
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lacking Kindlin-1 on culture dishes coated with substrates of different stiffnesses,

followed by a scrape-wound assay.

4.5 Reverse Phase Protein Array Analysis Reveal Differences in Protein
Abundances Important for Carcinogenesis with the Loss of Kindlin-1 in
SCC-13 Cells

There were several signaling cascade pathways that were altered in Kindlin-1-deficient
SCC-13 cells (Table 3.6), which will be discussed below.

4.5.1 Regulation of the Cell Cycle and Mitosis

Reactome software detected 10 proteins, whose levels were altered in the Kindlin-1-
defiecient SCC-13 cells, that are involved in regulating the cell cycle (Table 3.6) such as
Aurora A (AURKA) and CDC25C, that are involved in regulating cell cycle checkpoints (Liu
et al., 2020). During the cell cycle, centrosomes undergo duplication, followed by
maturation where proteins are recruited to the centrosomes; recruited proteins are
collectively termed pericentriolar material. Mature centrosomes then separate, as they
move to opposite ends of the cell, where they organize and extend mitotic spindles
composed of tubulin proteins, that attach to and subsequently separate sister
chromatids (Nigg et al., 2011). Kindlin-1 can localize to centrosomes in mitotic
keratinocytes, where it binds to Aurora A during centrosome maturation, important for
proper spindle orientation (Patel et al., 2013). Loss of Kindlin-1 results in abnormal
spindle formation, such as monopolar spindles where the centrosomes fail to segregate

to opposite ends of the cell, leading to cell death (Patel et al., 2013).
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In vivo, FERMT1 inactivation in the epidermis leads to a significant increase in cell
numbers that exhibit mitotic spindles perpendicular to the basement membrane, which
is associated with increased frequency of asymmetric divisions of basal cells, whereby
only 1 cell remains in the basal layer (Patel et al., 2016). This can lead to a decrease in
proliferation as increased asymmetric divisions can cause stem cell depletion (Patel et
al., 2016). Furthermore, Kindlin-1 can regulate microtubule stability, as the loss of
Kindlin-1 is associated with reduced abundance of acetylated tubulin, a marker of stable
microtubules, leading to lagging chromatids during anaphase (Patel et al., 2016). This
phenotype occurs as result of dysregulated HDACS6, a key regulator of microtubule
stability, which could be reversed with the inhibition of HDAC6. Kindlin-1 can interact
directly with HDAC6, which may contribute to its role in regulating microtubule stability
(Patel et al., 2016).

4.5.2 Cell Responses to Stress

Six of the 12 proteins involved in cell responses to stress, identified by the Reactome
database, have decreased abundance in SCC-13 cells lacking Kindlin-1 (CDKN1A, WIPI1,
HSBP1, EIF2AK3, MAPK14, and SOD2), indicating Kindlin-1 role in regulating cell stress
responses. Notably, there is a decrease in SOD2 abundance in Kin-1¥°! and Kin-1¥°? cells
relative to Parental SCC-13 cells, and SOD?2 is associated with protection against
oxidative stress (Robbins et al., 2011). Decreased SOD2 can cause decreased cell
viability, and increased risk of ROS induced mutagenesis (Robbins et al., 2011). Perhaps
the decrease in SOD2 abundance in Kin-1%°! and Kin-1°2 cells may result in increased

oxidative stress, which may induce increased susceptibility to mutagenesis, potentially
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resulting in increased cell death or, alternatively, increased tumor aggressiveness, as
high mutation rates can positively impact a tumors ability to populate a distant tissue
(Gara et al., 2018). In mouse SCC cells, loss of Kindlin-1 increased reactive oxygen species
(ROS) production and reduced levels of the ROS scavenger, glutathione (Emmert et al.,
2017). As a result, those SCC cells lacking Kindlin-1 were more prone to oxidative stress
following exposure to H,0; or UV treatment (Emmert et al., 2017).

There was also decreased abundance of WIPI1 and EIF2AK3, which are involved in
inducing autophagy (Bostanciklioglu, 2015; Tsuyuki et al., 2014). Additionally, while not
detected by Reactome as part of the stress response pathway, there was also decreased
abundance in ULK1, and MAP1LC3A/B that regulate autophagy (Kim et al., 2011; Zhang
et al., 2015). This decrease in abundance of autophagy proteins as a result of loss of
Kindlin-1, reveals a potential novel role for Kindlin-1 in regulating autophagy in SCC cells.
Autophagy plays complex roles in cancer, and it may serve as a tumor suppressor,
removing damaged cellular components that may increase susceptibility of cancer
development and progression. Furthermore, autophagy can reduce cellular ROS, thus
protecting cellular DNA from mutagenic insults which may lead to tumor formation and
progression (Yun et al., 2018).

Other proteins with increased abundance with the loss of Kindlin-1 are largely
associated with DNA damage responses following cell stress (ATM, ATR, RPA2) (Yang et
al., 2003). It is possible that these proteins have increased abundance as a result of

increased cell stress with the loss of Kindlin-1, prompting the need for increased DNA
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repair to maintain genome stability required for cancer cell survival (Ghelli Luserna Di
Rora et al., 2020).

The RPPA results regarding cell response to stress reveal both a possible protective and
deleterious effect of loss of Kindlin-1 in SCC-13 cells. While loss of Kindlin-1 decreased
the abundance of some cell response proteins, such as SOD2, pointing to possible
deleterious effects, it also increased the abundance of other proteins, such as ATM and
ATR, that may positively regulate cell stress. Future work would need to focus on
evaluating the effect of cell stress on the behaviour of SCC-13 cells containing and
lacking Kindlin-1 to better parse out the role of Kindlin-1 in cell stress response.

4.5.3 DNA Repair

The Reactome database identified 17 proteins of a total of 19 proteins involved in DNA
repair (Table 3.6) had increased abundance in both Kin-1%°* and Kin-1°2 cell lines
compared to the Parental cell line, suggesting an increase in DNA repair potential with
the loss of Kindlin-1. ATM and ATR are among the proteins with increased abundance,
responsible for activating DNA repair pathways and inducing cell cycle arrest following
DNA damage (Yang et al., 2003). This increase in DNA damage responses may play a role
in tumorigenesis and cancer progression, as cancer cells must maintain a tolerable level
of DNA damage so as to continue to function and proliferate (Ghelli Luserna Di Rora et
al., 2020). Loss of Kindlin-1 in SCC cells and keratinocytes is known to increase DNA
damage, likely requiring an increase in DNA repair to maintain survival. Emmert et al.
(2017) found an increase in DNA damage with the loss of Kindlin-1 in mouse SCC cells

and keratinocytes. In response to oxidative stress, the SCC cells lacking Kindlin-1 had less
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activation of ERK signaling, compared to cells containing Kindlin-1, which contributed to
the increased DNA damage with the lack of Kindlin-1 (Emmert et al., 2017).

Considering that Kindlin-1 can localize to the nucleus in keratinocytes (Lai-Cheong et al.,
2008), taken together with my study that inactivation of FERMT1 leads to increases in
DNA repair protein abundances in SCC-13 cells, it is important for future work to
elucidate if Kindlin-1 localizes to the nucleus in SCC cells, and whether it participates in
regulation of genomic DNA repair.

4.5.4 Cytokine Signaling in the Immune System

Most of the proteins identified by Reactome are involved in cytokine signaling pathway
had decreased abundance in Kindlin-1 deficient SCC-13 cells such as MUC1, SYK, and
GAB2 (Table 3.6). This may reflect a decrease in signaling to the immune system as a
result of loss of Kindlin-1 in SCC-13 cells. Decreased immune signaling may benefit
cancer cells and aid in cancer progression, as it allows the cancer cells to evade immune
response, preventing cell death (Harjunpaa et al., 2019). This may give insight into why
loss of Kindlin-1 in humans can lead to increased incidence of aggressive SCC (Guerrero-
aspizua et al., 2019), as it may allow the cells to evade immune detection, a necessary
step in cancer progression (Hanahan et al., 2000).

Heinemann et al. (2011) found that loss of Kindlin-1 in keratinocytes leads to an increase
in expression of cytokines and growth factors, which were found to be further
upregulated in response to cell stress. This is contrary to what was found in the RPPA
data where most of the proteins associated with cytokine signaling were downregulated

in Kindlin-1 deficient SCC-13 cells. However, Heinemann et al. (2011) evaluated the
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expression of inflammatory cytokines, which were not represented in the RPPA analysis.
It is important for future studies to evaluate Kindlin-1 role in regulating the immune
system, as it may give insight into possible treatments for tumors lacking Kindlin-1.
4.5.5 Receptor Tyrosine Kinase Signaling

Kindlin-1 contains a PH domain, which allows it to interact with lipids within the plasma
membrane, suggesting that it may interact with transmembrane receptors. One such
receptor is EGFR, which directly binds Kindlin-1 in keratinocytes. In these cells, Kindlin-1
prevents the internalization of EGFR through clathrin-mediated endocytosis (Michael et
al., 2019). It is noteworthy that the RPPA data suggest a complex role for Kindlin-1 in
EGFR pathway regulation. Specifically, the loss of Kindlin-1 in SCC-13 cells revealed an
increase in abundance of EGFR, which may reflect the cells attempt to overcome
increased EGFR internalization with the loss of Kindlin-1. Future studies could evaluate
this potential effect by preventing EGFR internalization through the use of inhibitors of
endocytosis and evaluating resulting EGFR abundance. Furthermore, RPPA analysis
revealed an increased abundance of PTPN12, that is known to inhibit EGFR signaling
through dephosphorylation (Sun et al., 2011), which may also contribute to the
increased expression of EGFR to overcome this inhibition. However, there was a
decrease in abundance of PTPN11, which is also known to de-phosphorylate EGFR
(Prahallad et al., 2015).

4.5.6 Proteins Involved in Negative Regulation of the PI3K/AKT Network

Loss of Kindlin-1 in epidermal SCC-13 cells caused decreased abundance of proteins

associated with the PI3K/AKT signaling pathway, such as PI3K, AKT, GRB2, and RICTOR
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(Table 3.6), which are known to induce proliferation and survival (Hemmings et al.,
2016). There was also decreased abundance of ERBB2 and ERBB3 in Kin-1%°! and Kin-11©2
cell, which are known to bind to and activate PI3K (Ruiz-Saenz et al., 2018). One of the
main functions of the PI3K-AKT pathway is to maintain proliferation, survival, and
migration (Janus et al., 2017). My studies found no differences in proliferation in SCC-13
cells with the loss of Kindlin-1 (Fig. 3.2 and 3.3). The lack of differences in cell number
over 96 h between cells containing and lacking Kindlin-1 (Fig. 3.2) also points to no
differences in survival between these cell lines. Contrary to the function of PI3K-AKT
signaling in inducing migration, Kin-1%°1 and Kin-1¥°2 cells, which exhibited decreased
abundance of the PI3K-AKT proteins, had increased migration (Fig. 3.8). This indicates
that negative regulation of PI3K-AKT signaling likely did not impact Kindlin-1-deficient
migration, and migration was increased through a different mechanism. Considering
there was only a modest decrease in PI3K-AKT protein abundances (Table 3.5), it is likely
that the negative regulation of PI3K-AKT signaling did not impact migration, however,
more work determining the role of PI3K-AKT signaling in SCC-13 migration would need
to be conducted.

4.5.7 Signaling by RhoGTPases

Reactome analysis detected 12 proteins with altered abundance as a result of loss of
Kindlin-1 that are involved in RhoGTPase signaling, such as PAK1 and PAK4 (Table 3.6).
To my knowledge, this is the first study to show that Kindlin-1 alters the abundance of
proteins associated with Rho-GTPase signaling. In keratinocytes, Kindlin-1 is known to

regulate the activation of RhoGTPases, where loss of Kindlin-1 resulted in decreased
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activation of Racl, RhoA, and CDC42 (Has et al., 2009). However, the study by Has et al.
(2009) assessed activation of these proteins, not their abundances, which may help
explain the discrepancy in the effect of Kindlin-1 deficiency on migration between
keratinocytes and SCC-13 cells. There was a decrease in migration with the loss of
Kindlin-1 in keratinocytes, which differed from my results in SCC-13 cells, where loss of
Kindlin-1 enhanced SCC-13 migration (Fig. 3.8). This suggests differences in the effect of
Kindlin-1 on RhoGTPases between keratinocytes and epidermal squamous carcinoma
cells. Studies evaluating the activation status of RhoGTPases, such as Racl, RhoA, and
CDC42, would need to be performed in SCC-13 cells containing and lacking Kindlin-1 to
better characterize its effect on this signaling cascade.

4.6 Future Directions

In this thesis | demonstrated that Kindlin-1 is dispensable for cell proliferation and is
involved in spreading, migration, and protein regulation in SCC-13 cells. With each of my
assays | have already described future experiments that could better illustrate Kindlin-1
role in a given cellular process, for example cell spreading on ECM substrates of different
stiffnesses, or the use of signaling inhibitors to examine pathway activation. In addition
to my suggested experiments above, there are many other approaches that can be
utilized to elucidate Kindlin-1 function.

While my study found that Kindlin-1 is dispensable for proliferation of SCC-13 cells in
culture, | did not evaluate the function of phosphorylated Kindlin-1 in SCC-13 cells,
which is involved in maturation of centrosomes and microtubule stability during mitosis

in keratinocytes (Patel et al., 2016). It would be important to investigate the function of
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phosphorylated Kindlin-1, and its possible effects on regulating mitosis and the cell
cycle. Understanding the conditions under which Kindlin-1 may regulate the cell cycle in
SCC cells is vital for future treatment of SCC lacking Kindlin-1, as loss of Kindlin-1 can
lead to aggressive SCC (Guerrero-aspizua et al., 2019).

To gain a better understanding of Kindlin-1 role in tumor progression, spheroid assays
could be utilized to assess the stem-like properties of the SCC-13 cells containing and
lacking Kindlin-1 by assessing markers for stemness in spheroids, such as OCT4 and
SOX2. While there were no differences in spheroid number formed, there were
differences in spheroid perimeter, possibly pointing to differences in cell composition of
the spheroids in cells that did not express Kindlin-1. Furthermore, spheroid assays
should be used to study Kindlin-1 role in invasion of SCC-13 cells, as the spheroids
provide a 3-D system which more closely mimics the microenvironment experienced by
tumors.

Adhesion and spreading on the ECM has important implications for tumor progression.
Adhesion to the ECM through B1 integrins is associated with a higher number of stem
cells in the cell population, and can trigger outside-in signaling, such as the activation of
the ERK pathway, important for proliferation and survival (Janes et al., 2006). It would
be important for future research to focus on better understanding the role of Kindlin-1
in focal adhesion dynamics, and resulting adhesion in SCC-13 cells, to better elucidate
Kindlin-1 role in adhesion and spreading. This can be accomplished by assessing focal
adhesion size, density and localization by labelling focal adhesion proteins such as

vinculin, FAK, and paxillin in cells containing and lacking Kindlin-1, as well as adhesion
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assays where cells are plated, rinsed at specific intervals to remove non-adhered cells,
and counted.

Although RPPA analysis allows for analysis of a large number of proteins, future work
could focus on independently validating the results of proteins identified as being
significantly different using immunoblot analysis to confirm altered protein abundances
with the loss of Kindlin-1. Furthermore, effort should be focused on understanding how
Kindlin-1 plays a role in the pathways identified to be overrepresented in the RPPA
analysis and identifying any direct interactions of Kindlin-1 with these proteins to better
understand where Kindlin-1 functions in these pathways.

Kindlin-1 was found to affect the protein abundance of VEGFR (Table 3.5), suggesting
possible differences in tumor vascularization as a result of loss of Kindlin-1. It is
important for future studies to work toward understanding Kindlin-1 function in SCC in
vivo, such as through the use of mouse models, to better understand how the loss of
Kindlin-1 affects tumor dynamics such as angiogenesis and metastasis. Additionally,
mouse models are important for the study of immune system function to gain an
understanding of Kindlin-1 regulation of immune function in tumors. This would provide
better insight into the possible treatment options for Kindlin-1 deficient SCC and would
provide a framework for future drug development.

4.7 Concluding Remarks

To my knowledge, this study is the first to evaluate Kindlin-1 function in human
epidermal SCC cells. | have elucidated important, novel functions of Kindlin-1 in

regulating spreading on collagen |, and found Kindlin-1 to be essential for normal
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directional migration in human SCC. Moreover, | have revealed novel functions of
Kindlin-1 in modulating the abundance of proteins involved in regulation of the cell
cycle, stress responses, DNA repair, immune system responses, receptor tyrosine kinase
signaling, the PI3K/AKT network, and RhoGTPase signaling in human SCC. Additional
work is necessary to further elucidate Kindlin-1 roles in these pathways and how they

contribute to the development and progression of SCC.
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