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GENERAL INTRODUCTION

Keratinocyte function in health and disease

Epithelial tissue is a layer of compacted cells lining organs, blood vessels, and the body
cavities, as well as the outside of the body, which protects the underlying tissue from
the environment. The oral mucosa and the skin are the most protective epithelial
tissues as they form a physical barrier between the internal and external environment
of the human body". Through this barrier function, these epithelia protect against
damage caused by external factors such as chemicals, UV, allergens, and mechanical
and physical injuries®. Furthermore, epithelial tissues can have functions in water
retention and absorption, vitamin D production, sensation, and regulation of the body
temperature®®.

The skin is comprised of 3 main layers. The epidermis is the epithelium that forms
the outermost layer of the skin (Fig. 1). This is the main protective layer and consists
of four cell types: Melanocytes for UV protection and pigmentation, Langerhans cells
that guide the adaptive immune response, Merkel cells for somatosensation, and
keratinocytes that form the structural barrier component. Of these four cell types,
keratinocytes are the most predominant cells of the epidermis.

The basement membrane separates the epidermis from the layer underneath, the
dermis. The dermis forms the supportive layer that is important for elasticity and
holding appendages such as hairs and nails. Fibroblasts form the main component
of this layer, alongside blood vessels, immune cells, and the extracellular matrix.
The deepest layer is the hypodermis, which is mainly made of the subcutaneous fat
layer and is important for thermal insulation, mobility, and mechanical protection”.
In addition to white adipose tissue, the hypodermis also contains blood vessels,
inflammatory cells, and mesenchymal stem cells.

Oral mucosa is similarly divided in layers (Fig. 1). The lop layer is the epithelium, which
closely resembles the epithelium in the epidermis. This epithelium consists of the
same 4 cell types, with keratinocytes being the most abundant one, and is likewise
separated from the supportive layer beneath - the lamina propria - by the basement
membrane'. The lamina propria consists mostly of connective tissue, fibroblasts, and
blood vessels. Beneath the oral mucosa we find the submucosa, that typically forms a
layer between the mucosa and muscle layers.

11



CHAPTER1

12

Epidermis/epithelium

Dermis

Hypodermis

Oral mucosa

Figure 1| Architecture of the skin and oral mucosa

The skin and oral mucosa display a comparable architecture. The skin consists of 3 layers: the
epidermis (epithelial tissue), the dermis, and the hypodermis. The oral mucosa consists of 2
layers: the epithelium and the lamina propria, which are on top of the submucosa. The epithelial
tissue layer is the top layer of these tissues that protects the underlying tissue from the external
environment. This layer is mainly composed of keratinocytes. Adapted from Ji et al. and Eisenberg
et a[488,489.

Keratinocytes in the epidermis and oral mucosa

The epidermis and oral mucosa are stratified epithelia that consist of layers of
keratinocytes that are characterized by their specific morphology and biochemical
and genetic markers®®. These different layers of keratinocytes show a cohesive
cell architecture that is critical to the epithelial barrier function. This protection
is established through dead keratinocytes that form a cornified layer at the top of
keratinized epithelia, and/or through living keratinocytes that form a protective layer
through mechanical cohesion created by desmosomes, adherens junctions, and tight
junctions. Although keratinocytes in the dermal and oral epithelium have similar
functions, they also show different morphology and behavior - particularly studied
in the context of wound healing®" - and show some intrinsic differences in gene
expression patterns'®.

The keratinized epithelium of the epidermis can roughly be subdivided into four
layers of keratinocytes that express distinct marker proteins per layer (Fig. 2). The
bottom layer of the epidermis is the stratum basale, which contains the proliferating
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basal keratinocytes. Their daughter cells migrate upwards through the other layers
- the stratum spinosum and the stratum granulosum - until they reach the stratum
corneum at the skins surface and eventually shed off3. The stratum corneum forms
the outermost layer of the skin that regulates permeability and water retention. It is
organized in a “brick and mortar” architecture, where the bricks are the enucleated,
flattened, dead keratinocytes (“corneocytes”) and the mortar is formed by a complex
structure of linked protein and lipids that create an envelope around the cells'>*4,

1 ‘ Stratum corneum

| Stratum granulosum

Stratum spinosum

Epidermis /
Epithelium

‘ il i) | | Stratum basale
L ( | f—_ Basement membrane

Dermis /
lamina propria

Figure 2 | Architecture of the epithelial layer

Most epithelial tissues, including the epidermis and keratinized oral mucosa, consists of four
layers of keratinocytes. These layers exhibit different genetic and phenotypic characteristics that
define their different stages of proliferation and differentiation. The Stratum Basale is the bottom
layer and contains the proliferating keratinocytes. From here, the keratinocytes move upwards
through the Stratum Spinosum and Stratum Granulosum, towards the Stratum Corneum, where
they reach the final stage of differentiation and termination as enucleated, flattened, dead
keratinocytes. Adapted from Lawton*®°,

In the oral mucosa, the epithelium can be either keratinized or non-keratinized.
The mucosa that lines soft structures such as the lips, is generally non-keratinized.
Mucosa that provide a tougher lining over for example the gingiva and hard palate, as
well as specialized mucosa found at the dorsum of the tongue (containing specialized
structures such as the tastebuds) are keratinized'. These keratinized epithelia show
the same structure as the epidermal epithelium (Fig. 2), whereas the non-keratinized
mucosa is subdivided in the stratum basale, stratum filamentous, and stratum
distendum, thus lacking a cornified layer on top'.

Epithelial tissues are continuously regenerated, through a process of terminal
differentiation - also known as cornification or keratinization - of keratinocytes.
The basal layer contains distinct stem cell populations which give rise to the mature
keratinocytes™, As these cells differentiate, they detach from the basement
membrane and lose their proliferative capacities. These progenitor cells then go
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through a programmed process of differentiation while moving upwards through
the epithelial layers, with - in the case of keratinized epithelium - the eventual
purpose to form the cornified layer as terminally differentiated, enucleated, flattened
keratinocytes.

Regulation of keratinocyte proliferation and differentiation

Tomaintain intact barrier function, it is essential that proliferation and differentiation
of keratinocytes are well balanced, as aberrant balance can result in epithelial
disorders such as cancer, psoriasis, or defective wound healing. The proliferation
rate in the basal layer is regulated by the desquamation rate in the top layer, creating
a perfect homeostasis®™®. The epidermal differentiation process is tightly regulated
through several transcriptional programs. These programs are in their turn regulated
by transcription factors, signaling pathways, and epigenetic modifications on the
one hand, and challenged by external factors, such as aging and UV radiation, on the
other'®?°,

One of the main regulators of terminal differentiation is the epidermal differentiation
complex (EDC). EDC is a gene dense region on the 1g21 chromosome that codes
for several proteins, including proteins that are expressed by differentiating
keratinocytes®??. Key regulators of the EDC and other proliferation/differentiation
programs include P63 and Notch signaling, amongst others. P63 is generally regarded
as the master regulator for the development of the epidermis***°. Its activation
prevents continuation of keratinocytes in the cell cycle and p63 deficiency results in
aberrant differentiation®8, Similarly, Notch activation makes cells withdraw from cell
cycle activity, and upon Notch signaling cells show early differentiation markers such
as KRT1 and KRT10%". Other regulators of epidermal differentiation include MAPK
signaling pathways and calcium, which is a strong inducer of differentiation®3?.

Keratinocytes in wound healing

Since keratinocytes are the major cell type in the epithelium, they are not only
important for maintenance of the epithelial layer, but also its regeneration upon
wounding. Re-epithelization is the main characteristic of proper wound healing
upon dermal or oral trauma and starts just hours post-injury®. Dermal and oral
keratinocytes show a very similar response to wounding, with the main difference
that oral tissue shows faster, shorter, and a less intense healing response with lower
inflammation rates and overall faster wound closure'©2.

Upon epithelial injury, keratinocyte proliferation is activated, but this proliferation
only occurs 0.5-1.0 mm away from the leading edge of the wound?®*=¢. Rather, at the
edge of the wound, only cell migration - not proliferation - occurs and keratinocytes
move as a cellular sheet to eventually cover the wound®**6, When a wound is formed,
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keratinocytes secrete several immune molecules, such as cytokines, chemokines,
antimicrobial peptides and extracellular vesicles, which function in the crosstalk
between keratinocytes and hematopoietic immune cells®*°. For example, upon
epithelial damage, keratinocytes produce IL-1, which recruits macrophages to the
wound site?®. These macrophages in their turn stimulate fibroblasts to produce
keratinocyte growth factor (KGF), which stimulates the migration and proliferation of
keratinocytes* 3,

Keratinocytes in disease and disease models

Asthe main cell type of epithelia, keratinocytes are integral to normal epidermal and oral
function and regeneration, and aberrant keratinocyte function is at the base of several
epithelial injuries or diseases. The epithelial barrier function is a complex culmination of
several elements, including lipid content, cell-cell or cell-matrix junctions, keratinocyte
proliferation, and epidermal differentiation. Alterations at any level of these cell
elements or processes can result in impairment of the barrier function?®.

Wounding of the epithelial layer results in disruption of the barrier and it is important
that this wound heals quickly to restore the barrier. Would healing prevents excess
water loss or infection-induced sepsis, which in severe cases such as burn wounds
or several genetic skin diseases ultimately can result in death. The importance of an
intact barrier is exemplified by the increased survival rate of burn victims when an
artificial barrier is placed over the wounds**.

Genodermatoses are rare, monogenic skin diseases that present with defective skin
morphology. Over 560 different genetic skin disorders have been identified, which
have been associated with mutations in over 500 unique genes, frequently affecting
the keratinocyte poplulation*. Examples of genodermatoses that find their cause in
faulty keratinocyte function are Netherton Syndrome (NS), Harlequin Ichthyosis, and
specific types of Epidermolysis Bullosa (EB). Although the cause of these hereditary
diseases lays within the epithelium, they often come with systemic effects due to
the importance of the epithelial layer for overall health. This severely affects the
patients quality of life and in many cases reduces life expectancy*®. Current treatment
strategies are mostly in the field of wound and/or skin treatment, without targeting
the cause of the disease. However, thanks to sequencing efforts in the past decade, the
current understanding about underlying genetics has significantly improved, thereby
paving the way for better understanding of the molecular pathways and potential
treatment options*®.

In order to identify precise pathogenic mechanisms and establish therapeutic
opportunities, it is important to use appropriate disease models using human cells. For
a number of genodermatoses there are transgenic and gene knockout mice models,
although they frequently fall short in accurately recreating the clinical and histological
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aspects of human skin conditions*’. Proof of principle for the idea of using primary
human cells to model these diseases is presented in a recent study that modeled NS
into human keratinocytes through CRISPR-Cas9 mediated disruption of the SPINK5
gene. NS is characterized by a defective skin barrier due to inactivating mutations in
SPINKS5, resulting in faulty control of kallikrein expressions and excessive degradation
of the stratum corneum#®-°°, Disruption of the SPINK5 gene resulted in a hyperkeratic
phenotype and other hallmarks of NS. Moreover, subsequent application of a lentiviral
based ex vivo gene therapy reversed these phenotypes®’.

Similarly, primary keratinocytes can be used to model and treat forms of EB. There are
several types of EB that differ and are classified dependent on the type of mutation,
but they have in common that the epidermal layer has deficient adhesion to the dermal
layer, resulting in blistering of the skin. Patients with Recessive Dystrophic EB (RDEB)
carry a loss of function mutations in the COL7AI gene, resulting in dysfunctional
or absent Type 7 Collagen (C7) production by keratinocytes and fibroblasts®. In
healthy skin, C7 assembles in homotrimers to form a network of anchoring fibrils in
the basement membrane, that attach the epidermis to the dermis®*®. Therefore, in
RDEB patients, the COL7AI mutation results in severe and chronic blistering of the
skin and other stratified epithelia, including the oral mucosa, reducing life expectancy
and increasing the risk of cancer development®.

Current efforts in the development of therapeutic approaches against RDEB
include the delivery of a correct full length COL7A1I gene, or the ex vivo correction
of the mutation in patients’ cells followed by a transplant of the autograft®*°¢. To
assess the efficiency, safety, and mode of action of such therapies, large numbers of
RDEB keratinocytes are needed. However, it can be challenging to acquire sufficient
cells from patients as keratinocytes have a limited life span, patients already have a
fragile epithelium, and there are many different mutations. Therefore, modeling the
mutations as found in patients in primary keratinocytes derived from healthy skin
samples can be a solution to provide sufficient material to test and develop novel
therapies against EB. This shows that the use of primary human keratinocytes in the
modelling of genodermatoses is an attractive option to increase the understanding of
the pathogenesis and establish novel therapeutic strategies.

In contrast to the single mutations and hereditary pattern for genodermatoses
as described above, a culmination of specific mutations over time can also result
in keratinocyte-based diseases. Squamous cell carcinomas (SCC) originate from
keratinocytes that - induced by risk factors such as tobacco and UV - over time
develop a complex mutational pattern that result in uncontrolled proliferation®”. Due
to the complexity of this mutational pattern, it can be challenging to identify which
mutations are the key-drivers of disease development and if the order in which
mutations occur affects the pathogenesis. SCC can develop in any epithelial tissue,
but the most frequent types are SCC of the skin, lung, and head and neck, due to their
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high level of exposure to risk factors *”. To develop better treatment strategies for SCC,
it is essential to understand which genomic alterations are driver events for either the
development or progression of the disease. For this purpose, it is insightful to study
frequently occurring alterations in the context of normal keratinocytes and assess
how these alterations change keratinocyte morphology and behavior. This allows us to
study SCC initiation and progression in an early stage, as opposed to the use of cancer
cells, which only allows us to study disease progression at later stages. Ultimately, the
combination of both early- and late-stage disease models will provide a completer
understanding of SCC progression. Below we will further expand on the epidemiology,
mutational landscape, and development of head and neck squamous cell carcinomas.

Overall, keratinocytes are an integral part of the epithelial tissue and therefore play an
important part in its barrier function. Genomic alterations in these cells can result in
severe disorders, including genodermatoses and SCC. Therefore,normal keratinocytes
canbe animportant toolinincreasing our understanding of the molecular mechanisms
behind these diseases through modeling of their accompanying alterations, moving
forward the development of novel therapeutic approaches, and potentially even be
part of the solution in restoring the epithelial barrier upon injury.

Head and Neck Squamous Cell Carcinomas

Head and Neck Squamous Cell Carcinoma (HNSCC) develops from keratinocytes in
the mucosal tissue lining the mouth, nose, and throat areas and accounts for >90%
of all head and neck cancers®®. In 2020, 930.000 patients were diagnosed with head
and neck cancer. HNSCC incidence is still on the rise with new diagnoses expected to
surpass the 1.000.000 mark within this decade®®®. In the majority of cases, patients
are only diagnosed in advanced disease stages, partially explaining the high mortality
rate of over 50%°6,

HNSCC is typically associated with tobacco and alcohol consumption, although in
recent years there has been an increasing incidence of the human papilloma virus
(HPV)-induced subclass. HNSCCs are typically subdivided into HPV-positive and
HPV-negative subclasses, as these classes show clear differences in their population
statistics, genetic landscape, and prognosis®*®”. Whereas the HPV-negative subtype
shows a strong correlation to cigarette pack-years, the HPV-positive subtype affects
a younger population that were often “never-smokers” and its occurrence is more
frequent in the Western world. Furthermore, HPV-positive HNSCC has a significantly
better prognosis®®’, as this disease subclass typically only advances regionally and
only 7-9% of patients develop distant metastasis over the course of the disease®.
Although cigarette/alcohol intake and HPV infection are the biggest risk factors, genetic
predisposition can also play a part in disease development, for example in patients that
have polymorphisms in carcinogen-metabolizing or immune pathways®®7,
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The current standard of care for HNSCC includes surgical resection (if operable),
followed by radiation and cisplatin treatment. Although effective at controlling local
disease progression, cisplatin treatment comes with serious dose-limiting toxicities
and can have long term side effects™”. Moreover, cisplatin is less effective in
reducing the incidence of distant metastasis, and patients often develop treatment
resistance®73™, Therefore, in most cases a combination of approaches or alternatives
is necessary. One alternative approach is the use of cetuximab - an EGFR monoclonal
antibody that can function as radiosensitizer - both as stand-alone or combinatorial
therapy™. Cetuximab is mostly used in patients that are not eligible for cisplatin
treatment, as cisplatin is still the preferred chemotherapy with better results”””.
Additionally, several immune checkpoint inhibitors are now available, including
pembrolizumab and nivolumab, which are used in recurrent or metastatic disease™".

Despite aggressive therapeutic intervention, approximately half of patients develop
recurrent disease within two years. Over the past decades, there have been some
improvement in the 5 year survival rate of all HNSCCs, but this is largely explained by
the relatively increased number of HPV positive cases®?®. If we look at the prognosis
of the HPV-negative subset by itself, there has been minimal improvement. The poor
prognosis and lack in patient outcome improvement has prompted several studies
aiming to further classify HNSCC in subgroups based on their gene expression
profiles®?®4 However, these subgroups have not been widely adapted in clinical
settings as they showed to only have limited clinical utility®®. Therefore, a better
understanding of how the molecular landscape of HNSCC contributes to disease
development and progression is needed.

Mutational landscape of HNSCCs

Over the course of life, cells acquire genetic and epigenetic alterations®-28. Most of
these alterations do not affect cell function and are just passive bystanders. However,
occasionally an alteration occurs that provides the cell with a growth advantage,
resulting in clonal growth. These clones are thought to be at the origin of cancer®788,
To transform a normal cell into a cancer cell, several molecular regulatory changes
are necessary. These include induction of genomic instability, sustained proliferation,
and evading cell death among others®. These changes can be caused by a variety of
genetic alterations, depending on the type, origin, and stage of the tumor progression.

The two most prevalent types of mutation are single nucleotide alterations and DNA
copy number alterations (CNA). Single nucleotide alterations are the loss, insertion, or
substitution of a single nucleotide in a gene. These mutations are typically silent, but
can result in either a loss or activation of gene function if they occur in a functional
domain of the protein. DNA copy number alterations are a common and important
form of genetic instability in which gain or loss of whole chromosomes or chromosomal
regions can result in altered expression of oncogenes and tumor suppressor genes®,
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Although chromosomal deletions in cancer have been extensively studied, much less
is known about amplification of chromosomal regions (referred to as ‘amplicons’), due
to challenges in comprehensively modeling and studying amplifications. Amplicons
can exist either extrachromosomally on double minutes, or intrachromosomally at the
original or a new genomic location. The formation of amplicons can be promoted by
chromosomal fragile sites, defective DNA replication, and dysfunctional telomeresina
background of aberrant DNA damage control®®°,

Several sequencing efforts have characterized the most frequent genetic alterations
in HNSCC®®3, These studies revealed that HNSCC is a heterogenous disease,
characterized by a wide variety of mutations and genetic instability with frequent loss
or gain of chromosomal regions. The most comprehensive analysis of the mutational
landscape of HNSCC so far is the The Cancer Genome Atlas (TCGA) study, in which
520 tumors were analyzed for CNA, mutations, mRNA and miRNA expression®. This
study confirmed previous findings showing that the mutational landscape is very
different between HPV-positive and HPV-negative tumors and thus these two types
of HNSCC should be considered different diseases® .

Analysis of HPV-negative tumors shows that these tumors carry a high mutational
burden, with the most frequent alterations in the tumor suppressor genes TP53
(84%) and CDKNR2A (58%)°. The latter gene is also frequently silenced through
epigenetic mechanisms, making the total frequency of loss of CDKN2A function even
higher. TP53 is a key tumor suppressor, found dysregulated in virtually all tumors,
that couples the activation of apoptosis and suppression of the cell cycle to DNA
damage®. CDKNZ2A codes for the P16 protein, which is an inhibitor of the cell cycle
at the G1-S checkpoint that functions through inhibition of the phosphorylation and
degradation of the cell cycle repressor RB1%, Thus, through inactivation of both TP53
and CDKNZA, cells activate cell cycle progression while avoiding cell death and allow
for further accumulation of genetic alterations. Other frequent mutations in HPV-
negative HNSCC are found in FATI, NOTCHI, KMT2D, NSDI, CASP8, and PIK3CA®:.

Moreover, HPV-negative HNSCC carries frequent CNA%, These CNA can span both
large chromosomal regions, such as loss of chromosomal arms 3p and 8p, or gain
of chromosomal arms 3q, 5p and 8qg. The CNA can also be focal, as is the case for
deletions found for some of the aforementioned tumor suppressor genes, including
CDKNZ2RA and NOTCHI. Moreover, HNSCC displays frequent focal amplification in,
for example, receptor tyrosine kinases (EGFR, FGFRI, ERBBR2) or oncogenes such as
MYC or CCNDI. CCNDIis part of a wider focused amplification in the 11g13 region that
includes several genes with potential oncogenic functions. The 11q13 amplification is
a frequent focal amplification in HNSCC, found in 31% of HPV-negative HNSCCs%.

In contrast, HPV-induced tumors show a low frequency of alterations in tumor
suppressor genes such as TP53 and CDKNZ2A, but a relatively high incidence of
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alteration of the Pi3K pathway, either through amplification or gain of function
mutation in PIK3CA, or through loss of function mutations in PTEN®*%%" However,
the main oncogenic alterations in these tumors are caused by the HPV-virus. The
majority of HPV-positive HNSCCs is associated with HPV-16, although some are
associated with HPV-18 or other high risk HPV types®. HPV is a double stranded
DNA virus that carries several genes, including the E6 and E7 oncoproteins, which
are important for the malignant phenotype of HPV-positive cells®®. The E6 and E7
oncoproteins associate with and stimulate degradation of P53 and RBI, respectively,
resulting in evasion of cell death and releasing the break on the cell cycle. Thus, HPV-
infection provides an alternative mechanism to affect the TP53 and CDKN2A-RBI-
CCNDI pathways.

Development and progression of HNSCC

Cancer formation is a complex process in which cells accumulate somatic mutations
at random. Subsequent positive selection for the presence of driver mutations
results in a progressively more cancerous state of the cells®®. The development from
normal keratinocytes to metastatic HNSCCs follows a series of steps (Fig. 3). From a
histopathological perspective, the first step is hyperplasia of keratinocytes, followed
by dysplasia, carcinoma in situ, and eventually invasive carcinoma as the carcinogenic
keratinocytes break through the basement membrane®®. Advancement through these
stages comes with increasing frequency of oncogenic mutations'°.

As described above, numerous extensive analyses on the genetic landscape of HNSCC
exist. However, these analyses typically focus on mutations found in the final stages
of HNSCC, making it difficult to interpret at which stages these mutations occur and
how they affect tumor progression. Moreover, it remains unclear if these mutations
need to occur in a specific temporal sequence, or whether simply accumulating
these mutations is sufficient for disease progression. Lastly, sequencing efforts
such as TCGA have enabled the discovery of many mutated genes. Dependent on
the used analysis platform, data show 50-100 significantly mutated genes, which
are then classified as ‘candidate drivers’. However, many of these genes only show
low frequency occurrence or have unknown functions in tumorigenesis. Thus, it
is important to acquire experimental evidence on the contribution of frequently
occurring genetic alterations in HNSCC to assign driver functions.

Normally seeming tissue can already contain several oncogenic mutations. For
example, studies in skin show that normal dermal keratinocytes display many
mutations'®°? Normal aged skin carries approximately 2-6 mutations per megabase,
with a positive selection for mutations in cancer-associated genes such as TP53,
NOTCHI, and FATT'"°? This selection results in mutant clones, which can spread
laterally throughout the skin, thereby outcompeting neighboring cell clones'®?
Despite the presence of cancer-favoring mutations, these patches of skin do not
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display a cancerous phenotype, likely because they are space constraint and therefore
forced to behave normally'©*°4, Similarly keratinocytes in normal aged esophageal
tissue show a high level of mutational burden, especially in cancer genes such as TP53
and NOT'CHTI'®®. Cells with these mutations can form mutant clones that colonize the
esophagus, but still are displaying normal cellular behavior. Thus, in order to transition
to a cancerous phenotype, these keratinocytes require additional genetic alterations.

Only a few studies have aimed to compare the genetic landscape of normal, neoplastic,
and cancerous oral tissues®1°6197. These studies find that in HNSCC, mutations in
tumor suppressor genes such as TP53, CDKN2A, NOTCHI, and FATI are some of the
earliest events and can already be detected in potentially premalignant lesions'©®1%7,
However, many somatic CNA are found only in later stages of tumorigenesis!©®106107,
For example, deletion of CSMDI, deletion of NOTCHI, or amplification of PIK3CA
is frequently found in the transitioning stage from potentially premalignant lesion
towards malignant tissue'®”. Amplification of the 11q13 region coincides with the
transition to a severely malignant and metastatic stage'®®”. Thus, whereas single
nucleotide mutations are already present in normal and pre-neoplastic tissue, CNA
characteristically occur during the late stages in carcinogenesis (Fig. 3). Therefore,
further investigation into the contribution of commonly occurring CNA - such as the
11q13 amplification - to the progression of HNSCC will increase the understanding of
the pathogenesis of this morbid and lethal disease.
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Figure 3 | Development of HNSCC

The development and progression of HNSCC from normal mucosa goes through several stages,
which include hyperplasia, dysplasia, carcinoma in situ and eventually invasive carcinoma.
Progression is caused by an accumulation of oncogenic mutations, amongst which single
nucleotide mutations and copy number alterations are the most important contributors.
Although all types of mutations can be found to arise in any stage, single nucleotide mutations are
commonly found in the earlier stages of HNSCC development, whereas copy number alterations,
such as amplification of the 11q13 region, are more frequently found to arise in and contribute to
the later stages of cancer progression. Adapted from Johnson et al.58.
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Thesis outline

As described in this introduction, genomic alterations in keratinocytes are at the base
of several epidermal diseases, including HNSCC. Improved disease modeling will
enhance our molecular understanding of such diseases and create novel therapeutic
strategies. The work described in this thesis aimed to first provide a better tool to
study the effects of genomic alterations on keratinocyte function, and second apply
this tool in the genomic dissection of the 11q13 amplicon in HNSCC.

In Chapter 2 we describe a novel workflow for the efficient transfection and
engineering of primary adult keratinocyte through electroporation. We demonstrate
near 100% efficiencies for transfection and engineering of adult primary
keratinocytes by mRNA and CRISPR-RNPs and show efficient knockout of some of
the most frequently altered tumor suppressor genes. Lastly, we apply this technology
towards a proof of concept for the development of universal donor keratinocytes for
use in allogeneic cell therapies.

In Chapter 3 we report the genetic dissection of the 11q13 amplicon in SCC. A
combination of CRISPR-interference, CRISPR-knockout, lentiviral overexpression,
and computational analysis finds that 3 genes - CCND1, ORAOVI, and MIR548K - are
the main contributors to the oncogenic effects of the 11q13 amplification.

In Chapter 4 we study the role of amplified CCNDI in SCC development and
progression and find that its amplification induces CCNDI oncogene dependence.
This dependence is in contrast to primary cells, which show higher expression and
dependence on CCNDR2. We find that cyclin D1 largely acts in a CDK-independent
manner, suggesting that direct cyclin D1 targeting is favorable over CDK targeting.
Lasty, we identify RRMR2 as a downstream target of CCNDI and suggest RRM2 as an
alternative target in CCNDI amplified tumors.

In Chapter 5 we describe the discovery of ORAOV1Ias a pan-cancer essential oncogene
and show that its inhibition might be specifically effective in cancer cells as opposed to
primary cells. Mechanistically, we find that ORAOV1 is involved in protection against
oxidative stress and identify that ORAOVI induces expression of Thioredoxin, a key
regulator of oxidative stress.

Finally, Chapter 6 summarizes the main findings of this thesis and discusses these
findings in the context of previous work on the topic. This chapter has a particular
focus on the future perspectives of the use of CRISPR-Cas technologies in the
understanding and treatment of skin diseases, interpreting copy number alterations
in cancer, and the implications of the work described in this thesis for therapeutic
approaches for 11q13-amplified HNSCC.
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Abstract

Many skin diseases or conditions are caused by defective or damaged epidermal
tissue due to loss of normal keratinocyte function. To gain better insights into these
conditions, the development of representative genetic models is essential. Moreover,
engineered keratinocytes are an attractive option for cell therapies for a variety of
dermal conditions. Therefore, we need the ability to engineer keratinocytes to study
the effect of mutations on keratinocyte function and develop keratinocyte-based cell
therapies.

Current strategies to generate engineered keratinocytes are constrained by the
lack of efficient delivery of genome editing machinery. Here, we describe a new
electroporation-based cell engineering workflow that results in highly efficient
delivery of mRNA and CRISPR RNPs to primary keratinocytes derived from four
distinct anatomical sites. Using this new strategy, we are able to routinely achieve
gene editing efficiencies between 85 and 100% in under one week, thereby
eliminating the need for any downstream sorting or selection during the keratinocyte
engineering process. Importantly, our novel cell engineering process preserves normal
keratinocyte morphology and does not compromise cell viability or growth potential.
Finally, we show the scalability of the electroporation process, therefore enabling the
manufacturing of millions of engineered keratinocytes in a GMP-compliant process
with noloss in efficiency. We show that we can use this workflow to generate accurate
genetic models for squamous cell carcinoma. Moreover, we demonstrate a proof of
concept generation of universal donor primary adult keratinocytes for the use in cell
therapies.

Overall, we establish an improved workflow for the production of engineered
keratinocytes, decreasing engineering time down to under one week, while
significantly increasing efficiency and viability. These improvements open the door
for the development of robust keratinocyte-derived disease models and engineered
keratinocyte-based cell therapies.
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Introduction

Keratinocytes are the major cell type of the epidermis and are fundamental for both
the epidermal barrier function and wound healing of the tissue, as discussed in chapter
1. Many skin diseases or conditions - including squamous cell carcinoma (SCC),
epidermolysis bullosa (EB), pressure ulcers, and burn wounds - are caused by defective
or damaged epidermal tissue due to loss of normal keratinocyte function. In disease,
this loss of keratinocyte function is often caused by mutations in specific genes, such
as the KRT5, KRT14, or COL7AI genes in EB, or TP53 and CDKN2A in SCC. To gain
better mechanistic and therapeutic insights into these conditions, the development
of representative genetic models is essential. High fidelity disease models allow us to
study the effect of mutations on normal keratinocyte function in their appropriate
genetic context. Additionally, conditions that cause wound formation or defective
wound healing could benefit from keratinocyte-based cell therapies to improve and
restore the epidermal barrier function. For both the development of genetic models
and keratinocyte-based cell therapy, the ability to efficiently engineer keratinocytes
is essential.

Limitations in keratinocyte engineering

Keratinocytes are hard to transfect and current strategies to generate engineered
keratinocytes are constrained by the lack of efficient delivery of genome editing
machinery. The low efficiency transfection methods used by current cell engineering
workflows necessitate the inclusion of time-consuming single cell sorting or selection
steps to achieve a highly pure edited cell population. However, due to the fragile and
adherent nature of keratinocytes, these types of selection processes typically result in
growth arrest, phenotypic changes, or cell death, thus placing additional limitations
on the manufacturing of engineered keratinocytes. These limitations thereby
constrain studying keratinocytes in health and disease and block the development of
keratinocyte-based cell therapies.

Keratinocytes in disease modeling

As discussed in Chapter 1, we have a good understanding of the mutational landscape
for many genetic keratinocyte diseases. For diseases that have a simple mutational
pattern, such as EB, we already have a good understanding of the contribution of these
mutations to disease development, but genetic models can still contribute to new
therapeutic insights. However, for diseases with more complex mutational patterns,
such as SCC, it is more challenging to ascribe driver and passenger function to genetic
alterations. Head and Neck SCC (HNSCC) tumors have high genomic instability, with
reported average copy number alterations and coding mutations of 141 and 130 per
tumor, respectively®*°L. Some of the most frequent mutations, however, have also been
found in non-cancerous epithelial tissue, raising the question to what extent single
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mutations contribute to tumorigenesis'®', It is challenging to study the effect of
a single mutation on cancer progression in the context of a cancer cell, as signaling
pathways may be affected in several ways. Moreover, cancer cell lines are subject to
both genetic and phenotypic instability, which can result in selection of subclones as
cells are adapting to the in vitro culturing conditions.

Modeling the effect of single mutations on the oncogenic transformation process in
primary cells has several advantages over working with cell lines. First, cancer cell
lines have often been around for decades, the origin and subtype may not be fully
documented, and there is a risk that the cells over time have become contaminated
with either micro-organism, or other cell types, such as the HeLa cell line'®®°, In
contrast, primary cells have a defined origin and limited lifespan. Additionally, these
cells have not fully adapted to the cell culturing conditions and remain their primary
cell identity. This retention of primary cell identity allows us to study the process
of transformation from a normal to a cancerous cell at the intermediate stages in a
more representative model, instead of studying only the final stage of the cancer cell.
Thus, efficient keratinocyte engineering will allow for studying the effect of oncogenic
alterations in a representative cell type and help elucidate essential alterations in the
oncogenic transformation process.

Keratinocytes in cell therapy - restoring the epithelial barrier function

Faulty keratinocyte function is not only a cause of several epithelial disorders, it can
also be a consequence of epithelial barrier damage. This damage can be caused by
either epithelial or systemic diseases, such as diabetic foot ulcers, or through external
damage, such as burns or scrapes. As keratinocytes are the major affected cell type
upon this epithelial barrier damage, keratinocyte-based cell therapies can be used to
restore the epithelial barrier function.

The use of engineered keratinocytes for cell therapy has long been an attractive
option to treat various dermatological, oral, and aural disorders. Keratinocytes are
easily adapted to in vitro culture and expanded from even small tissue specimens,
making them an ideal cell source for a range of autologous and allogeneic cell therapy
products. Although the first generation of keratinocyte-based cell therapies showed
some promise in treating certain skin diseases, they were generally not more effective
than standard of care and therefore not widely adopted.

Cell therapies to restore the epithelial barrier function of the skin have been mostly
focused on the culture and development of epidermal grafts. The first successful
epidermal graft was cultured in 1979 by Green et al, which was quickly followed by
the first successful treatment of 3 degree burn wounds with autologous epidermal
grafts"!?, Since this initial work, there have been many studies with epidermal grafts
to treat skin wounds caused by burns or due to inherited skin diseases such as EB, with
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varied successes (reviewed by Petrof et al.™®). Developments to improve the success
rate have mainly focused on several variables in the composite of the skin graft.
Examples are addition of other types of skin cells besides keratinocytes (including
melanocytes, fibroblasts, and Langerhans cells), the origin of the cells (autologous or
allogeneic), composite/addition of a matrix (fibrin, collagen, acellular dermis), and the
way of administration (graft or spray).

Despite these developments, the standard in the field remains the split thickness or
full thickness autograft, sometimes combined with ex vivo keratinocyte proliferation
to increase available donor material™!">, However, the skin autograft has serious
limitations, and ex vivo proliferation costs valuable time (2-3 weeks) in which the
patient is susceptible to inflammation and scar formation. Moreover, autografts are
not always suitable, for example for patients where the wound covers large areas of
the body, elderly patients, or patients with inflammatory conditions. Therefore, the
use of allogeneic ‘off the shelf’ cells is an interesting option, as these cells could be
readily available and decrease the burden on the patient.

Already in 1983 the first patients were treated with allogeneic keratinocytes from
unrelated donors". Although initially it was thought that these allografts successfully
incorporated into the patients dermis, later reports showed that allogeneic donor
cells quickly disappeared, and it is now well established that allogeneic keratinocytes
only persist for a couple weeks after transplantation'”*. Recognition of allogeneic
keratinocytes as non-self by the hosts T-cells results in elimination by the immune
system, limiting the persistence of these cells in the skin. Administration of
immunosuppressants to receiving patients does increase the survival of the graft, but
the added risks on e.g. inflammation and toxicity, make this a precarious alternative'®?,
Although allogeneic keratinocytes do not engraft, they still provide some healing
properties that are attributed to secreted factors™®. Therefore, currently the use of
allogeneic keratinocytes is limited to conditions where temporary dressing can suffice,
such as small burns. For larger and more severe wounds, however, current allogeneic
cell therapies insufficiently stimulate full reepithelization.

Another strategy in the field of gene and cell therapy to treat genetic skin diseases is
through ex vivo gene repair. In this approach, the patients’ cells are engineered ex vivo
to repair the faulty gene, and then placed back. This approach is of particular interest
in the treatment of EB, where currently TALEN and CRISPR are being explored as
a viable strategy to edit keratinocytes®>°¢20124-127 For example, deletion of exon 80
of a faulty COL7AI gene or homology-directed repair (HDR)-based correction of
mutations in the COL7AI gene using CRISPR-Cas9 or TALENs showed restored
expression of COL7AIP>%1%512%6 However, correction efficiencies were only 11-15%,
limiting the use of this approach for clinical applications.
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Overall, the development of keratinocyte-based disease models and cell therapies
is very promising but is being held back by the lack of efficient genome engineering
methods for primary adult keratinocytes. Here, we present a novel workflow for very
efficient transfection and genome engineering of primary adult keratinocytes from
distinct anatomical sites. We apply this workflow to the development of HNSCC
models and demonstrate the production of universal donor adult keratinocytes
through deletion of MHC-I and MHC-II complexes through CRISPR-Cas9, paving the
way for keratinocyte-based allogeneic cell therapies.

Results
High Efficiency Delivery of RNA and CRISPR RNPs to Primary Keratinocytes

To achieve highly efficient transfection of primary adult keratinocytes, we explored
several chemical and electroporation-based transfection methods (see Table 1). We
achieved the highest transfection efficiency with the ATX electroporation instrument
(MaxCyte). Therefore, we explored these transfection options and conditions further.
For the purpose of transfection (and gene editing, see figure 2) optimization, we used
primary foreskin keratinocytes (FKC), as these keratinocytes have a low mutational
burden and are - comparably - easier to obtain and culture. Transfection of primary FKC
with mRNA-GFP at two different concentrations and at three different energy levels
resulted in transfection efficiencies over 90%. mRNA uptake increased with higher
energy and higher mRNA concentrations, with up to 97% transfection efficiency under
optimal transfection conditions (Fig 1a). Similarly, transfection of ATTO-550 labeled
CRISPR RNPsresulted in highly efficient transfection, with uptake efficiencies of >99%
at the higher energy and higher RNP concentration (Fig 1b). Whereas transfection of
plasmids has more challenges because of plasmid size and DNA-toxicity, compared to
fully optimized transfection under previous standard best conditions (Fig Sla), here too
we were able to achieve significantly higher transfection efficiencies of up to 43% (Fig
S1b). Plasmid transfection of keratinocytes requires higher energy than RNA and RNP
transfection, as lower energy resulted in less plasmid uptake (data not shown).

Whereas other transfection methods require the use of single cell selection or sorting
to improve population purity, significantly decreasing cell viability and inducing cell
death, this step is not necessary upon RNA or RNP transfection with the ATX. The
high transfection efficiency of CRISPR RNPs or mRNA did not affect cell viability or
morphology (Fig 1c), nor did the electroporation itself decrease cell proliferation (Fig
1d). Only upon electroporation of a CCR5-targeting Cas9:RNP did we observe a mild
decrease in cell growth, which is likely explained by the introduction of double strand
breaks into the DNA and activation of the DNA repair machinery. Furthermore, ATX-
mediated electroporation induced less oxidative stress in keratinocytes compared to
chemical transfection (Fig Slc).
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Figure 1| High efficiency delivery of RNA and CRISPR RNPs to primary keratinocytes

a Left: transfection efficiencies of primary FKC 24 hrs post electroporation of mRNA-GFP. Right:
flow cytometry data on uptake at optimal energy.

b Left: transfection efficiencies of primary FKC 24 hrs post electroporation of ATTO-550 labeled
Cas9:crRNA:tracrRNA. Right: flow cytometry data on uptake at optimal energy.

¢ Top: viable cell population of transfected keratinocytes from (A) and (B) as detected by
SSC-A versus FSC-A flow cytometry 24 hrs post electroporation. Bottom: accompanying
representative brightfield images of keratinocytes.

d Relative cell viability values based on Alamar Blue assay upon electroporation of primary FKC
(crRNA targeting the CCR5 locus).

e Flow cytometry data on transfection of primary OKC, TMKC, and primary dermal fibroblasts by
ATTO-550 labeled Cas9:crRNA:tracrRNA 24 hours post-transfection.
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Lastly, while we optimized transfection conditions in primary foreskin keratinocytes,
we demonstrate that we can easily adapt this workflow to keratinocytes of the tonsil
and the tympanic membrane, as well as primary dermal fibroblasts (Fig 1le), the
main cell type in the dermis. Thus, here we establish a highly versatile strategy for
transfection of primary human keratinocytes, with high efficiencies and without
compromising cell viability.

Table 1] Efficiencies of pSpCas9 transfectionin primary keratinocytes using different transfection

methods

Transfection method Uptake

Chemical Trans|T-X2 Transfection reagent (Mirus Bio) 15%
DNA-In CRISPR Transfection Reagent (Amsbio) %
Trans|T-Keratinocyte Transfection reagent (Mirus Bio) 7%
Lipofectamine 2000 Transfection Reagent (Life Technologies) 5%
FUGENE HD Transfection Reagent (Promega) 4%

Electroporation ATX (MaxCyte) 43%
4D-Nucleofector X (Lonza) 4%

Efficient gene knockout in primary keratinocytes enables modeling of
squamous cell carcinoma

Many conditions that originate from dysfunctional keratinocyte function - including
SCC - are caused by mutations in the genome. To gain better understanding of the
causes of these diseases and the effects of these mutations, it is essential to be able
to develop disease models that accurately represent the mutational landscape found
in these diseases. SCCs present with deleterious mutations in many cancer genes,
but we don’'t have a full understanding of which of these genes are essential for
tumor formation. Therefore, we aimed to engineer primary keratinocytes with high
efficiency to carry deleterious indels via CRISPR. We first transfected cells with a
SpCas9-GFP plasmid targeting CDKNZ2A. Consistent with the transfection efficiency
for a reporter plasmid, we observed better editing efficiencies at higher energy levels,
with up to 47% editing efficiency at the higher DNA concentration (Fig S2a), although
concentrations beyond 100 ug/mL show toxic effects and induce cell death (data
not shown). Although we were able to significantly increase the editing efficiency
by pSpCas9 plasmids compared to optimized chemical transfection, we aimed to get
editing efficiencies that omit the need for population purification. Therefore next,
we tested the efficiency of TP53- and CDKNR2A targeting Cas9:RNPs in editing the
genome. Primary FKCs where electroporated with the ATx with different Cas9:RNP
concentrations at different energy levels. 96 hours post electroporation, DNA was
collected and indel frequency was measured through TIDE assay®*®. Whereas we
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already demonstrated that transfection of Cas9:crRNPs is highly effective at all
shown conditions, the percentage of deleterious indels created in the respective loci
is significantly affected by the energy level and RNP concentration (Fig 2a). At the
lower energy and lower concentration, editing efficiencies balance around 60-70%,
whereas at the higher concentration and energy, we observed editing efficiencies up
t0 99% in both FKC and OKC (Fig 2a, Fig 2b, Fig 2c), with especially the higher energy
level being critical for good efficiency.

Since both TP53 and CDKNZ2A are tumor suppressor genes, the introduction of
deleterious indels in these genes might provide the cells with a proliferative advantage,
skewing the actual initial editing efficiency. Therefore, we tested next the editing
efficiency of two cell cycle genes and a “neutral” gene under optimized conditions
(Fig 2d). We were able to repeat the engineering process to achieve similar editing
efficiencies with all targets. Importantly, editing efficiencies were stable over time
(Fig 2e), indicating that this engineering workflow is not affecting cell viability or cell
growth in a manner that promotes the selection of non-transfected or unedited cells.
This method thereby allows us to efficiently model specific deleterious mutations in
primary keratinocytes with far greater efficiency than previous methods.

Keratinocytes that accumulate a variety of specific mutations can give rise to SCCs.
SCCs display a remarkable genetic homogeneity, even between tissues of origin, and
we find similar mutational patters in different types of SCCs®*. Amongst SCCs we
find that some of the most frequently altered genes are TP53, CDKN2A, NOTCH]I,
FATI, and KMTR2D (Fig 2f)%1?°80 Typically, the introduction of somatic mutations
in these genes induces gene disruption through, for example, activation of the
nonsense mediated decay (NMD) process or induction of missense mutations that
result in a dysfunctional protein. Together with homozygous deletions and promotor
methylation (frequent for CDKN2A) the result is decreased or absent gene activity.

Through electroporation of crRNA:Cas9, we were able to achieve high gene knockouts
for the most frequently mutated genes in SCCs (Fig 2f), thus allowing us to model
the evolution of SCCs in a way that accounts both for the timing and the genetic
context in which mutations occur during SCC tumorigenesis. Together with increased
transfection efficiencies that we were able to achieve in keratinocyte-derived cancer
cells (Fig S2c¢), this now provides us with a robust toolset to study the role of cancer
genes in SCCs.
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Figure 2 | Efficient gene knockout in primary keratinocytes enables modeling of squamous cell
carcinoma

a Percentage of indels measured via TIDE 96 hrs post electroporation with CDKN2A- and TP53
targeting CRISPR RNPs in primary FKC.

b Sanger Sequencing traces of engineered OKC 96 hrs post electroporation with CDKN2A- and
TP53targeting CRISPR RNPs.

¢ Immunoblot analysis for P53 and CDKN2A expression in OKC 96 hrs post electroporation of
CDKNZ2A- and TP53targeting CRISPR RNPs.

d Percentage of deleterious indels measured via TIDE 96 hours post electroporation of 5
different CRISPR RNPs targeting either negative, neutral, or positive cell cycle genes in primary
keratinocytes.

e Percentage of deleterious indels measured via TIDE 4 days or 20 days post electroporation of 3
different CRISPR RNPs.

f Most significantly mutated genes in 3 types of SCC and their percent deleterious indels upon
electroporationin KCs. HNSCC: TCGA PanCancer (496 tumors), LSCC: TCGA: PanCancer Atlas
(469 tumors), CSCC: UCSF,NPJ Genom Med 2021(83 tumors).
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Adaptable strategies for the development of keratinocyte-based cell therapies

Our results presented thus far show a highly efficient workflow to engineer primary
keratinocytes. The use of engineered keratinocytes for cell therapy is an attractive
option to treat a variety of dermal conditions. However, engineered keratinocyte-
based cell therapies have been limited by the lack of efficient transfection methods
for adult keratinocytes. Engineering strategies for the development of cell therapies
can be more complicated than for other purposes. Therefore, we next aimed to see
if we can use our electroporation process for more complex engineering strategies.
First, we show that the cell engineering process is gentle enough to allow for multiple
rounds of genome editing without sacrificing efficiency or cell health (Fig 3a). Further,
multiplexed electroporation of CRISPR-RNPs resulted in high transfection and is
equally efficient in creating indels compared to transfection of a single target (Fig 3b).
Thus, this allows us to target multiple genes in either sequential or multiplexed editing
strategies.

For the development of cell therapies, it is important to consider the manufacturing
scale. Depending on the application of the cell therapy product, it can be desirable
to be able to produce very high numbers of engineered keratinocytes in a single
manufacturing run. Therefore, we aimed to scale up our process. MaxCyte’s
electroporation platform has instruments for different scales, including closed system
cGMP-compliant instrumentation that allows for the engineering of tens of billions of
cells at a single time. We show that our engineering process is highly scalable, enabling
the electroporation of up to 8x10° keratinocytes in a single reaction (Fig 3c) with
no further optimization. This is a 16-fold scale up compared to our previous runs -
using electroporation of 0.5x10° keratinocytes - without any loss in transfection or
editing efficiency, and with significant capability for further up-scaling. Moreover, we
show that the indel pattern created upon electroporation is nearly identical between
the smaller and larger scale (Fig S3a). These data corroborate the consistency and
seamless scalability of the engineering process, enabling the manufacturing of millions
of engineered keratinocytes in a GMP-compliant process.

The production of high number engineered keratinocytes is of particular interest for
the production of universal donor cell therapies, as cells can be engineered, preserved,
and serve as “off the shelve” allogeneic therapies. However, non-engineered allogeneic
cell therapies are typically hampered by low persistence of the donor cells post-
engraftment. Therefore, the first challenge to overcome in the development of such
cell therapies lies in preventing an immune response upon patient engraftment by
using gene editing to create hypoimmune allogeneic keratinocytes. The immune
response by the host develops from T-cells that get activated upon recognition of
antigens presented on major histocompatibility class I or class II (MHC-I1 / MHC-II)
protein complexes present on the surface of the cells, where MHC-I present antigens
to CD8+ cytotoxic T cells,and MHC-II to CD4+ helper T cells.
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To create hypoimmune allogeneic keratinocytes, we therefore aimed to engineer cells
that have defective MHC-I and MHC-II expression. MHC-I complexes are expressed
on all nucleated cell types and consist of 4 chains (a1-3, and B2-microglobulin
(B2M)), of which the B2M locus is located on a different chromosome. MHC-II is only
constitutively active on antigen presenting cells, but some other cell types may also
express these proteins upon induction by interferon-y (IFN-y). Expression of MHC-
II is tightly positively regulated by the class II major histocompatibility complex
transactivator (CIITA), which is activated by IFN-y. To verify the necessity of MHC-II
depletion in allogeneic keratinocytes, we first tested whether keratinocytes express
MHC-II upon induction with IFN-y. Incubation of keratinocytes with different
concentrations of IFN-y induced expression of MHC-II in a significant part of the
keratinocyte population (Fig S3b). We confirmed this observation in keratinocytes
from distinct anatomical sites (Fig S3c), supporting the need to target both MHC-Iand
MHC-II to create universal donor allogeneic keratinocytes. To target these complexes,
we engineered dermal and oral keratinocytes with deleterious indels in the B2M
and CIITA loci using a multi-guide CRISPR knockout strategy. Flow cytometry on
expression of MHC-I (B2M) and MHC-II (HLA-DR) shows very effective depletion
of MHC-I, and reasonable depletion of MHC-II (Fig 3d). Accounting for only partial
activation of the MHC-II in the population, 80% of total cells does not express MHC-I
nor MHC-II, thus creating a significant hypoimmune allogeneic keratinocyte pool that
can be used for allogeneic cell therapies.

Keratinocytes both in the skin and in culture have a limited lifespan. After a set
number of cell divisions, keratinocytes undergo differentiation and keratinization,
thus eventually leading to cell death and senescence. To assess whether we can culture
sufficient numbers of engineered keratinocytes for use as an off-the-shelf cell bank,
we calculated the total number of engineered cells obtained from 1 vial of cells upon
B2M and CIITA knockout engineering (Fig 3e). Based on these numbers, we then did a
conservative calculation on the number of cells we could produce when starting from
fresh donor material. In vitro expansion for 20 or 23 days (P5/P3 to P11) would produce
up to 1.6E9 oral keratinocytes (OKC) and 1.9E9 tympanic membrane keratinocytes
(TMKC), respectively. For an allogeneic cell therapy manufacturing process, we
would target cryopreservation to create a cell bank of engineered keratinocytes after
approximately 3 weeks (8 passages) in culture in order to guarantee functional and
healthy keratinocytes post-thaw. This strategy would reduce the amount of preserved
engineered keratinocytes overall, but still allows manufacturing of at least 3.2E7
(TMKC) and 1.5E8 (OKC) engineered cells from a small specimen.

In summary, here we present a novel and improved workflow for the very effective
transfection and engineering of primary adult keratinocytes, decreasing engineering
time down to under one week, while significantly increasing efficiency and viability.
These improvements allow for rapid development of robust keratinocyte-disease
models and engineered keratinocyte-based cell therapy processes (Fig 3f, Fig S3d).
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Figure 3 | Adaptable strategies for the development of keratinocyte-based cell therapies

a Percentage of indels created 96 hrs post electroporation at 1st or 2nd round of sequential
editing of primary oral keratinocytes, measured through TIDE. Upper and lower whiskers
represent the largest and smallest observed values within 1.5 times the interquartile range from

the ends of the box.

b Matched percentage of indels created 96 hrs post electroporation of either single or dual
CRISPR RNPs of 6 different targets in primary oral keratinocytes. Upper and lower whiskers
represent the largest and smallest observed values within 1.5 times the interquartile range from

the ends of the box.

¢ Flow cytometry data on transfection of 8 x 10° primary foreskin keratinocytes by ATTO-550

labeled Cas9:crRNA:tracrRNA 24 hours post-transfection.

d Left: representative flow cytometry data on expression of B2M (MHC-I) and HLA-DR (MHC-II)
5 days post electroporation of 6 CRISPR RNPs using the Synthego multi-guide knockout kit in
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primary forearm-derived skin keratinocytes. Right: pooled expression data upon knockout in
oral and skin keratinocytes relative to their control cells without IFNy.

e Total number of keratinocytes expanded from 1vial (approximately 0.8 x 10° cells) of P3 (TMKC)
and P5 (OKC) cells up to P11including 1round of electroporation targeting B2M and CIITA, and
the theorized total minimum cell numbers expanded from 1small specimen to P11.

f Optimized workflow to create engineered keratinocyte-based cell therapies.

Discussion

In this study, we established a novel workflow for the efficient transfection and
genome engineering of primary adult keratinocytes. We demonstrate robustly
high transfection efficiencies of 90 - 100% with mRNA and CRISPR-RNPs in
keratinocytes of different anatomical origins, without compromising cell viability or
morphology. Delivery of CRISPR-RNPs resulted in equally high editing efficiencies of
target genes. We demonstrate that we can induce efficient gene knockouts in some of
the most frequently mutated tumor suppressor genes in SCCs, opening possibilities
to study cancer genes in more appropriate genetic contexts. Ultimately, we utilize this
new workflow to generate universal donor keratinocytes, opening up novel strategies
for the development of keratinocyte-based cell therapies for the treatment of a variety
of epidermal conditions.

Keratinocytes are at the center of epidermal conditions that are caused by either
injuries or genetic skin diseases. Thus, the ability to engineer keratinocytes to study
specific mutations or create cell therapy products will help to gain better mechanistic
and therapeutic insights into these conditions. However, keratinocytes are hard to
transfect, and current strategies are not efficient enough to create a high purity cell
population, thus necessitating lengthy and harmful selection steps. Over the years,
many different strategies have been explored, with the highest success rates coming
from lipid-based transfection methods, viral gene delivery, and electroporation'™.
However, even in more efficient transfection protocols, cell viability remains a key
issue®*3 Here we report high transfection efficiencies in primary adult keratinocytes,
with transfection rates of 97% (RNA) and 100% (RNPs) for keratinocytes of multiple
origins. Importantly, our electroporation-based workflow does not affect cell viability,
growth, or morphology. Electroporation is generally accepted as the most efficient
way to transfect keratinocytes, yet the high efficiencies we report here have never
been shown before.

Other studies have also found that after electroporation keratinocytes still
express keratinocyte stem cell markers, suggesting that they retain their stemness
features*”*, In our study, we show plasmid transfection rates of up to 43%. Although
this is higher than plasmid transfection efficiencies using alternative methods, it is
significantly lower than the transfection rates that we found for RNA and RNPs. This
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is to be expected, as plasmids are not only bigger, but also more toxic to cells. Using
RNPs instead of plasmids for CRISPR-Cas9 based genome engineering also has other
benefits, such as the higher stability of RNPs and a lower rate of off target effects as
RNPs only have transient Cas9 expression and thus shorter nuclease activity, avoiding
the risk of (partial) integration into the genome®*1%,

The high transfection efficiencies that we obtained also translate to high editing
efficiencies in primary keratinocytes, as under optimized conditions we routinely
achieve 90-100% deleterious indel creation.

The unprecedented efficiency enables new strategies to study keratinocyte function
in health and disease. Here we show efficient knockout of the most frequently altered
tumor suppressor genes in SCC. Through combined or sequential gene knockout of
these genes we can accurately model SCC progression and identify key events that
progress keratinocytes from healthy, to neoplastic, to cancerous. This is particularly
important as many cancerous mutations have also been found in non-cancerous
skin'®%, Previous work from our lab using CRISPR-mediated knockout of cancer
genes in keratinocytes showed that only specific combinations of gene knockout
create oncogenic phenotypes such as invasion and in vivo tumor growth (Planells
Palop et al., submitted). Thus, identification of progression events will give us new
mechanistic and therapeutic insights for SCC.

Besides SCCs, there are over 560 identified genetic skin disorders that are caused by
alterations in over 500 different genes*’. Many of these conditions are caused by loss
of function (LOF) mutations in genes essential for normal keratinocyte function, such
as LOF of NF1 (neurofibromatosis type I), LOF of ABCAIR (Harlequin Ichthyosis), and
LOF of Spink5 (Netherton disease)®®*8, Furthermore, diseases can also be driven
by gain of function (GOF) mutations that activate genes or alter their function, such
as PIBKCA in cancer. Current efforts in the field aim to broaden the genomic tool set
in primary keratinocytes to study these types of mutations as well, using e.g. prime-
editing techniques to create specific mutations™®. Overall, modeling these LOF
or GOF mutations in keratinocytes in cell- or organotypic culture will enhance our
understanding of these genetic skin diseases.

Next, we show the use of the engineering workflow for the development of novel cell
therapies. The development of CRISPR/Cas9 (and associated) technologies have
accelerated the developments in the field of gene- and cell therapies. In recent years,
the use of TALEN and CRISPR have been explored as a way of correcting patients
defective keratinocytes ex vivo in epidermal diseases such as EB®6120124127 The
results of these studies are promising, as they for example show restored expression of
the COL7A1 gene®*% However, low efficiencies and cell viability issues limit the use of
this strategy in clinical applications. With the improved transfection efficiencies that
we show here, future studies can focus on higher efficiencies of these strategies.
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As opposed to ex vivo gene repair of the patients’ affected cells, a distinct approach
is to transplant either autologous or allogeneic healthy keratinocytes. In recent years,
there have been few developments in this application of epidermal grafts as a cell
therapy for epidermal conditions. Most grafts used in the clinic are still autografts,
as allografts only persist for a couple weeks and their contribution to wound healing
is limited to their secreted factors"®*'1?® Furthermore, autologous grafts increase
the burden on patients and have limitations in use in patients with wounds that
cover large parts of the body, inflammatory conditions, or elderly patients. On the
other hand, allogeneic grafts are limited to the use where temporary dressing can
suffice. Despite their limited contribution, allogeneic keratinocytes still support
wound healing in diabetic foot ulcers and 2™ degree burns, although this can also be
(partially) attributed to other factors in the product that stimulate wound healing'?°'4°,
Allogeneic cell therapies with bone marrow concentrate, mesenchymal stromal cells,
or fibroblasts also benefited EB patients, but HLA matching remains an issue and only
the patients faulty COL7 was produced™!43,

Therefore, here we aimed to overcome these limitations through the development
of universal donor hypoimmune allogeneic keratinocytes that can be used for all
patients, without getting rejected.

There are several strategies to manipulate the antigen presenting capacity of cells
to prevent CD4+ and CD8+ T cell recognition. Here, we chose to create deleterious
indels in B2M and CIITA, to inhibit the expression of MHC-I and MHC-II complexes,
respectively. MHC-I is constitutively expressed on all nucleated cells, so deletion of
MHC-I is always needed to prevent immune cell recognition by the host. However,
complete loss of MHC-I can also stimulate recognition by natural killer (NK) cells. To
overcome this problem, alternative strategies can include expression of a non-classical
HLA to prevent NK-cell recognition, or MHC-I knockout with HLA-C7 retention by
targeting HLA-A, HLA-B, and non-7 HLA-C*#4146, MHC-II is less actively expressed
on keratinocytes. Generally, in the epidermis only Langerhans cells express MHC-II,
and a few studies also report expression by keratinocytes under normal homeostatic
condtions'"*8, However, keratinocytes are more robustly found expressing MHC-II
under certain conditions, such as skin disorders or when stimulated with IFNy %155,
So it is likely that MHC-II expression can get induced in pro-inflammatory situations,
which is supported by the positive correlation between expression and lymphocyte
infiltration's1°6,

Here, we show a decrease of 96% in B2M (MHC-I) expression upon B2M knockout,
and a 67% decrease in HLA-DR expression upon CIITA knockout, resulting in only
17% of cells expressing HLA-DR upon IFN-y stimulation. Effectively, this means
that 80% of the keratinocyte population does not present antigens, being of low
immunogenicity and thus can be used as universal donor cells. Previous studies
in IPSC derived MHC-I and MHC-II deficient endothelial cells, cardiomyocytes,
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and smooth muscle cells, show that these cells can successfully be transplanted,
as these cells avoid recognition by the immune system without the need for
immunosuppressants®”. No such studies have been done in keratinocytes, but viral
overexpression of US1l has been shown to downregulate MHC-I expression and
improve cell survival'®®, However, this downregulation only lasted for 24 hours, thus
limiting the usage of these cells. Alternative approaches could include the expression
of immune suppressive molecules such as PD-L1 and CTLA4-Ig, as keratinocytes can
modulate CD4+ T cell proliferation through surface expression of immune checkpoint
proteins, although this is particular for the progenitor population and less so for
differentiated keratinocytes!®%16°,

We calculated that from a single small specimen, we can obtain between 3.2E7
and 1.5E8 universal donor keratinocytes at an early passage. The selection of early
passage keratinocytes is important, as keratinocytes increase in size over time and
loose progenitor markers such as keratin 5 and 15, which is indicative for keratinocyte
differentiation'. Thus, for cell therapy purposes it could be preferred to use younger
keratinocytes as these population include more progenitor-like cells. Additionally,
factors that should be considered to optimize keratinocyte culture for such purposes
include the addition of agents that can transiently stimulate cell growth and expansion
in a safe manner, such as ROCK-inhibitors, KLF-4 inhibitors, or SMAD inhibitors!6?165,

Studies would be needed to determine how long the universal donor cells remain in
the skin, as part of normal keratinocyte function is to differentiate and shed off. This
shedding is likely dependent on the progenitor state/ keratinocyte stem cell fraction of
the population. On the other hand, a limited lifespan may reduce the risk for neoplastic
growth originating from the engineered cell product.

A previous in vitro study indicated that 750.000 keratinocytes in spray formulation
were sufficient to re-epithelialize an area of 10-15 cm? within 7 days'®®. Therefore,
the above-mentioned numbers equate to enough keratinocytes for approximately
200 doses in single-cell suspension application. This form of application is a very
practical one, as it is easy to transport and store. For comparison, keratinocyte sheets
are vulnerable as they are only 8-10 cells thick. Therefore, they need a backing for
transport and once detached from the culture vessel, they need to be transplanted
the same day. Lastly, in the transplant process there is an enhanced risk on blister- and
tear formation. Application through a spray does not affect cell viability and previous
studies showed more success compared to keratinocyte delivery through a fibrin
membrane transfer, and cells showed evidence of proliferation66167,

It is hypothesized that in suspension, keratinocytes are not contact inhibited, and are
therefore more proliferative and provide better support in the wound healing process.
Keratinocytes in suspension can be applied in medium or in fibrin as a delivery
vehicle. The rationale behind delivery in fibrin is that fibrin will instantly clot upon
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application, reducing the likelihood that the applied cell suspension runs out of the
wound. Moreover, the fibrin could theoretically stimulate cell growth when combined
with growth factors. There have been several successful studies and clinical trials that
show improved wound healing upon application of keratinocytes in suspension!66168-172,
Some of these studies combine keratinocytes with other cell types, such as fibroblasts,
melanocytes, or Langerhans cells'®®1%°'72 For example, clinical trials by Kirsner et al.
found that suspension-applied allogeneic keratinocytes and fibroblasts improved
wound closure of venous leg ulcers in a phase II clinical trial'®®. However, in the
subsequent phase III clinical trial they did not observe a difference between treated
and control subject, most likely due to the quality of the keratinocytes!™.

To create better keratinocyte-based cell therapies, genome engineering can also be
used to engineer keratinocytes with specific properties - such as enhanced wound
healing or improved antimicrobial activity - that enable better treatment of targeted
indications. For example, one study showed that introducing a host defense peptide
(LL-37) in keratinocytes in mice improves woundhealing'™, whereas in another the
introduction of keratinocyte growth factor 1-a (KGF1-a) in the epidermis of rats also
showed faster wound closure!”®. Furthermore, keratinocytes from different anatomical
sites - although genetically and phenotypically very similar - show some intrinsic
differences, and dermal keratinocytes transplanted into the oral cavity maintain their
skin morphology'"®'””, Using allogeneic approaches provides more possibilities to site-
match and thus maintain site-specific properties.

With the above-described approaches for new “off the shelf” allogeneic keratinocyte-
based cell therapies, patients with a variety of epidermal conditions can benefit.
Evident indications would be patients with 2"- or 3 degree burns, diabetic foot
ulcers, venous leg ulcers, and patients with genetic skin disorders such as EB.
However, one could also imagine to topically apply allogeneic keratinocytes upon
tympanic membrane (TM) perforation, as an alternative to tympanoplasty, to
enable regeneration of the TM. Similarly, upon resection of (oral) SCCs, allogeneic
keratinocytes in a matrix such as fibrin or collagen can be applied on the site of
resection to stimulate regeneration of the area.

In summary, we describe a novel workflow for the efficient transfection and genome-
engineering of primary adult keratinocytes, creating possibilities for the generation
of new models for genetic skin disorders and the development of novel keratinocyte-
based cell therapies.
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Materials and methods
Cell culture

Human primary keratinocytes were collected and isolated from patient derived
mucosal (5 donors), foreskin (2 donors), or tympanic membrane (1 donor) samples and
cultured in Medium 154 and Keratinocyte Serum Free Medium (11, Life Technologies
cat#M154500 and cat#17005042), supplemented with 5 mL/L Human Keratinocyte
Growth Supplement (Life Technologies cat#S0015), 25 mg/L Bovine Pituitary
Extract (Life Technologies cat#17005042), 2.5 ug/L. EGF Human Recombinant
(Life Technologies cat#17005042), and 1% Penicillin/Streptomycin (P/S, Corning
cat#MT30002CI). Human primary fibroblasts were isolated and collected from
patient derived skin samples and cultured in DMEM supplemented with 5% FBS
(Corning cat#MT35010CV) and 1% P/S. FaDu (ATCC cat#HTB-43, male) and
Detroit562 (ATCC cat#CCL-138, female) cells were grown in Eagle’s Minimal
Essential Medium with L-glutamine (Fisher Scientific cat#50983283) supplemented
with 10% FBS and 1% P/S.

Electroporation protocol

Cells were transfected via electroporation using the MaxCyte ATX electroporation
platform using a variety of settings and conditions, of which some have been
described in the results section. Here we will describe only the optimal conditions.
For electroporation, sub-confluent cells were trypsinized and washed 1x in DMEM
and Ix in Opti-MEM (Life Technologies cat#31985070). Cells were resuspended to a
concentration of 2.5E7 cells/mL in Opti-MEM.

CRISPR-Cas9 RNP

Gene-specific crRNAs (table 2) were designed and tested to maximize disruption
of gene expression. crRNAs and Alt-R CRISPR-Cas9 tracrRNA (Integrated DNA
Technologies) were hybridized in a 1:1 ratio to a final concentration of 50 pM.
crRNA:tracrRNA were complexed with Cas9-RNP (Macrolab, UC Berkeley) at a 1:1:1
ratio for 20 minutes at room temperature and subsequently mixed with the cells to a
final concentrations of 2.5 uM crRNA:Cas9 per sgRNA and 2.0E7 cells/mL.

mRNA
GFP-RNA was prepared in water and mixed with the cells at a final concentration of
150 ug and 2.0E7 cells/mL.

Plasmid
pSpCas9(BB)-2A-GFP plasmid (Addgene cat#48138) targeting CDKN2A (gRNA:
CACCGAATAGTTACGGTCGG) and pGFP plasmid (provided by MaxCyte) were
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prepared in water at a concentration of 3000-10.000 ng/ul. Plasmids were mixed
with the cells at a final concentration of 100 pg plasmid and 2.0E7 cells/mL.

Cells were electroporated in 25 pl or 400 pl reactions with the ‘Optimization 7
(Keratinocytes, Fibroblasts and Detroit562) or ‘DLD-1 (FaDu) electroporation
protocols using OC-25x3 or OC-400 processing assemblies. After electroporation,
cells were immediately collected from the processing assembly, plated into a 6 well
plate and recovered 20 minutes at 37°C, before resuspending in 2 mL culture medium.
Transfection efficiency and cell viability was determined 24 hrs post electroporation
on a LSR II Flow Cytometer (BD). For genome engineering, gene disruption was
confirmed 96 hours post electroporation through TIDE (Tracking of Indels by
Decomposition) analysis128 (primers: table 2).

Table 2 | crRNAs and primers for TIDE analysis

Target gene crRNA sequence Forward primer Reversed primer

CCND1 CATTTGAAGTAGGACACCGA ~ CACACGGACTACAGGGGAGT ~ ACCCCTTCCTCCTTCAGAAA
CCND2 CTCGTGGCACAGCAGCTCCA  GGGAGAGCGAGACCAGTTTT  GACCTACCTCCAGCATCCAG
CCR5 AACACCAGTGAGTAGAGCGG ~ TGCTTGGCCAAAAAGAGAGT  CGATTGTCAGGAGGATGATG
CDKN2A TAACTATTCGGTGCGTTGGG ~ GACTCCCTTTTTATCCCAAACG CCAGTCCTCCTTCCTTGCCAAC
FGF19 CGGTACACATTGTAGCCATC ~ ACCTACTGTGCCTGGCCTTA TCTCAAAGCTGGGACTCCTC
OR2B6 TATCAAAGGACATGACGGCC ~ GCTGGAGTTTCCACTCCTTG TTCAGCCTCATTTGCTGTTG
ORAOV1 CATATTCGATGCCATCGTGA CCATGTACAGGCTGCTTTGG ACCAGGCTGAGCAGATGTTT
SC1 TTGGTCCCACGATGACCCAC ~ GATCGAGGTCCACTCTGAGC GGTGTGTGTACTGGGGGAAC
TP53 CCATTGTTCAATATCGTCCG ACTGACCGTGCAAGTCACAG CCCCTCTGAGTCAGGAAACA

B2M/CIITA knockout keratinocytes

Cells were electroporated following protocol as described above. To target the
B2M and CIITA locus, the Gene Knockout Kit V2 (Synthego) was used, combining
3 gRNAs per target (see table 3) at a final concentration of 3.5 uM crRNA:Cas9 per
target and 2.0E7 cells/mL. 4 days post electroporation, cells were stimulated with
recombinant human IFN-y protein (Fisher Scientific cat# 285IF100) at 10 or 40 ng/
mL for 24 hrs after which cells were collected for flow analysis. Cells were washed
1x in flow buffer (DPBS (Life Technologies Life Technologies cat#14190250) + 5%
FBS + 1% EDTA (Invitrogen)), Ix in PBS, and collected in PBS at 500.000 cells/50
pL. Cells were incubated at room temperature for 20 minutes with APC anti-human
HLA-DR Antibody (BioLegend cat#307610) and PE anti-human B2-microglobulin
Antibody (BioLegend cat# 316305, 1:20). Cells were washed 2x in PBS and analyzed
on a LSRII Flow Cytometer (BD) for expression of B2M and CIITA. Gating was based
on expression of unstimulated WT keratinocytes (CIITA: expression set at “O” in the
control, B2M: expression set at “100” in the control).
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Table 3| Gene knockout Kit V2 Target sequences

Target Sequence (with modified EZ scaffold)
B2M guide #1 C*G*C*AGCGAGAGAGCACAGCG
B2M guide #2 G*G*C*CGAGAUGUCUCGCUCCG
B2M guide #3 A*C*U*CACGCUGGAUAGCCUCC
CIITA guide #0 C*C*C*CUAACAUACUGGGAAUC
CIITA guide #1 G*G*C*UCCUGGUUGAACAGCGC
CIITA guide #2 C*A*C*AGCUGAGCCCCCCACUG

Chemical transfection

2 mL of cells were seeded at a density of 80.000 cells/mL in a 6 well plate and
transfected 24 hourslater at a concentration of 1500 ng pSpCas9(BB)-2 A-GFP plasmid
(Addgene cat#48138) targeting TP53 (RNA: GGTGCCCTATGAGCCGCCTG) and
2.25 pl TransIT-LT1 Transfection Reagent (Mirus Bio cat#2300)/mL.

Immunoblot analysis

Cell pellets were lysed in Pierce RIPA buffer (Thermo Scientific, 62249),
supplemented with phosphatase inhibitor and protease inhibitor cocktail sets
(Calbiochem cat#524625 and cat#539134). Protein extracts were resolved on Nu
PAGE 4-12% Bis-Tris gradient gels (Invitrogen cat#WG1401A) and transferred to
PVDF membranes using the Trans-Blot Turbo system. Membranes were blocked
in 5% milk in TBS-T and probed with primary antibodies overnight at 4°C, and
then with horseradish peroxidase-conjugated secondary antibodies. Signals were
visualized with SuperSignal West Pico PLUS Chemiluminescent Substrate (Thermo
scientific cat#PI34577) on the Bio-Rad ChemiDox XRS+ System. The following
antibodies were used: Beta-Tubulin (Abcam cat#6046, 1:500), CDKN2A/P16INK4a
(Abcam cat#ab108349, 1:300), P53 (Cell Signaling cat#9282,1:800).

Cell viability assay

Cells were seeded into Black Greiner Cellstar 96 well plates (Sigma-Aldrich
cat#M9936). Starting at 72 hours after plating or drug treatment, cells were incubated
with 10% Alamar Blue (Bio-Rad cat#100234-634) according to the manufacturer’s
instruction. Fluorescence was read out on a GloMax Explorer plate reader (Promega)
at an excitation of 520 nm and emission of 580-640 nm. Cell viability was calculated
relative to untreated or day 1 condition.
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Reactive oxygen species assays

ROS levels were detected using CellROX Green flow cytometry assay Kits (Life
Technologies cat#C10492). Cells were concentrated 5x10° cells/mL in complete
medium. Negative controls were incubated with N-acetylcysteine at 1000 uM for
60 minutes at 37°C, positive controls were incubated with TBHP hydroperoxide at
400 pM for 30 minutes at 37°C. CellROX Green reagent was added at 500 nM for 40
minutes at 37°C. Samples were analyzed by flow cytometry.

SCC mutational data analyses

Publicly available copy number and mutational data from TCGA was accessed through
cBioportal'”. The following datasets were used: HNSCC (TCGA, 496 tumors), Lung
SCC (GDC TCGA, 469 tumors), and Cutaneous SCC (UCSF NPJ Genom Med 2021, 83
tumors)®*1?910 For CSCC no copy number data was available.

Statistical analysis

All data are represented as mean + SEM unless stated otherwise. Error bars represent
variation between at least 3 independent experiments.
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Supplemental figure 1| Improved transfection efficiencies of primary keratinocytes

a Flow cytometry data on transfection efficiencies of primary FKC by a SpCas9-GFP plasmid
using chemical transfection under optimized conditions.

b Flow cytometry data on transfection efficiencies of primary FKC by a GFP reporter plasmid 24
hrs post electroporation at different energy levels.

¢ Reactive Oxygen Species (ROS) levels as measured by CellROX Green in primary keratinocytes
transfected via standard chemical transfection or via electroporation.
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Supplemental figure 2 | Genome engineering for cancer modeling

a Percentage of (transfection efficiency and) deleterious indels measured via TIDE assay upon
electroporation of primary FKC by a SpCas9-GFP plasmid targeting CDKN2A.

b Flow cytometry data on transfection of squamous cell carcinoma lines FaDu and Detroit562 by
ATTO-550 labeled Cas9:crRNA:tracrRNA 24 hours post-transfection.

48



Small scale

Large scale

o

Original

New EP

KERATINOCYTE ENGINEERING FOR DISEASE MODELING AND THERAPY DEVELOPMENT

0.001
CDKN2A TP53 = b=0001
total eff. = 86.1% total eff. = 96.4% .
o R¥=086 8 *1R*=0.98
8+ 2
g N
E g
= ° i 5
T L deletion  insertion > ST deletion insertion > c
total eff. = 89.8% . total eff. = 89.7% e
R?=0.91 8 . |R2=0.93
8 = 5.
5 R
S . B
g" s
2 . e 5.
2 Ll |
o 2 R
=], PR I | § - . . .
remmee :c;elgnosn ’ |r:sel:1|;n2; reereE Z: :;elznosnn |;|s;nlgn!ﬂ>
g Transfegti/fﬂ
% — Recovery E .
‘C_l. Xpansion
8| EP L
el mmExpansion
o —
Q
N
7

Time to generate 1E7 CRISPR-edited keratinocytes

no IFNy
=|FNy, 10 ng/mL
= |FNy, 40 ng/mL

0 103 104 105
HLA-DR (MHC-II)

100

no IFNy
= |FNy, 40 ng/mL

80

60

40

20

HLA-DR (CIITA) positive cells (%)

Oral mucosa

Arm skin

5 weeks
< 50% success rate

5 days
100% success rate

Supplemental figure 3 | Rapid workflow for large-scale production of engineered keratinocytes
a Indel pattern created 96 hrs post electroporation with CDKN2A- and TP53 targeting CRISPR

RNPs in primary FKC at the research- or manufacturing scale.

b HLA-DR expression in arm skin KC upon stimulation with different IFNg concentrations

¢ HLA-DR expression in arm skin and oral mucose KC upon stimulation with IFNg, relative to
unstimulated KC.

d Faster primary keratinocyte genome engineering with reduced risk
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Abstract

11q13 amplification is a frequent event in human cancer, especially in squamous cell
carcinomas (SCC). Despite almost always spanning 10 genes, it is unclear which
genetic components of the amplicon are the key driver events contributing to SCC
tumorigenesis. Here, we present a comparative analysis on the role of each gene in
head and neck SCC (HNSCC), leveraging a combination of computational, in vitro, ex
vivo and in vivo models using both cancer cell lines and primary cells. We identified
ORAOV1,CCNDI,and MIR548K as the critical drivers of the amplicon in HNSCC, with
each having distinct effects on tumorigenesis. Thus, the 11q13 amplicon drives SCC
through at least three independent genetic elements, thereby suggesting therapeutic
targets for this morbid and lethal disease.



1Q13 AMPLIFICATION DRIVES SQUAMOUS CELL CARCINOMA THROUGH 3 DISTINCT ONCOGENIC EVENTS

Introduction

Cancer evolves through distinct types of mutations, including single nucleotide
variations, indels, chromosomal gains and losses, focal amplifications, and complex
rearrangements, as described in Chapter 1. Among the most common chromosomal
amplifications in cancer is the 11q13 amplification. 11q13 amplification occurs in
approximately 6% of all tumors previously studied, making it the third most common
amplification across cancers, following MYC and PI3KCA amplifications' (Fig 1).

The 11g13 amplification stretches multiple genes, including CCNDI, in a gene dense
region. The amplification was originally described in breast cancer and subsequently in
many other cancer types'®°. In particular, squamous cell carcinomas (SCC) are enriched
for amplification of genes in the 1113 region'©*17%181182 Tn contrast to other cancer types,
SCCs display a remarkable genetic homogeneity, even between different tissues of
origin, suggesting similar oncogenic mechanisms across different types of SCC%.

Amplifications of 11ql3 tend to be an early event in SCC tumorigenesis, but are
exclusively found in cancerous tissue and not in pre-neoplastic lesions©%18:82,
Amplification co-occurs alongside loss of function mutations in tumor suppressor
genes such as TP53 and CDKNRA - two mutations which occur earlier in the
tumor evolution process®®. Tumors with the amplification contain an average of
seven copies of each gene with minimal variation. The amplification is organized
intrachromosomally at the original locus, forming a homogenously staining
region which is thought to arise through breakage-fusion-bridge cycles™. In this
process, dysfunctional telomeres result in fusion of chromosomal ends, leading to
double-stranded breaks (DSBs) during anaphase that can result in aneuploidy and

chromosomal duplications.
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Figure 1| 11q13 amplification is a frequent event in cancer

Frequency of amplification of MYC, PIK3CA, EGFR,and 11q13 genes across all 32 TCGA PanCancer
Atlas Studies tumors (n =10950).

53



CHAPTERS3

54

Although several studies have described a role for individual 11g13 genes in SSC
tumorigenesis, these studies have been limited by their focus on individual genes on
the amplicon without consideration of the roles of other genes on the amplicon and
the greater genetic context in which 11q13 amplification occurs. Other studies have
aimed to identify the mechanism through which the 11q13 amplicon acts as a driver
of tumorigenesis by determining the smallest region of overlap'®+'®5, However, these
studies have had conflicting results due to differences in approaches and modeling as
well as insufficient cohort sizes. Thus, despite the high frequency of 11q13 amplification,
it remains unclear which genes comprise the functional core of the 11q13 amplicon in

SCC and through which mechanisms they contribute to SCC tumorigenesis.
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Figure 2 | The 11q13 amplicon
Schematic overview of genes on the 11q13 amplicon

The amplified 11q13 region contains several genes (Fig 2), off which many have
previously been implicated as potential oncogenic drivers in cancer in general, or
SCCs specifically. Below we describe each of these genes in order from the 5’ end to
the 3’ end of the amplicon.

CCNDI (Cyclin D1) is the most studied of the genes on the amplicon and is a well
characterized oncogene across multiple tumor types. Cyclin D1’s classical function is
to bind to and activate Cyclin Dependent Kinases (CDK) 4 and 6, and the resulting
Cyclin-CDK complex promotes cell proliferation by overcoming RB-dependent growth
arrest and promoting the G1/S-phase transition'®®. However, cyclin D1 also has CDK-
independent functions such as stimulating cell proliferation through interaction with
nuclear hormone receptors ERa, AR, and PPARg, transcription factors, and chromatin
modifiers®® %2 Therefore, CCNDI is a likely candidate as an oncogenic driver of the
1113 amplification.

However, most other genes on the amplicon have, to different extents, also been
implied in HNSCC tumorigenesis. Located immediately next to CCNDI, at the 3’ side,
is ORAOVI (Oral Cancer Overexpressed 1, also known as LTO1). Although not much
is known about the function of ORAOV1 in mammalian cells, several studies show an
effect on in vitro or in vivo growth upon knock down of ORAOVI in various 11q13-
amplified cancer cell lines193-196. One study suggests ORAOVT’s involvement in
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reactive oxygen species (ROS) and proline metabolism, whereas other studies report
a function in promoting vascular endothelial growth®41¢,

Of the 3 members of the Fibroblast Growth Factors family on the amplicon (FGFI9,
FGF4, and FGF3), FGF19 is the most studied in the context of cancer development.
Under normal conditions, FGF19 is secreted by the ileum, upon which it functions as
a hormone by binding FGFR4, regulating several metabolic processes, such as bile
acid and glycogen synthesis, as well as its function in liver metabolsim'"'%8, Targeting
FGF19 signaling decreases in vivo tumor growth of FGF19-high liver and colon cancer
models, but several studies also report an effect of attenuated FGF19 levels on in vivo
growth of SCC lines!®%2%,

Anoctamin-1 (ANO], also known as TMEMIG6A) is a large transmembrane protein that
functions as a Ca*-dependent chloride- and bicarbonate channel***?*°5, The role of
ANOLlin cancer has long been of interest and several studies show the involvement of
ANOI1 on cellular growth or invasion via oncogenic signaling pathways?*°4?°5, However,
these reports show different - and sometimes conflicting - effects in different cancer
cells, suggesting cell type specific oncogenic effects of ANO1. However, these conflicting
results are also prevalent within cancer types. For head and neck SCC (HNSCC), for
example, there is no consensus on the contribution of ANOI to tumorigenesis, as some
reports show that loss of ANOI decreases cell proliferation or growth, whereas other
reports solely show an effect on migration or invasion upon ANOI loss with no impact
on cell proliferation. Furthermore, there is also evidence that ANOI has a negative
effect on cell growth, a phenotype which may be dependent on tumor stage?%21,

FADD (Fas-Associated Protein with Death Domain) is located right next to ANOI
and is commonly implicated as a positive regulator of apoptosis®*? FADD is
recruited through its death domain by members of the tumor necrosis factor
receptor superfamily. Following recruitment, FADD functions as an adaptor protein
by recruiting procaspases 8 and 10 and together these proteins form the death
inducing signaling complex*??4, However, there are also indications that FADD can
regulate oncogenic signaling pathways such as NF-kB and MAPK to promote cell cycle
progression, proliferation, and inflammation. However it is unclear whether the cell
proliferation benefits from FADD amplification outweigh its apoptotic effects®>4,

PPFIAI (Liprin-al) is a member of the liprin family that interacts with receptor-like
tyrosine phosphatases, localizing at cell focal adhesions and possibly regulating the
disassembly of these adhesions?®”. Similar to other liprins, Liprin-al is involved in
cell adhesion and motility, and its increased expression in tumors has been linked to
invasion and metastasis®®??.,

MIR548K is a micro-RNA located in an intronic region of the PPFIAI gene that was
only described for the first time in 2014. The targets and cellular function of MIR548K
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remain elusive. However, due to its frequent amplification in SCC, several studies have
focused on its function in ESCC and describe effects on tumor growth and a potential
link to VEGFC and EGFR-MAPK signaling!8?#22-224,

Lastly, CT'TN (cortactin) is located on the 3’ end of the 11q13 amplicon and is known
for its role in actin cytoskeleton remodeling as an actin binding protein®*>?*°, Activated
cortactin recruits Arp2/3 complexes to actin filaments, a process which facilitates
actin branching and ultimately cell migration®°#!, Increased levels of CTTN have
been linked to migratory and invasive phenotypes in several cancers??”29823-233 Qther
studies investigating CTTN’s role in tumorigenesis report solely an effect on cell
proliferation, possibly through activation of the EGFR/MAPK signaling pathways?*4?%",

Thus, for almost all genes on the amplicon there are studies showing oncogenic
benefits upon increased expression. However, the majority of studies are still
association studies and experimental results are inconsistent and narrow in scope,
making it unclear which genes are the primary oncogenic drivers of the 11q13 amplicon.

In this study, we comprehensively characterize the role of thellql3 amplificon during
tumorigenesis of HNSCC, a common and morbid type of SCC that originates from
epithelial cells lining the upper aerodigestive tract (see Chapter 1). Using a combination
of engineered primary human keratinocytes and established HNSCC cell lines, we
created novel in vitro, ex vivo, and in vivo models of HNSCC to systematically analyze
the role of each component of the 11g13 amplicon during HNSCC tumorigenesis.
Through this approach, we are able to model the 11q13 amplification in a way that
accounts both for the timing and the genetic context in which it occurs during SCC
tumorigenesis. In doing so, we identified CCNDI1, ORAOVI, and MIR548K as three
independent driver oncogenes present on the 11q13 amplicon.

Results
The 11q13 amplification in SCC spans from CCND7to CTTN

We first sought to identify the frequency of 11q13 amplification across tumor types.
Among tumors analyzed in the TCGA dataset, squamous cell carcinomas harbored
the 11q13 amplification most frequently. 37% of esophageal cancers, of which many
are SCC, and 25% of head and neck SCCs (HNSCCs) carry amplifications of genes in
the 1113 region, and lung SCCs (LSCC) harbor amplification slightly less frequently'”®
(Fig 3a). Splitting out esophageal cancers between SCCs and non-SCCs, revealed that
58% of the esophageal SCC (ESCC) harbor the 11q13 mutation (Fig Sla), as opposed to
only 13% of the non-SCC esophageal cancers. This further supports the finding that
11q13 amplification is enriched in SCCs. Therefore, we focus on the contribution of the
11q13 amplification specifically to SCCs.



1Q13 AMPLIFICATION DRIVES SQUAMOUS CELL CARCINOMA THROUGH 3 DISTINCT ONCOGENIC EVENTS

We next sought to define the genes that mark the edge of the minimal critical region
of the amplicon in SCC to determine which genes comprise the amplification. Using
TCGA data for ESCC, HNSCC, and LSCC®%%9%% we identified 10 genes (CCNDI,
ORAOVI,FGF19,FGF4,FGF3,ANOI1,FADD, PPFIAI, MIR548K, CTTN) as focally co-
amplified across a total of 1119 SCC tumors (Fig 3b). From this analysis, we identified
that CCNDI and CTTN form the 5 and 3’ boundaries of the minimal critical region
of the amplicon, respectively, as there is a significant drop in amplification frequency
beyond these genes. Therefore, in this work, we define 11g13 amplicon as amplification
of these 10 genes. The genes in this 800 kB span are nearly always amplified together,
with only rare cases exhibiting a smaller amplicon not containing all 10 genes (Fig S1b).

The frequency with which the 11q13 amplification occurs in SCCs seems indicative
for its contribution to tumorigenesis. Furthermore, 60% of HNSCC and 77% of ESCC
lines harbor 11q13 amplification (Fig Slc), compared to 25% and 58% of primary
tumors, respectively, suggesting further selection for the amplification in either the
isolation or propagation of SCC cell lines. The finding that patients whose HNSCC
tumors carry the 11g13 amplification have decreased survival gives further evidence
that the 11q13 amplification plays an important role in SCC development (Fig 3c),
which is consistent with prior reports®96199224239240 Preyious reports, however, did
not separate HPV-positive from HPV-negative cases. The 11q13 amplification almost
exclusively occurs in HPV-negative HNSCCs - the population which also has lower
overall survival®. Here, we show that even within the HPV-negative population,
amplification of the 11q13 genes correlates with worse survival.

The particular core of 10 amplified genes at this locus is characteristic of the 11q13
amplicon in SCC, as we - for example - only see the increase in amplification in this
window in ESCC, but not in other types of esophageal cancer (Fig S1d). Moreover,
analysis of 378 Hepatocellular Carcinoma (HCC) tumors identified a narrower co-
amplification window with breakpoints at CCNDI and FGF19 (Fig Sle). In HCC FGF19
is aberrantly expressed and targeting the FGFR4-FGF19 axis has been demonstrated
to be a promising strategy for 11q13-amplified HCC'%?4!, The difference in amplification
window thus implies a distinct set of genetic elements driving SCC as opposed to HCC.

The driver oncogenes of the amplicon are likely overexpressed at the transcript and
protein levels as a consequence of increased DNA copy number. Using TCGA data, we
determined the correlation between expression level and copy number of each protein
coding gene in the amplicon in HNSCC®?. Six of the genes - CCNDI1, ORAOV1, ANOI,
FADD, PPFIAI and CTTN - were highly expressed and had a significant positive
correlation between expression level and copy number (Fig 3d). Similar trends were
observed in correlation analysis for ESCC and LSCC (Fig S1f, Fig S1g). Correlation
analysis between amplification and protein expression in the HNSCC CPTAC datasets
also showed significant correlation for the 5 proteins for which data was available (Fig
S1h)*42,
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Figure 3| The 11q13 amplification in SCC spans from CCND7to CTTN

a Frequency of 11q13 amplification in cancer (TCGA, PanCancer Atlas).

b Left: frequency of amplification of genesin 11q13 region in ESCC (n=97), HNSCC (n=519), and
LSCC (n =503). Right: representative integrative genome browser (IGV) view on copy nhumber
fragments of 11q13-amplified HNSCCs.

¢ Kaplan-Meier survival graphs for HNSCC patients, separated by HPV and 11q13 status (HPV
negative,n = 415. HPV positive,n=72).

d Correlation between gene expression and copy number in HNSCC (TCGA, n = 496). R2 value
represents Spearman coefficient, p values calculated with Holm correction (all but FGF3 and
FGF4 significant).
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One gene - FGFI19 - was expressed at significantly lower levels and had a weaker
correlation with copy number when compared with the aforementioned six genes,
an observation we confirmed with qRT-PCR gene expression analysis of the 11q13
genes in HNSCC cell lines (Fig S1i). The other 2 protein coding genes in the amplicon
- FGF4 and FGF3 - are expressed at low or undetectable levels in tumors with a weak
correlation between expression and copy number, thus making them unlikely to be
oncogenic drivers of 11g13 amplification.

CCND1and ORAOVT1drive the pathogenic effect of 11q13 amplification

To study the necessity of the remaining six protein coding genes on tumor associated
cellular phenotypes, we utilized two HNSCC cell lines which harbor the 11q13
amplification - FaDu and Detroit562 - in loss of function assays (Fig S2a). For CRISPR
interference (CRISPRi) experiments, we compared conditions against the OR2B6
negative (non-expressed) gene, whereas for CRISPR knockout experiments, we
designed a “SC1” negative control that targets the 11q13 region in a non-coding and
non-regulating region to control for the multitude of edits introduced in the amplified
11q13 region.

We first aimed to determine the effect of the genes on a cancer defining phenotype.
Therefore, we examined the effect of 11q13 gene knockdown on cell invasion in
an ex vivo organotypic model of SCC. This organotypic model enables us to model
cell invasion through the basement membrane by closely recreating the tumor
microenvironment with physiological layers of a dermis scaffold, fibroblasts, and
keratinocytes at an air-liquid interface®®. CRISPRi-mediated knockdown of the
protein-coding 11q13 genes in FaDu cells seeded on the organotypic cultures revelated
that only depletion of CCNDI or ORAOVI affected invasion of cells through the
basement membrane (Fig 4a, Fig S2b).

In order to identify the phenotypic effect of knockout of 1113 genes in a larger set
of cell lines, we analyzed data using the Cancer Dependency Map (DepMap, project
Achilles CRISPR knockout screens) database***. We confirmed CCNDI and ORAOVI
as the only protein coding genes on the 11q13 amplicon whose knockout results in
lower cancer cell viability across a large panel of LSCC, ESCC and HNSCC lines (Fig
4b). In cell proliferation experiments with the FaDu and Detroit562 cell lines using
both CRISPRi and CRISPR-mediated knockout, we were able to recapitulate in vitro
proliferation effects upon CCNDI and ORAOQOVI disruption observed in the DepMap
data (Fig 4c, Fig 4d, Fig S2c, Fig S2d, Fig S2e, Fig S2f), whereas sphere formation was
not affected upon knock down (Fig 4e, Fig S2g).
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Figure 4 | CCND7and ORAOV1drive the pathogenic effect of 11q13 amplification

a Left: Fraction of sections with invading FaDu cells in an organotypic model upon silencing of
11913 gene expression through CRISPR-i (*p < 0.05, **p < 0.01). Right: representative H&E
images. Arrow indicates invading cell.

b Dependency scores on 11q13 genes for LSCC, ESCC and HNSCC cell lines, from CRISPR
knockout screens from project Achilles (DepMap). Upper and lower whiskers represent the
largest and smallest observed values within 1.5 times the interquartile range from the ends of
the box. Scores below -1.0 show significant dependency.

¢ Relative cell viability values based on Alamar Blue assay upon CRISPR-i mediated knockdown of
11q13 genesin FaDu cells. P values calculated with two-way ANOVA test.

d Relative cell viability values based on Alamar Blue assay upon CRISPR mediated knock-out of
11913 genesin FaDu cells. P values calculated with two-way ANOVA test.

e Spheroid formation frequency upon CRISPR-i mediated knockdown of 11q13 genes in FaDu
cells. Error bars represent 95% confidence interval, p values calculated with chi-square test
(none significant).

f CCND1expression upon ORAOVTknock-outin FaDu and Detroit562 cells.
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Thus, CCNDI1 and ORAOV]1 are likely candidates to drive the oncogenic effects of the
11q13 amplification. Considering the genomic proximity between the genes in the
11q13 region, we also sought to verify that the observed effects were gene specific and
not due to effects of perturbations on neighboring genes. We validated that silencing
of the 11q13 genes does not affect expression of the neighboring genes, confirming the
independence of the observed effects, and in particular that the effect of ORAOVI on
proliferation and invasion is independent of CCNDI (Fig 4f, Fig S2h, Fig S2i).

MIR548K is a putative driver of tumorigenicity on the 3’ end of the 11q13 amplicon

Although we identified CCNDIand ORAOV1 as potential drivers of 11q13 amplification
in SCC, these two genes are both located on the 5" end of the amplicon and thus are
unlikely to explain the selection for the entire 800kb amplicon in SCC when only
CCNDI1and ORAOVI are amplified in other tumor types (Fig b, Fig Sle). Therefore, we
hypothesized that there is an additional genetic element at the 3’ end of the amplicon
that leads to selection of the full amplicon in SCC and drives the oncogenic effect of
the amplicon in cooperation with CCNDI and ORAOVI. The 3’ end of the amplicon
contains the actively transcribed miRNA MIR548K, which was previously implicated
in ESCC®??22224 Analysis of the TCGA PanCancer database revealed that in SCC,
MIR548K is the most frequently amplified gene on the amplicon (18.73%, versus
17.55% for CCNDI) (Fig 5a). In SCCs, from CCNDI onwards, there is an upward trend
in amplification rates of the 11ql3 genes that reaches until MIR548K, after which
rates go down again. This is in contrast to non-SCC cancers, where CCNDI is the most
frequently amplified gene, after which we see an immediate decrease in amplification
rates. Analysis of TCGA miRNA expression data confirmed that there is a significant
positive correlation between copy number and gene expression, indicating that
MIR548K expression is upregulated upon 1113 amplification (Fig S3a).

To investigate the functional role of MIR548K in SCC tumorigenic behavior, we again
utilized to our in vitro and ex vivo models of SCC. Using our organotypic model of
SCC, we found that CRISPR-mediated knockout of MIR548K decreases the invasive
phenotype of FaDu cells to a similar extent as knockdown of CCND1 or ORAOV1 (Fig
5b, Fig S3b). This effect is independent of CCNDI, as MIR548K knockout did not
affect CCNDI levels (Fig S3c). However, unlike knockdown of CCNDI and ORAOV],
knockdown of MIR548K using locked nucleic acid antisense oligonucleotides (LNA-
ASOs) does not affect growth of the 11g13-amplified cancer cells in 2D culture (Fig
5¢, Fig S3d, Fig S3e), but does decrease the tumor sphere formation capabilities of
the FaDu and Detroit562 lines (Fig 5d, Fig S3f). These two phenotypes are specific
to depletion of MIR548K, suggesting a role for MIR548K in driving invasion that is
distinct from that of CCNDI or ORAOV1.

Invasion is largely a result of the epithelial mesenchymal transition (EMT) process
and consists of multiple events. One of the first events during EMT is the loss of cell-
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cell adhesion, such as through loss of adherens junction, and activation of a migratory
phenotype. E-cadherin is the most prevalent adhesion molecule in normal epithelial
tissue, but is typically downregulated or lost in tumors that originate from epithelial
cells**®. The observed effect of MIR548K on invasion is supported by previous studies
reporting an essential role for MIR548K in migration and invasion in ESCC8??22224,
Here, we further back this up through Gene Set Enrichment Analysis (GSEA)?**¢ on
RNAseq data of MIR548K knockout in FaDu cells, which points to involvement of
MIR548K in the EMT process, exemplified by downregulation of the E-cadherin
pathway (Fig 5e, Fig S3g). Moreover, downregulation of MIR548K resulted in
upregulation of ADAMTSI and downregulation of VEGFC, corroborating previous
findings indicating a role for MIR548K on EMT through regulation of VEGFC levels
(Fig 5f)*®* Thus, MIR548K appears to exert its effect on cellular invasion via a
mechanism that is distinct from CCNDI and ORAOVI and its location on the 3’ end
of the amplicon can therefore explain the length of the entire 11q13 amplicon in SCC.

CCND1and ORAOVTdrive in vitro proliferation of oral keratinocytes

We next sought to identify whether the 3 candidate oncogenes CCNDI, ORAOVI,
and MIR548K are sufficient to promote tumorigenic behavior in a primary cell
model, using patient derived normal oral keratinocytes (OKCs). To study the effect
of amplification of these genes in the genetic background in which 11q13 amplification
occurs in HNSCC, we engineered the OKCs to carry deleterious TP53 and CDKN2A
mutations (Fig S4a). 88% and 70% of tumors with 11q13 amplification have these
genes either mutated or deleted, respectively, making these 2 alterations the most
frequently occurring mutations alongside 11q13 amplification (Fig 6a). To engineer the
primary OKCs, we used our novel electroporation-based method for efficient delivery
of CRISPR ribonucleoproteins (RNP) (see chapter 2).

We determined the effects of amplification of the 11q13 genes on primary OKC cultures
from at least two different donors harboring loss-of-function mutations in both
TP53 and CDKNZ2A (TC-OKC) via lentivirus-mediated overexpression of the 11q13
genes (Fig S4b, S4c, for details on experimental set-up also see Fig S4d). Lentiviral
expression of either CCNDI or ORAOVIresulted in a competitive proliferation benefit
over expression of a control lentivirus (EBFP only) (Fig 6b), further supporting the
positive effect that CCNDI and ORAOVI expression have on OKC proliferation.
Consistent with previous results, expression of MIR548K did not endow the TC-
OKCs with a significant proliferation advantage in 2D culture. Furthermore, when
we expressed CCNDI in combination with a second 11q13 gene, the OKCs generally
grew more slowly, except when CCNDI was co-expressed with ORAOV] (Fig 6c¢).
Because these effects are additive, these data further suggest that amplification of
ORAOVI and CCNDI may drive SCC proliferation through distinct pathways and co-
amplification of both CCNDI and ORAOVI can cooperate in SCC tumorigenesis.
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Figure 5 | MIR548K is a putative driver of tumorigenicity on the 3’ end of the 11q13 amplicon

a Amplification rates of 11q13 genes in all SCC (n = 1356) and all non-SCC (n = 9594) tumors in
TCGA PanCancer database. SCC: CCND1amplification rate = 17.55%, MIR54 8K amplification
rate = 18.73%. Non-SCC: CCNDT amplification rate = 3.98%, MIR548K amplification rate =
3.36%.

b Left: fraction of sections with invading FaDu cells in an organotypic model upon LNA-mediated
knockdown of MIR548K (*p < 0.05). Right: representative H&E images. Arrow indicates
invading cell.

¢ Relative cell viability values based on Alamar Blue assay upon LNA mediated knockdown of
MIR548Kin FaDu cells.

d Spheroid formation frequency upon LNA mediated knockdown of MIR548Kin FaDu cells. Error
bars represent 95% confidence interval, p value calculated with chi-square test (***p = 0.001).

e Running Enrichment Scores of GSEA upon M/R548K knockout in FaDu cells for the Hallmark_
Epithelial_Mesenchymal_Transition Gene Set.

f Log2FoldChange of ADAMTST(n = 3) and VEGFC (n = 2) expression upon MIR548K knockout
in FaDu cells.
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Figure 6 | CCND7and ORAOV1provide a competitive growth benefitinanovel primary cell model

a Mutational pattern of the most frequently and significantly altered genes in 11q13-amplified
HNSCC tumors (TCGA,n=111).

b Outgrowth of 11913 gene-mCherry or mCherry alone overexpressing TC-OKC versus EBFP
overexpressing TC-OKC.

¢ Outgrowth of CCNDT-EGFP + 11q13 gene-mCherry or mCherry alone double overexpressing
TC-OKC versus EBFP overexpressing TC-OKC.

d Tumor free survival of NSG mice injected with 1TE6 human TC-OKC cells overexpressing indicated
gene (mCherry:n=12, CCNDT1, ORAOV1, MIR548K: n = 11 mice). P values calculated with a Log-
Rank Mantel-Cox test with post-hox P value adjustment for multiple comparisons.

e Fraction of mice with tumors at endpoint (90 days post injection).
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Expression of the pro-apoptotic gene FADD in the TC-OKCs significantly hindered
cell proliferation when compared to control TC-OKCs, suggesting that increased
expression of FADD is detrimental to SCC proliferation. Indeed, upon expression
of FADD TC-OKCs show an apoptotic phenotype (Fig S4e). Despite the negative
effect that FADD amplification has on cell proliferation, virtually all SCCs with 11q13
amplification have an amplification that extends past the 3’ boundary of CCNDI/
ORAOVI1/FGF19, thereby including the FADD gene. The inclusion of the FADD gene
in the SCC-specific 11q13 amplicon therefore suggests that the oncogenic benefit of
the 3’ end of the amplicon, which contains MIR548K, outweighs the suppressive
effects of FADD. Additionally, the benefit of the MIR548K amplification may be
lineage restricted to SCCs as HCCs and other tumor types less frequently exhibit 11q13
amplification beyond focal gain of CCNDI/ORAOVI/FGFI9.

CCND1and ORAOVT nitiate in vivo tumor formation from oral keratinocytes

Finally, we assessed the oncogenic driver potential of CCNDI1, ORAOVI,and MIR548K
in vivo. We injected immunocompromised NSG mice with the engineered TC-OKC
expressing either CCNDI, ORAOVI1, MIR548K or mCherry (control). Whereas only
1/12 of the control mice developed a tumor, overexpression of any of these three
genes increased tumor formation in multiple mice (Fig 6d). RT-qPCR analysis
confirmed that the tumors where highly expressing the target gene, indicating the
tumors originated from the injected cells (Fig S4f). CCNDI was the most potent driver
of tumorigenesis, with 82% of mice developing tumors within 9 weeks of injection
(Fig 6d, Fig 6e). We found however, that ORAOV] is an independent contributor to
tumorigenesis, as 64% of mice injected with ORAOVI-overexpressing TC-OKC
developed tumors. In conclusion, we demonstrate that CCNDI and ORAOVI are
strong drivers on the 3’ end of the amplicon stimulating proliferation, invasion, and in
vivo tumor growth. Additionally, we find that MIR54 8K, located on the 5’ end of the
amplicon, drives invasion probably through effecting an EMT phenotype. Thus, we
demonstrate that the 11q13 amplification drives SCC tumorigenesis through at least 3
independent oncogenic events.

Discussion

In this study, we identify the three major genomic features of the 11q13 amplicon -
CCNDI, ORAOVI, and MIR548K - that contribute to SCC tumorigenesis. Our data
reveal that these three genes contribute to SCC tumorigenesis in three independent
ways, likely leading to powerful cooperation in tumorigenesis. 11q13 amplification
typically occurs as an early genomic event during SCC tumorigenesis, following
loss of TP53 and CDRKN2AC"181182 Ag these previous two events are insufficient to
robustly induce tumors (Fig 6d, Fig 6e), we believe that the amplification of the 11q13
locus - and associated amplification of CCND1, ORAOV1, and MIR548K - is a critical
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oncogenic event during SCC tumorigenesis of 11ql3-amplified tumors. Previous
studies have identified loss of TP53 or CDKNZ2A occurring at some level in normal skin
or premalignant lesions, yet 11q13 amplification has not been detected in premalignant
HNSCC lesions!®*°7?47, Moreover, analysis of the mutational pattern of 111 HNSCC
tumors carrying the 11q13 amplification, shows that 13/111 (11.7%) of tumors have
no mutations in the most frequently altered genes analyzed, besides TP53 and/or
CDKNR2A (Fig 6a). Lastly, whereas SCC progression is characterized by an increase in
somatic copy number alterations, it is particularly the 11q13 amplification that marks
progression to a later stage in the tumorigenic process'””. Therefore, amplification of
11q13 likely represents a critical event that drives neoplastic growth during the early
stages of SCC tumorigenesis.

1113 amplification correlates strongly to lymph node metastasis and to a poorer
prognosis in general'0"182239240 (Fig 3c). Moreover, 11q13 amplification in HNSCC is
negatively correlated with response to PD-1therapy, limiting therapeutic options?48249,
Combined with the frequent occurrence of the amplification, this is illustrative for the
need of better therapeutic strategies. Dissection of the amplicon and identification of
the key drivers is an important step in discovering novel therapeutic options.

The 11q13 amplicon consists of 10 genes. Studies have reported that each of these 10
genes contribute to tumorigenesis in some capacity, but a comparative analysis to the
relative contribution of each gene has never been done. Our data show an important
role for the 3identified genes inimportant oncogenic phenotypes such as proliferation,
invasion, sphere formation, and in vivo growth. For the other genes, we did not
observe consistent and strong effects of these genes in our models, but they might
still contribute to tumorigenesis in a more specific or subtle fashion. For example,
although we did not find any evidence in our model systems for the involvement of
CTTN in the development of HNSCC, hitherto CTTN has often been considered to be
the main oncogene candidate next to CCNDJ?>0?%

However, many studies that find CTTN to be an oncogenic driver were performed
with breast cancer (BC) models. In BC it was observed that amplification of CTTN
can occur independently from CCNDI, to an extent where there is no correlation
between CCNDI and CTTN amplification®*?. In contrast, in HNSCC we see a very
strong correlation between CCNDI and CTTN amplification, where 96% of HNSCCs
with CTTN amplification, also have CCND1 amplification (Fig S1b), compared to only
35.5% in the study by Hui et al. in BC. Now techniques and resolution to determine
copy number alterations have improved, it would be worthwhile to investigate if
CTTN amplification indeed occurs more frequently independent in BC, as this would
be indicative for a BC-specific function of CTTN.

We observed that the amplification in the 11q13 region in SCC differs from the length
of the amplicon in other tumor types, such as HCC. While 11q13 amplification in SCC
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represents the larger region that we analyzed in this study, 11q13 amplification in HCC
is typically restricted to ORAOVI1, CCNDI, and FGF19, with FGF19 being a critical
component of the amplicon in HCC in comparison to SCC'¥°*4!, We identify that the 3’
end of the amplicon has a functional role that is likely mediated by amplification of the
MIR548K locus. Since miRNAs are known to have significant pleiotropy dependent
on cellular context®*%% it is feasible that the MIR548K exhibits its tumorigenic
effect selectively in squamous epithelia, and therefore the miRNA-containing 3’ end
of the 11q13 amplicon is only selected for in the context of SCC tumorigenesis. Indeed,
previous studies reporting a role for MIR548K in tumorigenesis and metastasis,
predominantly do so in the context of SCC®82??2224,

GSEA on RNA-seq data upon MIR548K knockout indicates a role in EMT, potentially
by regulation of CDHI or VEGFC expression. Epithelial cell-derived tumors often lose
E-cadherin expression in the tumorigenic process, and restoring expression of this
adhesion molecule can inhibit the invasive phenotype in several tumor types?4°2°6257,
Analysis of E-cadherin expression data from the Human Protein Atlas in either
esophageal/head and neck tissues or liver tissue, reveals that hepatocytes at baseline
express lower CDH1levels (Fig S5a, Fig S5b)*°8. This could be one possible explanation
of tissue specific effects of MIR548K amplification and why it is selected for in
ESCC and HNSCC, but not in HCC. Furthermore, similarly to what was previously
established by Zhang et al., we find that MIR548K expression increases VEGF Clevels
(Fig 5f)'82. A previous study found that specially for HNSCC, but not other tumors,
1113 amplification correlates with angiogenesis®*®. These finding further suggest
tissue-specific effects of MIR548K in tumorigenesis. However, future studies directly
evaluating the role of MIR548K across different cellular contexts and how MIR548K
elicits its effects in these scenarios are needed to clearly establish this relationship.

Lastly, we show that increased expression of FADD induces apoptosis of TC-OKC,
yet nearly all SCCs with 11q13 amplification have an amplification that extends past
CCNDI1/ORAOVI, therefore including FADD. This inclusion suggests that the 3’ end
of the amplicon has oncogenic benefits that outweigh or compensate the effects of
FADD expression. This can be explained by the above described effect of MIR548K
on EMT/adhesion, but another additive possibility is that MIR548K can inhibit the
apoptotic phenotype, which has indeed been suggested by a previous report?*.

The primary focus of previous studies investigating the function of 11q13 amplification
has largely been on CCNDI due to its established role as a canonical oncogene across
multiple tumor types. Our study further supports the role of CCNDI as a key oncogene
in 11q13-amplified SCC, with 11q13 amplified cancer cells exhibiting CCNDI oncogene
addiction similar to what has been described in other CCNDI-dependent tumors?6°-26?,
We show for the first time that increased CCNDI expression is sufficient to drive
tumorigenesis in TC-OKC. However, we also show that ORAOVT has almost equally
oncogenic effects.
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Despite both CCNDI and ORAOV1 being co-amplified in >98% of tumors with the
11q13 amplification, previous studies have largely overlooked the role of ORAOVI
and the relationship between these two genes. We have now identified that ORAOVI
and CCNDI drive cancer growth through two distinct pathways with an additive
effect, creating a potent oncogenic combination that occurs in over 6% of all tumors,
regardless of tissue of origin. Although previous studies in yeast and plants have
positioned ORAOVI as a putative oncogene, our study provides a direct line of
evidence that gain of ORAOVI is sufficient to drive SCC tumor growth. Indeed, in
each of our in vitro, ex vivo, and in vivo models of SCC tumorigenesis, ORAOVIhad a
similar magnitude of oncogenic effect as CCNDI.

In conclusion, our study identifies CCNDI, ORAOVI, and MIR548K as putative
oncogenes that drive the pathogenic effect of 11q13 amplification through three
independent oncogenic events. Continuing to investigate the role of these three
oncogenes will provide critical information about potential anti-cancer therapeutic
strategies for 11q13-amplified SCC and may help guide current treatment paradigms.

Material and Methods

Cell culture

FaDu (ATCC cat#HTB-43, male) and Detroit562 (ATCC cat#CCL-138f, female) cells
were grown in Eagle’s Minimal Essential Medium with L-glutamine (Fisher Scientific
cat#50983283) supplemented with 10% FBS (Corning cat#MT35010CV) and 1%
Penicillin/Streptomycin (P/S, Corning cat#MT30002CI). A-253 (ATCC cat#HTB-41,
male) cells were grown in McCoy’s 5A (Modified) Medium (Fisher Scientific cat#16-
600-082) supplemented with 5% FBS and 1% P/S. SCC-15 (ATCC cat#CRL-1623)
and SCC-9 (ATCC cat#CRL-1629, male) cells were cultured in Dulbecco’s Modified
Eagle medium (DMEM):F12 (Gibco cat#11039021) supplemented with 400 ng/
mL hydrocortisone (EMD Millipore cat#386698), 10% FBS, and 1% P/S. HEK293T
(ATCC cat#CRL-3216, female) cells were grown in DMEM (Gibco cat#12491023)
supplemented with 5% FBS and 1% P/S. All cell lines were purchased and
authenticated at ATCC in 2016 and tested yearly for mycoplasma through PCR.
Human primary fibroblasts were isolated and collected from patient derived skin
samples and cultured in DMEM supplemented with 5% FBS and 1% P/S. Human
primary keratinocytes were collected and isolated from patient derived mucosal
samples and cultured in Medium 154 and Keratinocyte Serum Free Medium (1,
Life Technologies cat#M154500 and cat#17005042), supplemented with 5 mL/L
Human Keratinocyte Growth Supplement (Life Technologies cat#S0015), 25 mg/L
Bovine Pituitary Extract (Life Technologies cat#17005042), 2.5 ug/L EGF Human
Recombinant (Life Technologies cat#17005042), and 1% P/S. No cells were passaged
for longer than 5 weeks.
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CRISPRinterference (CRISPRI) constructs and cloning

Stable dCas9 cells were generated by transducing cells with pHR-SFFV-dCas9-BFP-
KRAB (Addgene cat#46911) lentivirus. Stable dCas9 cells were transduced with
pU6B-sgRNA EF1Alpha-puro-T2A-BFP (Addgene cat#60955) lentivirus to introduce
guideRNAs (table 1). OR2B6-targeting guideRNAS were used as negative control.

Table 1| CRISPRinterference gRNA sequences

Target gene Protospacer sequence

ANO1 GCGCACAGGCGGCCACGATG
CCND1 GGTCCGCACGCTCCGGCGAG
CTTN GGCTGGCGCGGCGGAATCCA
FADD GAGGCACCGGAGTGCAGGTT
FGF19 GGCGCTGCGTCCAGGATCTA
OR2B6 GGGAGTGGAAACTCCAGCCA
ORAOV1 GGGTCTGCTACGGCACCGCG
PPFIAT GCCGGCCTTAGTGACTGGGG
ANO1 GCGCACAGGCGGCCACGATG

Genome engineering

To generate gene knockouts, cells were transfected via electroporation using the
MaxCyte ATX electroporation platform with Clustered Regularly Interspaced Short
Palindromic Repeat (CRISPR) Cas9- ribonucleoproteins (RNPs) and gene-specific
guideRNAs (table 2). For electroporation, sub-confluent cells were trypsinized and
washed 1x in DMEM and 1x in Opti-MEM (Life Technologies cat#31985070). Cells
were resuspended to a concentration of 2.5E7 cells/mL in Opti-MEM. crRNAs and
Alt-R CRISPR-Cas9 tracrRNA (Integrated DNA Technologies) were hybridized in a 1:1
ratio to a final concentration of 50 uM. crRNA:tracrRNA were complexed with Cas9-
RNP at a I:1:1ratio for 20 minutes at room temperature and subsequently mixed with
the cells to a final concentrations of 2.5 pM crRNA:Cas9 and 2.0E7 cells/mL. Cells were
electroporated in 25 pl or 400 pl reactions with the ‘Optimization 7’ (keratinocytes
and Detroit562) or ‘DLD-I’ (FaDu) electroporation protocols. After electroporation,
cells were immediately collected from the processing assembly, plated into a 6 well
plate and recovered 20 minutes at 37°C, before resuspending in 2 mL culture medium.
Transfection efficiency was determined 24 hrs post electroporation through flow
cytometry. After 96 hours, gene disruption was confirmed through TIDE (Tracking of
Indels by Decomposition) analysis (primers: table 2). To control for multiple edits in
the amplified 11q13 region, a negative control “Safe Control” SC1 crRNA was designed
to target the 1113 region in a non-coding and non-regulating region.
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Table 2 | CRISPR crRNA sequences and primers for TIDE analysis

Targetgene  crRNA sequence Forward primer Reversed primer

CCND1 CATTTGAAGTAGGACACCGA CACACGGACTACAGGGGAGT ~ ACCCCTTCCTCCTTCAGAAA
CCR5 AACACCAGTGAGTAGAGCGG ~ TGCTTGGCCAAAAAGAGAGT ~ CGATTGTCAGGAGGATGATG
CDKN2A TAACTATTCGGTGCGTTGGG GACTCCCTTTTTATCCCAAACG CCAGTCCTCCTTCCTTGCCAAC
FGF19 CGGTACACATTGTAGCCATC ACCTACTGTGCCTGGCCTTA TCTCAAAGCTGGGACTCCTC
MIR548K CTCAAGTATTGCTGTTAGGT AACCTGGCGGAATTGTGTAG ~ TGTTTGCAGCACTCAACAAA
OR2B6 TATCAAAGGACATGACGGCC GCTGGAGTTTCCACTCCTTG ~ TTCAGCCTCATTTGCTGTTG
ORAOV1 CATATTCGATGCCATCGTGA CCATGTACAGGCTGCTTTGG ~ ACCAGGCTGAGCAGATGTTT
SC1 TTGGTCCCACGATGACCCAC GATCGAGGTCCACTCTGAGC ~ GGTGTGTGTACTGGGGGAAC
TP53 CCATTGTTCAATATCGTCCG ACTGACCGTGCAAGTCACAG ~ CCCCTCTGAGTCAGGAAACA

LNA knockdown

Non targeting scrambled control A and MIR548K targeting 3 FAM miRCURY
Locked Nucleic Acid (LNA) miRNA Power Inhibitors were obtained from Qiagen
(cat#339160). 2 mL of cells were seeded at a density of 80.000 cells/mL in a 6 well
plate and transfected 24 hours later at a final concentration of 50 nM Inhibitor and
2.5 uL TransIT-LT1 Transfection Reagent (Fisher Scientific cat#MIR2300). Cells
were plated for the appropriate assay 48 hours after transfection. To control for target
inhibition during lysis, 50 nM inhibitor was added to control cells during lysis.

Exogenous 11q13 gene constructs and cloning

To clone overexpression constructs, RNA was purified from oral keratinocytes (OKCs)
and total cDNA was synthesized with poly-A specific primers using SuperScript
IIT First-Strand Synthesis System (Invitrogen cat#18080051) according to the
manufacturer’s instructions. To create Gateway compatible PCR products of the
gene of interest, coupled to an mCherry tag through a TR2A sequence, primers were
designed with AttB and T2A adapters (table 3). PCRs were performed to create
AttB-gene-TRA and T2A-mCherry-AttB products from whole genome cDNA (for
larger coding sequences and fluorescent tags, PCRs were performed using the
following plasmids as template: CTTN: pGFP Cortactin, Addgene cat#50728;
FADD: pCI-hFADD-FLAG, Addgene cat#31814; EBFP: pU6-sgRNA EF1Alpha-
puro-TRA-BFP, Addgene cat#60955; EGFP: pSPCas9(BB)-2A-GFP, Addgene
cat#48138; mCherry: pHR_Gal4dUAS_pGKmCherry, Addgene cat#79124). PCR
products were purified and coupled in a subsequent PCR. Full attB products
were cloned into the pDONRR21 Vector (Thermofisher Scientific cat#12536017)
using Gateway Technology according to the manufacturer’s instruction. Coding
sequences were transferred into the pLEX_307 vector (Addgene cat#41392).
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To create a MIR548K gBlock gene fragment for the MIR548K overexpression
system, the 5 oligo (GAAGGCTCGAGAAGGTATATTGCTGTTGACAGTGAGCGG
GCAAAATCCGCAAGTACTTTTTAGTGAAGCCACAGATGTAA) and 3 oligo
(AGTGAAGCCACAGATGTAAAAAGTACTTGCGGATTTTGCTTGCCTACT
GCCTCGGACTTCAAGGGGCTAGAATTCGAGCA) were annealed and cloned into
the SGEP vector (Addgene cat#111170) using EcORI and XhOI restriction sites. As
negative control, pLEX_307-EBFP was generated.

Table 3| Lentiviral overexpression cloning primers

Gene for fusion cloning pLEX_307

Target gene

AttB insert forward primer / T2A insert reversed primer

ANO1 AttB Forward
T2A Reversed
CCND1 AttB Forward
T2A Reversed
CTTN AttB Forward
T2A Reversed
FADD AttB Forward
T2A Reversed
ORAQOV1  AttB Forward
T2A Reversed
PPFIAT AttB Forward
T2A Reversed

GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGAGGGTCAACGAGAAGTACTCG
CACGTCACCGCATGTTAGCAGACTTCCTCTGCCCTCTCCGCTTCCCAGGACGCCCCCGTGGTA
GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGGAACACCAGCTCCTGTG
CACGTCACCGCATGTTAGCAGACTTCCTCTGCCCTCTCCGCTTCCGATGTCCACGTCCCGCAC
GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGTGGAAAGCTTCAGCAGG
CACGTCACCGCATGTTAGCAGACTTCCTCTGCCCTCTCCGCTTCCCTGCCGCAGCTCCACATAG
GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGGACCCGTTCCTGGTG
CACGTCACCGCATGTTAGCAGACTTCCTCTGCCCTCTCCGCTTCCGGACGCTTCGGAGGTAGATGC
GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGGCTGGCAGTCAGGAC
CACGTCACCGCATGTTAGCAGACTTCCTCTGCCCTCTCCGCTTCCAAATGAAAGTCCGGAACCTTCTGC
GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGATGTGCGAGGTGATGCC
CACGTCACCGCATGTTAGCAGACTTCCTCTGCCCTCTCCGCTTCCGCAGGAGTAAGTCCTGACTGTAG

Label for fusion cloning pLEX_307

Label

T2A insert forward primer / AttB insert reversed primer

EGFP T2A Forward
AttB Reversed
mCherry  T2A Forward

AttB Reversed

CTAACATGCGGTGACGTGGAGGAGAATCCCGGCCCTGCTAGCATGGTGAGCAAGGGCGAG
GGGGACCACTTTGTACAAGAAAGCTGGGTTCTTGTACAGCTCGTCCATGCC
CTAACATGCGGTGACGTGGAGGAGAATCCCGGCCCTGCTAGCATGGTGAGCAAGGGCGAGG
GGGGACCACTTTGTACAAGAAAGCTGGGTTTTACTTGTACAGCTCGTCCATGCC

Label only cloning pLEX_307

Label

AttB insert forward primer / AttB insert reversed primer

EBFP AttB Forward
AttB Reversed

mCherry  AttB Forward
AttB Reversed

GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGGTGAGCAAGGGCGAG
GGGGACCACTTTGTACAAGAAAGCTGGGTTTTACTTGTACAGCTCGTCCATGCC
GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGGTGAGCAAGGGCGAG
GGGGACCACTTTGTACAAGAAAGCTGGGTTTTACTTGTACAGCTCGTCCATGCC
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Lentiviral production and infection

HEKR93T cells were transfected with 750 ng transfer plasmid, 375 ng psPAX2
(Addgene cat#12259), 750 ng pMD2.G (Addgene cat#12260), and 5.5 ul Lipofectamin
2000 Transfection reagent (Life Technologies cat#11668027) per mL culture
medium. Medium was replaced 16 hours post transfection and viral supernatant
was collected 72 hours later, filtered through a 0.45 um PVDF filter (MilliporeSigma
cat#SLHVM33RS), concentrated using LentiX concentrator (Takara Bio cat#631231)
and stored at -80°C. Cells were transduced with viral pellets resuspended in
appropriate medium with 8ug/ml Polybrene Transfection reagent (EMD Millipore
cat#TRIO03G) for 16 hours.

Copy number and RT-gPCR

For Reversed Transcriptase quantitative PCR (RT-qPCR), RNA was isolated with
the RNeasy Plus Mini Kit (Qiagen cat#74136) and converted into cDNA using
SuperScript III First-Strand Synthesis SuperMix for gqRT-PCR (Thermo Fisher
Scientific cat#11752250). PrimeTime qPCR Probe-based assays and Gene Expression
Master Mix were purchased from Integrated DNA Technologies with 6-FAM/ZEN/
IBFQ labeling (table 4). ACTB probes and primers for loading control were designed
with JOE NHS/ZEN/3’ IBFQ labeling to allow multiplex RT-qPCR. 10 uL. RT-qPCR
reactions were prepared containing 500 nM of each primer (gene of interest, ACTB:
forward and reversed), 250 nM of each probe, 5 uL. Mastermix, and 10-50 ng cDNA.
Reactions were run in triplicates on the Quantstudio 6 (Applied Biosystems). Relative
gene expression levels were calculated using the ACT method against ACTB. For
DNA Copy number gPCR, DNA was isolated using the QIAamp DNA mini kit (Qiagen
cat#51306). Custom PrimeTime qPCR Probes (Integrated DNA Technologies, table
4) were designed such that primers and probes are spanning an intronic region of the
DNA. gPCR reactions were prepared and run as described above, but with 20-40 ng
DNA. Copy number was determined using the AC; method against RNAse P. For RT-
gPCR of MIR548K, small RNAs were isolated using the miRNeasy Mini Kit (Qiagen
cat#217004). cDNA was synthesized using the Mir-X miRNA First Strand Synthesis
Kit (Takara Bio cat#638315). Each 10 uL reaction contained 100 (cell lines) - 200
(OKC) ng cDNA, 5 ul TB Green Advantage qPCR premix (Takara Bio cat#639676),
10 uM forward and reversed primer for U6 and target (MIR548K specific forward
primer: aaaaguecuugcggauuuugcu).

Immunoblot analysis

Cell pellets were lysed in Pierce RIPA buffer (Thermo Scientific, 62249),
supplemented with phosphatase inhibitor and protease inhibitor cocktail sets
(Calbiochem cat#524625 and cat#539134). Protein extracts were resolved on Nu
PAGE 4-12% Bis-Tris gradient gels (Invitrogen cat#WGI1401A) and transferred to
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PVDF membranes using the Trans-Blot Turbo system. Membranes were blocked in
5% milkin TBS-T and probed with primary antibodies overnight at 4°C, and then with
horseradish peroxidase-conjugated secondary antibodies. Signals were visualized

with SuperSignal West Pico PLUS Chemiluminescent Substrate (Thermo scientific
cat#PI34577) on the Bio-Rad ChemiDox XRS+ System. The following antibodies
were used: Anoctamin 1 (Cell Signaling cat#14476, 1:500), Beta-Tubulin (Abcam
cat#6046, 1:500), Cortactin (Cell Signaling cat#3503, 1:1000), Cyclin D1 (Abcam
cat#134175, 1:5000), FADD (Cell Signaling cat#2782, 1:1000), ORAOV1 (Invitrogen
cat#PA5101219, 1:400), PPFIA1 (Abcam cat#204406, 1:200).

Table 4 | Copy number and RT-qPCR probes and assays

Copy number gPCR

Target gene  Probe sequence Forward primer Reversed primer

CCND1 TCACACGCTTCCTCTCCAGAGTGA CAACAACTTCCTGTCCTACTACC CTAGGTGTCTCCCCCTGTAAG
CTTN ATTAATTACCAGGAGGGCCAGCCA GGGAGAGAGATGGAGCAAAC CTCACGCATTAGGAACTAGGG
FADD AACTTATTCGAGGTTGCAGGGCGT CAGATGGGAGAGCCAGAAAC ATTTACCCGGGCAGAAGTG
GIF TAGTACCCAGACCCAGAGTTCATGCT ~ CTCTACCTCCTGAGCCTTCT CAACTGCTTCCCTGACCTC
ORAOV1 CCCTAACTCTGGCTGCAAACCAGA GGGCTAGTGCTACTTGAACAC ~ TCTGGCCCGGAATCTACTT
RNAse P TCTGACCTGAAGGCTCT AGATTTGGACCTGCGAGC GCGGCTGTCTCCACAA
SORL1 AGTGCATTAAACCCATGGCTTGGC CCCAGAGGGCATCTCCTATTA CCTGTGAGGGCAGCTATAAAC
RT-gPCR

Target gene  Probe sequence Forward primer Reversed primer

ACTB AGTTTCGTGGATGCCACAGGACTC CACTCTTCCAGCCTTCCTTC GTACAGGTCTTTGCGGATGT
Target gene  Assay number

ADAMTS1 Hs.PT.58.1452444

ANOT1 Hs.PT.58.3276970

CCND1 Hs.PT.56a.4930170

CTTN Hs.PT.58.707045

FADD Hs.PT.58.14661368.g

FGF19 Hs.PT.58.27249369

OR2B6 Hs.PT.58.27730835.g

ORAOV1 Hs.PT.58.40145225

PPFIA1 Hs.PT.58.14730583

VEGFC Hs.PT.58.14602240
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Organotypic invasion model

Frozen human dermis was thawed in DPBS (Life Technologies cat#14190250) for 48
hours at 37°C, and dermis was separated from epidermis. Dermis was treated with
0.1% Peracetic Acid (Sigma-Aldrich cat#77240) in DPBS for 2 hours and washed
3x 60 minutes with DPBS. Dermis was cut into ~lcm? pieces to fit stands, placed in
individual wells of a 12 well plate with the dermal side up and left to airdry for 2 hours.
1 mL of fibroblasts at a concentration of 36,000 cells/mL was added to each well and
plates were spun down at 1000 rpm for 60 minutes. Dermis and fibroblasts were
co-cultured for 8 days before the dermis was placed on stands with the epidermal
side face up. 50-60 uL Matrigel (Corning cat#354234) was added to cover the
dermal side. After polymerization of the Matrigel, 500 uL of 3D organotypic media
(31 DMEM:Ham’s F12 medium (Thermo Scientific cat#12-615F) with 10% FBS, 1%
P/S, and 1% antibiotic-antimycotic (Gibco cat#15240062), supplemented with 24
pg /mL adenine (Sigma cat#A9795-1G), 8.4 ng/mL cholera toxin (EMD Millipore
cat#227036), 0.4 ug/ml hydrocortisone (EMD Millipore cat#386698), 5 ug/mL
insulin (Sigma cat#11882-100MG), 10 ng/mL EGF (Life Technologies cat#PHG0315),
1.4 ng/mL triiodothyronine (Sigma cat#T5516), 1 ug/mL ciprofloxacin hydrochloride
(Sigma cat#PHR1044)) was added. 50 uL FaDu cells were added on top of the dermis
ata concentration of 3.75x10° cells/mL. Media was changed every 2 days. After 10 days,
dermis was removed from stand and fixed in 10% Neutral Buffered Formalin (Thermo
Scientific cat#22050104) overnight, followed by an overnight wash in DPBS. Dermis
was subsequently incubated in 15% sucrose in DPBS, 30% sucrose in DPBS, and 1:1
30% sucrose in DPBS mixed with Optimal Cutting Temperature compound (OCT,
Fisher Scientific cat#23730571), 60 minutes each. Dermis was embedded in OCT
and stored at -80°C until sectioning. OCT blocks were sectioned on a CryoStar NX70
cryostat (Thermo Scientific) at 5um, with 500 um between planes. Sections were
stained with Gill IIT Hematoxylin (Thermo Scientific cat#72611) and Eosin-Y (Fisher
Scientific cat#22220104). Each organotypic resulted in approximately 10 sections.
Invasion was quantified as the fraction of sections with cells that show invading cells.

Cell growth assays

For viability assays, cells were seeded into Black Greiner Cellstar 96 well plates
(Sigma-Aldrich cat#M9936). Starting at 72 hours after plating or drug treatment,
cells were incubated with 10% Alamar Blue (Bio-Rad cat#100234-634) according
to the manufacturer’s instruction. Fluorescence was read out on a GloMax Explorer
plate reader (Promega) at an excitation of 520 nm and emission of 580-640 nm. Cell
viability was calculated relative to untreated or day 1 condition. For Spheroid assays,
serial dilutions were made to concentrate cells at 200, 100, 50, or 20 cells/mL. 100
uL of cells were transferred to an Ultra-Low Attachment Multiwell Plate (Corning
cat#3474), with 5 replicates per concentration. 72 hours after seeding, wells were
qualified to be either positive or negative for sphere formation. Percentage of cells with
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sphere forming capacity was determined using Extreme Limiting Dilution Analysis?°.
Statistical power was calculated with chi-square test. For Competition assays, TP53
and CDKNZ2A knockout OKC (TC-OKC) were transduced with pLEX_307 or SGEP
lentivirus for the gene of interest or EBFP control. 72 hours post transduction, gene
and EBFP control overexpressing OKCs were mixed 1:1 and immediately analyzed on a
LSRII Flow Cytometer (BD) to determine the ratio of gene-mCherry:EBFP. Cells were
kept in culture and analyzed over time to determine the change in ratios. Ratios were
normalized to day 1. Experiments were performed with OKC from at least 2 different
donors (1 donor per replicate).

In vivo experiments

NOD scid gamma (NSG) mice were purchased from the Jackson laboratory
(cat#005557). All experimental procedures were approved by and in compliance
with UCSF IACUC. TP53 and CDKNZA knockout OKCs were transduced with
pLEX_307 virus to induce expression of target genes. 6 days post transduction, cells
were resuspended in a 1:1ratio of Matrigel and OKC culture medium at a concentration
of 1.0E” cells/mL. NSG mice (n = 45, mixed male and female) were subcutaneously
injected in the hind flank with 1.OE® cells. Tumor growth was monitored weekly until
endpoint and tumors were measured using a caliper. Tumors were dissected and
origin was confirmed through RT-qPCR on target genes.

TCGA data analyses

Publicly available copy number and gene expression data from The Cancer
Genome Atlas (TCGA) was accessed through diverse applications. For overall 1113
amplification frequencies in tumors or cancer cell lines, TCGA PanCancer data and the
Cancer Cell Line Encyclopedia were analyzed through cBioPortal, respectively'78264265,
To determine individual gene amplification frequencies in tumors, TCGA data sets
(GDC TCGA Esophageal (stratified for SCC tumors), GDC TCGA HNSCC, GDC
TCGA LUSC, GDC TCGA Liver HCC) were explored for copy number through the
Xenabrowser®1?9238:266  Copy number amplification was called at > 3.0 copies. To
determine correlations between copy number and gene expression, TCGA HNSCC,
TCGA LUSC, and TCGA ESCC data were downloaded from the Genomic Data
Commons and mined for copy number, RNA expression, and miRNA expression
data. Shapiro Wilk tests showed that data were not linearly distributed, thus pairwise
Spearman coefficient between expression and copy number was computed. P-values
were corrected for multiple testing with the Holm method.

For correlations between copy number and protein expression, HNSCC data were
downloaded from CPTAC?**2, For survival analysis, TCGA HNSCC 92 data was mined
for HPV status, 11q13 gene copy number, and survival in months. Kaplan Meier
curves were computed with the Survival and Survminer packages for R. For cancer
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dependency analysis, the Cancer Dependency Map was accessed via the depmap
package for R. DepMap Release: DepMap, Broad (2020): DepMap 20Q3 Public.
figshare. Dataset doi:10.6084/m9.figshare.9201770v2 (CRISPR knockout screens
from project Achilles)?*4. For HNSCC and Esophageal SCC (ESCC) specific analysis,
the following cell lines were analyzed: HNSCC: BHY, BICR18, BICR22, BICR31, BICRG,
CAL27,DETROIT562, FADU, HSC3, HSC4, PECAPJ15, PECAPJ41CLONEDZ2, SCC15,
SCC25, SCC4, YD38, YD8. ESCC: COLO680ON, KYSE140, KYSE180, KYSE410,
KYSES5I0, OE19, OEZ21, TE10, TE1l, TE14, TE15, TE4, TE5, TE6, TE8, TE9, TDOTT.
LSCC: HCC15, LK2, HARA, NCIH2170, NCIH2882, HCC95, SW900, SQI1, EBC],
LUDLUL CORL32,NCIH520,NCIH1869, VMRCLCP,NCIH1703,HCC2450, GT3TKB,
LOUNH91, HCC1897, KNS62, EPLC272H, RERFLCAI, LC1SQ, LCIF, NCIH1385,
SKMES], RERFLCSQI, CALU1, HCC2814, LC1SQSF, NCIHI57DM.

Statistical analysis

All data are represented as mean + SEM unless stated otherwise. All experiments
were independently reproduced at least 3 times. Statistical significance is indicated as
follows: *p<0.05, **p<0.01, ***p<0.001
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Figure S1| 11913 genes are frequently co-amplified in SCC
a Fraction of esophageal tumors with 11q13 amplification (TCGA, non-SCC:n=88,SCC:n=97).

b Fraction of tumors that have indicated gene amplified when 11q13 gene is amplified (n = 519).

¢ Fraction of HNSCC (n=30) and ESCC (n =24) CCLE cell lines with 11q13 amplification.
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f Correlation between gene expression and copy number in ESCC (TCGA, n = 161). R2 value
represents Spearman coefficient, p values calculated with Holm correction.

g Correlation between gene expression and copy number in LSCC (TCGA, n = 500). R2 value
represents Spearman coefficient, p values calculated with Holm correction.

h Correlation between copy number and protein expression in HNSCC (CPTAC, CCND1: n = 96.
Others: n=109). R2 value represents Spearman coefficient.

i Gene expression of 11q13 genes relative to ACTB expression in FaDu cells. D. Upper and lower
whiskers represent the largest and smallest observed values within 1.5 times the interquartile
range from the ends of the box. ***p <0.001.
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Figure S2 | Growth analyses upon gene specific and efficient knock down in 11q13 amplified cells.

a RT-gPCR copy number values of GIF (11q12), SORL1(11q24),and11q13 genes, calculated relative
to primary oral keratinocytes.

b Gene expression values 72 hrs post transduction with guideRNA, relative to control.

¢ Relative cell viability values based on Alamar Blue assay upon CRISPR-i mediated knockdown of
11913 genesin Detroit562 cells. P values calculated with two-way ANOVA test.

d Immunoblot analysis of 11q13 genes in FaDu and Detroit562 cells upon CRISPRi-mediated
knockdown of target genes.

e Relative cell viability values based on Alamar Blue assay upon CRISPR mediated knock-out of
11913 genes in Detroit562 cells. P values calculated with two-way ANOVA test.

f Gene expression values 96 hrs post respective gene knockout, relative to SC1control.

g Spheroid formation frequency upon CRISPR-i mediated knockdown of 11q13 genes in
Detroit562 cells. Error bars represent 95% confidence interval, p values calculated with chi-
square test (none significant).

h Gene expression of 11q13 genes upon CRISPR-i mediated knockdown of CCND7 in FaDu and
Detroit562 cells.

i CCNDT gene expression upon CRISPR-i mediated knockdown of 11q13 genes in FaDu and
Detroit562 cells.

79



CHAPTERS3

80

a b c d
25 1.0 5 1.6 1.0
S 1= 2= 53
57 20 @2 9 08 8912 2508
@ o g 5E =
LT SIS X5 05
g 215 g0 06 o 8 8606
3 E CE) <208 )
§§10 §§ 0.4 z2 S204
© © kS 3 ®
€8s L2o2 E(@“OA @goz
2 s=0 = o
= 0]« rezoas 3 =
o 0.0 S 00 0.0
Copy number & o & o
(log2(copy number/2)) ,\é(@ <& @\o, <&
& &
e f g
©
= ©
= 7 1- Control A kad. T 50257
T 6~ MiR548K k.d. £ E-CADHERIN TARGETS (UP)
2 5 0.20 0.6
o 5 £ . NES  q.value
2 S 015 @ 0.4 2107 3.60e-07
© 4 o wi
ko] = x 0.2
= Q
S 5010 0.0 ity
E 2 s 0.05 0 5000 10000 1500020000
s 1 & : Position in the Ranked List of Genes
g o+ — S 0.00
1 2 3 4 5 [ (SIS
GRS
Day Rl
&© ) g

& &

Figure S3 | Growth analyses upon abrogation of MIR548K

a Correlation between MIR548K copy number and expression in HNSCC (TCGA, n = 457). R2
value represents Spearman coefficient, p value calculated with Holm correction (significant).

b MIR548K expression values 96 hrs post transfection with CRISRPR-RNP, relative to control.

¢ CCND1expression values upon MIR548K knockout in FaDu and Detroit562 cells.

d MIR548K expression values 72 hrs post LNA transfection, relative to control.

e Relative cell viability values based on Alamar Blue assay upon LNA mediated knockdown of
MIR548Kin Detroit562 cells.

f Spheroid formation frequency upon LNA mediated knockdown of MIR548K in Detroit562
cells. Error bars represent 95% confidence interval, p value calculated with chi-square test (**p
<0.01)

g Running Enrichment Scores of GSEA upon M/IR548K knockout in FaDu cells for the CDH1_
Targets Gene Set.
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Figure S4 | Expression of 11q13 genes in TP53/CDKN2A knockout OKC

a Percentage of indels measured via TIDE 96 hrs post electroporation with CDKN2A- and TP53
targeting CRISPR RNPs in primary OKC.

b Immunoblot analysis of 11q13 genes in TC-OKC 6 days post transduction with lentivirus.

¢ MIR548K expression levels in OKC relative to control 96 hrs post transduction with lentivirus.

d Schematic overview of experimental set-up for competitive growth assay. TC-OKC are
transduced with lentiviral construct for gene of interest (with mCherry) or control (EBFP).
After 72 hours, the gene-mCherry and control-EBFP OKC populations are mixed and analyzed
through flow cytometry. Cells are kept in culture and analyzed over time.

e Light microscopy pictures of TC-OKC 72 hrs post transduction of EBFP- or FADD-expression
inducing lentivirus.

f Gene expression values of dissected tumors, relative to control cells from pre-injection.
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Figure S5 | CDH1expression in esophageal, nasopharyngeal, and liver tissue

a Left: CDH1 protein expression data for 5 different tissues. Right: Representative
immunohistochemistry images from CDH1 staining (all CABOOOO87 antibody). All data and
images from The Human Protein Atlas (https://www.proteinatlas.org/ENSGOO000039068-
CDH1/tissue, v22.0.proteinatlas.org)

b CDH1RNA expression in selected tissues, expressed in normalized protein-coding transcripts
per million) based on RNA-seq tissue data from the Genotype-Tissue Expression (GTEX) project.
Dataset does not include nasopharyngeal tissue. Data obtained through The Human Protein
Atlas (https://www.proteinatlas.org/ENSGOO000039068-CDH1/tissue, v22.0.proteinatlas.

org)
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Abstract

11q13-mediated amplification of CCNDI occurs frequently in squamous cell
carcinomas (SCC), and particularly in head and neck SCCs (HNSCCs). CCNDI is one of
the driver oncogenes of the 11q13 amplification, but the effect of amplified CCNDI in
HNSCCs has not yet been fully elucidated. Here, we identify that CCNDI amplification
induces CCNDI oncogene addiction in amplified cancer cells, whereas primary oral
keratinocytes only show dependency on CCNDZ2. Moreover, CCNDI amplification
rewires the cyclin D1 regulatory network, such that cyclin D1 drives the cell cycle in
a CDK4/6/RB-independent fashion. Lastly, we identify that cyclin D1 induces RRMZ2
expression, which may confer a novel dependency on RRMZ2, as we show that RRM2
inhibitors suppress cyclin D1-mediated tumor growth. Thus, this work provides new
insights into viable strategies for targeting CCNDI-amplified HNSCC tumors.
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Introduction

Cell proliferation is crucial in development and normal cell health, but dysregulation of
this process can give rise to over-proliferative cells and eventually cancer?®”. Therefore,
progression through the cell cycle is tightly regulated by the cyclin/cyclin dependent
kinase (CDK) system. Cyclins are expressed in a cyclic manner, being the limiting step
in the formation of the cyclin-CDK complex that stimulates advancement through the
cell cycle. There are different classes of cyclins that each display substrate specificity
towards their specific CDK partners and are activated in different phases of the cell
cycle. Although other classes have also been implicated in tumorigenesis, particularly
the D-type cyclins play a significant role in cancer development and maintenance, as
responders to signals of several oncogenic pathways®+%%, The three types of cyclin D
(D1-D3) share significant overlap in amino acid sequence, but cyclin D1 is the most
frequently dysregulated in cancer and therefore the best studied amongst the cyclins.
Cyclin D1 is a key regulator of cell cycle progression from the G1- to S-phase, through
integration of extracellular signals such as growth factor receptor activation and
adhesion signaling into progression of the cell cycle through DNA synthesis*®°. Cyclin
D1 levels increase late in the Gl phase to stimulate advancement to the S-phase for
DNA synthesis, at which point cyclin D1 levels fall again.

Protein interaction analysis have identified that cyclin D1 interacts with over 100
different proteins. These datasets are particularly enriched for its cell cycle partners
and proteins that are involved in transcriptional regulation'¥**", However, analysis
of interactors in human cancer cell lines also shows presence of proteins that are
involved in, for example, DNA repair, cellular organization, protein folding, and RNA
metabolism?*™. Thus, although the most prominent function of cyclin D1 is in cell
proliferation, cyclin D1 is also involved in other cellular processes, and it exerts its
regulatory function both in a CDK-dependent and -independent fashion.

CDK dependent- and independent functions of cyclin D1

The most well-known function of cyclin D1 is its catalytic function, where it
complexes with its CDK4 or CDK6 partners to interact with and phosphorylate
several substrates. CDK4/6 activity is regulated through interaction with cyclin
D1, phosphorylation and through CDK inhibitors of the INK4 (including pl6ink4a
and pl5ink4b) and CIP/KIP (P21, P27) family members'®®. CDKs are integral to the
checkpoint that prevents continuation of the cell cycle in response to DNA damage
and defects in the formation of the mitotic spindle. Upon stimulation by extracellular
growth factors and subsequent expression of cyclin D1, assembly of the cyclin DI-CDK
complex results in phosphorylation of the retinoblastoma tumor suppressor protein
(RB) and RB-like proteins p107 and p130. RB phosphorylation results in the release of
EXF transcription factors, which in turn induce several target genes that are required
for S-phase entry and DNA replication®.
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Since the initial descriptions of this pathway, the model has been further expanded to
include several feedback interactions, such as between the RB- and E2F proteins®’.
Other substrates for the cyclin D1-CDK complex include SMAD3 - resulting in
subsequent downregulation of genes in the TGF-f§ family that are involved in
inhibition of cell cycle progression -, the PRMT5/MEP50 complex - resulting in a
decrease of the CUL4 E3 ligase and subsequent stabilization of CDT1 levels, which is
involved in DNA replication -, CDK inhibitors P21 and P27, and several other proteins
involved in cell cycle progression, such as RUNX, GATA4, BRCA], and MEF2 family
members?73?78,

Besides its catalytic functions, cyclin D1 also regulates cell growth and differentiation
through direct - CDK independent - interaction with a number of DNA binding
proteins, such as the nuclear hormone receptor family and their co-activators.
Cyclin D1 can directly bind and activate the estrogen receptor (ER) in both a CDK-
and estrogen- independent manner and also recruit steroid receptor co-activators
(SRCs) to the ER187,188,279. This has mainly been observed in breast cancer (BC),
where in cells with both high cyclin D1 and ER expression, cyclin D1 activates the
transcriptional functions of the ER, stimulating cell growth. In contrast with ER
activation, cyclin D1 also directly interacts with but inhibits the Androgen Receptor
(AR), and the peroxisome proliferator-activator receptor gamma (PPARY) - which
inhibits adipocyte differentiation’®®1°°?8° Other DNA binding- and transcription
factor proteins that cyclin D1 interact which include MYB, DMP1, MYOD, RAD5], and
C/EBP?70281-286_Cyclin D1 can further control transcription through interaction with
chromatin modifying enzymes such as histone acetyltransferases (HACs) and histone
deacetylases (HDACSs), forming a bridge between these proteins and transcriptional
1,egulator51590,19].28'7,288.

Dysregulation of cyclin D1 activity in cancer

One of the hallmarks of cancer is that cells display continuous proliferation while
evading signals of growth regulation, and dysregulation of the cell cycle is one of the
key events in tumorigenesis to drive tumor cell proliferation®. Due to its central role in
the cell cycle, dysregulated cyclin D1 disrupts checkpoint-induced cell cycle arrest and
permits replication of damaged DNA?722892% Thus, high levels of cyclin D1 through
either overexpression or compromised degradation, stimulate cell cycle progression
through the GI-S transition. Ultimately, this can stimulate uncontrolled proliferative
growth, endowing cancer cells with a fitness advantage.

Human cancers show frequent dysregulation of cyclin D1, and high CCND1 expression
generally correlates with poor prognosis®®*%, Dysregulation of the P16/cyclin D1/
CDK pathway has been observed in nearly all cancers, but the mode of dysregulation
varies. Dysregulation can be a result of amplification of CDK4 or CDK6, homozygous
deletion or deleterious indels of inhibitors such as CDKN2A (P16), or inactivation of
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RB proteins. Specific activation of cyclin D1 activity can be achieved through CCNDI
amplification, translocation, protein stabilization, or activation through oncogenic
signaling pathways.

Cyclin D1 activity is regulated through several signaling pathways, of which the
main ones include WNT/B-catenin, MAPK, PI3K-AKT, EGFR, JAK-STAT, and NF-
kB signaling pathways**°=%, Furthermore, in cancer, mutations have been observed
in genes that regulate the ubiquitination and degradation of cyclin D1. For example,
several cancers, including 14% of esophageal squamous cell carcinomas (ESCC),
display mutations in Fbx4, which is part of a cyclin Dl-targeting ubiquitin protein
ligase complex, resulting in increased cyclin D1 stability®°®*°”. Another example of
cyclin D1 stabilizing mutations observed in cancer are mutations at the Thr-286 site
of the CCNDI gene itself, which prevent phosphorylation by GSK-3[3 and subsequent
degradation®°*3083%9 Translocation of CCNDI to the immunoglobulin heavy chain
(IGH) locus can also increase CCNDI expression and is a defining genetic event in
Mantle Cell Carcinoma, where over 90% of the tumors display this translocation®®°.

However, after CDKNZ2A inactivation, the most frequent mode of cyclin D1 activation
is through amplification of the 11q13 locus, which includes CCNDI amongst other
genes. 11q13 amplification occurs in approximately 6% of all tumors, making it the
third most common amplification across cancers, only trailing MYC and PISKCA
amplifications'® (see Chapter 3). 11q13 - and thus CCNDI - amplifications are
particularly enriched in squamous cell carcinomag!0”79181182,

CCND1amplificationin HNSCC

24% of HNSCCs carry 11q13/CCNDI amplifications, and this amplification correlates
significantly with poor prognosis and lymph node metastasis®*® (see Chapter 3 for
more details on 11q13 amplification). In HPV-negative HNSCCs, there is a significant
overlap in tumors with CDKN2A inactivation and CCNDI amplification®. In
contrast, HPV-positive HNSCC are associated with E6/E7 viral oncogenes, which
bind and inactivate RB in the absence of further mutation®".

The frequency of this CCNDI amplification generated enthusiasm for the use of
CDK4/6 inhibitors, such as palbociclib, as potential therapeutics in SCC. This is
based upon the assumption that CDK4 and/or CDKG6 are critical downstream targets
of amplified CCNDI in SCC. One phase II study of palbociclib in lung SCC (LSCC)
patients with known amplification of CCNDI failed to demonstrate significant
disease controlling activity®?. A double-blind randomized placebo controlled trial
in 125 patients of palbociclib in combination with cetuximab in patients with HPV-
negative recurrent or metastatic head and neck SCC (HNSCC) failed to demonstrate
any additive benefit of palbociclib®®. Further, a phase II study of palbociclib and
cetuximab in patients who previously progressed on cetuximab yielded minimal, if
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any, response®“. These disappointing results raise the possibility that mechanisms
other than CDK4/6 activation may be the critical events downstream of CCNDI
amplification in SCC.

Here, we aimed to get a better understanding of the function of cyclin D1 in 11q13-
amplified HNSCC. Through comparison of sensitivity of CCNDI-amplified cancer cells
and non-amplified primary cells to either CCNDI deletion or treatment with CDK-
inhibitors, we found that in contrast to primary cells, amplified HNSCC cells show
high sensitivity to CCNDI loss, but in a CDK-independent manner. Furthermore, we
identify a novel activity in which CCNDI amplification results in RRMZ2 upregulation
that drives tumorigenesis. We show that RRM2 inhibition decreases tumorigenicity,
thus identifying novel potential treatment opportunities and strategies for CCNDI-
amplified HNSCC.

Results
11913-mediated amplification of CCND7induces CCND1dependency

Increased CCNDI expression through 11ql3 amplification has been presumed
one of the major tumor-driving events of the 11q13 amplification in SCC. To assess
the contribution of CCNDI to in vivo tumor growth, we measured tumor growth
of FGFI19 (control) and CCNDI knockout in CCNDI-amplified FaDu cells. Loss of
CCNDI significantly decreased tumor growth in NSG mice, confirming that cyclin
D1 is an important driver of tumor growth in CCNDI amplified cancer cells (Fig 1a).
However, the understanding of the effect of CCNDI expression on the oncogenic
transformation of normal keratinocytes is very limited. Therefore next, we assessed
the effect of increased CCNDI expression on in vivo tumor formation and growth
of oral keratinocytes (OKCs). OKCs bearing TP53- and CDKN2A deleterious indels
(TC-OKCs) were transduced with CCNDI or mCherry (control) expression inducing
lentivirus and injected into NSG mice. Whereas the control mice did not show any
tumor formation, induction of CCNDI expression was sufficient to induce tumors in
vivo from TC-OKCs (Fig 1b). Moreover, the level of CCNDI expression was directly
correlated to tumor growth, emphasizing the effect of CCNDI on the tumors (Fig Sla).
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Figure 1| 11q13-mediated amplification of CCND7induces CCND1dependency

a Weight of tumors grown in NSG mice injected with 1E6 FaDu cells bearing either FGF19 or
CCND1k.o. mutations. Tumors were dissected 33 days post injection (FGF19:n=5, CCNDT-n=
3).

b /n vivo tumor growth in NSG mice injected with 1E6 human TC-OKC cells overexpressing
indicated gene (mCherry:n=5, CCNDT.n=5) as measured with a caliper.

¢ Relative cell viability values based on Alamar Blue assay upon CCNDTknockout in primary TC-
OKC and FaDu cells.

d Gene expression values 96 hrs post CCNDTknockout, relative to control (*p < 0.05, **p < 0.01).

e Relative cell viability values based on Alamar Blue assay upon knockout of Control SC1, CCND1,
CCND2,0r CCND1+CCNDZ2 in FaDu cells (left) and primary TC-OKC (right).

f Cell cycle profile through DNA staining with FxCycle Violet Ready Flow upon knockout of
Control SC1, CCND1, CCND2, or CCND1+CCNDZ2 in FaDu cells (left) and primary TC-OKC
(right).
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Figure 2 | Amplified CCND1takes over CCND2 function

a Immunobilot for cyclin D1, cyclin D2 and B-tubulinin OKC, FaDu, and Detroit562 cells

b CCNDZ2 expression valuesin TC-OKC upon lentiviral induced expression of CCNDT

¢ Volcano plot on TCGA expression data of TP53/CDKN2A mutated (n=139) vs. TP53/CDKN2A
mutated + 11q13 amplified tumors (n = 69). Red dots indicate genes that are located in the 11913
region.

d Pathways regulated by CCND7in FaDu cells versus regulation by CCNDTor CCNDZ2 in TC-OKC
as extracted from GSEA “Hallmark gene sets” analysis on RNAseq data upon respective gene/
cell knockout combinations.

Having established CCNDI as a driver of SSC growth (see also Chapter 3), we next
investigated the mechanism through which CCNDI promotes proliferation in cancer
in an amplified setting and how this relates to its normal function in non-malignant
cells. To compare the effect of CCNDI on proliferation between non-cancerous and
cancerous cells, we generated CCNDI knockout TC-OKCs through electroporation of
CRISPR-RNPs and compared growth profiles to a “SC1” negative control that targets
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the 11q13 region in a non-coding/non-regulating region. In contrast to the necessity of
CCNDIin SCC cells, knockout of CCNDI1in TC-OKCs had no effect on cell proliferation
(Fig 1c, Fig S1b). We identified that loss of CCNDI expression in SCC lines results in a
strong upregulation of CCNDR expression (Fig 1d, Fig Slc), implying the activation of
a compensatory mechanism. In contrast, TC-OKCs did not upregulate any members
of the cyclin family upon loss of CCNDI. CRISPRi-mediated knockdown of CCNDI in
the SCC lines recapitulated the CCND2 compensation, establishing that this effect
is intrinsic to the 11g13 amplified lines and not an artifact of CRISPR-mediated gene
cutting (Fig S1d). Thus, these data suggest that 11q13 amplification induces CCNDI
oncogene dependence as only CCNDI-amplified lines exhibit a dependence on CCNDI
for cell proliferation and increased CCNDR levels fail to rescue the growth defect.

To gain understanding of the effect of the increased CCNDR levels upon CCNDI
knockout, we next investigated whether CCNDR is necessary in the 11q13-amplified
setting. Knockout of CCNDI and CCNDR - either individually or in combination - in
both 11gl3-amplified lines resulted in significantly slowed cell proliferation with
accompanying G1/S cell cycle arrest (Fig le, Fig Sle, Fig 1f, Fig S1f). In contrast, TC-
OKCs exhibited a modest proliferation defect with no cell cycle arrest upon CCND2
knockout and only display a robust proliferation defect upon dual CCND1/2 knockout.
Because 11ql13-amplified cell lines require both CCNDI and CCNDZ for proliferation,
and knockout of both CCNDI and CCNDR results in additive G1/S cell cycle arrest,
CCNDI and CCNDRZ2 therefore may be acting through distinct pathways in the 11q13-
amplified setting. The difference in cyclin D dependence between our non-cancerous
and cancerous cell models thus suggest that amplification of 11q13 in SCC induces
CCNDI-dependent oncogene addiction.

Amplified CCND1takes over CCND2 function

To gain further understanding of the interaction between CCNDI and CCNDR2 in OKCs
and how this interaction changes upon CCNDI amplification, we first sought to determine
the relative expression levels of both cyclin D1 and cyclin D2 in primary and cancer cells.
Analysis of basal cyclin D1 and cyclin D2 levels in TC-OKCs and 11ql3-amplified SSC
lines revealed cyclin D2 as the primary expressed cyclin D in OKCs, in contrast to the
high cyclin D1 levels in FaDu and Detroit562 (Fig 2a). Both FaDu and Detroit562 cells
express very low levels of cyclin D2 relative to cyclin D1, thereby leading us to investigate
whether there is a negative correlation between CCNDI and CCNDRZ levels in these
cells. Whereas perturbation of CCNDI levels leads to increased levels of CCNDR2 in cells
with high CCNDI (Fig 1d, Fig Slc, Fig S1d), increased expression of CCNDI in TC-OKCs
suppresses CCNDR levels (Fig 2b). Furthermore, analysis of publicly available RNA-seq
data of HNSCC tumors (139 without CCNDI amplification, 69 with CCNDI amplification,
all TP53 and CDKN2A mutant) revealed that tumors with CCNDI amplification have
much lower expression of CCND2 compared to non-amplified tumors (Fig 2¢)%. Thus,
these data suggest that at high level, CCNDI suppresses CCNDZ2 expression.

93



CHAPTER 4

94

To better understand the change in function of cyclin D1 upon 11ql3-driven
amplification, we compared transcriptional signatures of CCNDI knockout in FaDu
cells with signatures of either CCNDI or CCNDZ2 knockout in TC-OKCs. As expected,
we find that in FaDu cells, cyclin D1 positively regulates several cell cycle-adjacent
processes, and inhibits inflammatory responses. This is in contrast to its function in
TC-OKCs, where cyclin D1 has an opposite effect on the cell cycle processes and no
effect on inflammatory responses. However, the transcriptional signature of cyclin D2
in TC-OKCs is more similar to that of cyclin D1in FaDu cells, with positive effects on
several of the cell cycle gene sets, and inhibition of the inflammatory responses. Thus,
in TC-OKCs cyclin D1 might have a negative effect on cell cycle progression, whereas
cyclin D2 has a positive effect. However, upon CCNDI amplification in cancer cells
cyclin D1levels go up, suppressing cyclin D2 levels, and instead positively regulate cell
cycle processes to progress tumorigenic growth.

Amplified CCNDT functions through CDK-independent functions

The acquired dependence on cyclin D1that we observed inthe cancer cells compared to
the non-cancerous cells suggests that CCNDI amplification rewires cyclin-dependent
proliferation pathways, thereby leading CCNDI to have a distinct role in amplified SCC
cells compared to non-amplified OKCs. Because CCNDI amplified cancer cells depend
on high levels of cyclin D1 (Fig 1c), we hypothesized that they would be sensitive to
treatment with the CDK4/6 inhibitor palbociclib. As palbociclib inhibits both cyclin
D1 and D2 function via targeting CDK4/6, we observed a proliferation defect upon
palbociclib treatment in TC-OKCs (Fig 3a). In contrast, neither 11q13-amplified
SSC cell line showed sensitivity to palbociclib despite their sensitivity to combined
CCNDI1/2 knockout. This disconnect between the CDK4/6-i and CCNDI/2 knockout
phenotypes suggest that the cyclin D dependency in these cells may be independent
of CDK4/6 activity. To validate this hypothesis, we expressed the CCNDI mutant
CCNDI¥"?E which is unable to bind to CDK4/6 in TC-OKCs®®. Overexpression of
CCNDI®?E gtill showed a competitive proliferation benefit in TC-OKCs, consistent
with a CDK4/6 independent activity of CCNDI amplification (Fig 3b).

If cyclin D1 solely functions through interaction with CDK4/6 and subsequent
inhibition of RBI, the proliferation inhibitory effect of CCNDI knockout in 11ql13
amplified cells should be rescued by loss of RB function. Therefore, we generated RB1/
RBLI/RBLZ2 triple knockout FaDu and Detroit562 lines and assessed whether CCND1
deletion would cause inhibition of proliferation (Fig S2a). However, CCND1 knockout
on this background still abrogated proliferation in these cells (Fig 3c, Fig S2b).
Moreover,immunoblot analysis of pRB levels shows no change in RBl phosphorylation
upon CCNDI knockout in these cells (Fig 3d). These findings are consistent with the
interpretation that elevated levels of CCNDI in the 11q13-amplified setting rewire its
function to become independent of the CDK4/6-RB1 axis.
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Figure 3 | Amplified CCNDTfunctions through CDK-independent functions

a Dose-response curve fitted to a non-linear regression model in TC-OKC, FaDu, and Detroit562
depicting the effect of Palbociclib treatment for 72 hrs (0.5-5 uM). P value calculated with extra
sum of square F-test.

b Outgrowth of CCNDT-mCherry or CCNDT"?(-mCherry overexpressing TC-OKC versus EBFP
overexpressing TC-OKC.

¢ Relative cell viability values based on Alamar Blue assay upon CCNDT knockout in RB1/RBL1/
RBL2 knockout FaDu cells.

d Immunoblot for phosphoRB upon CCND7knockoutin FaDu and Detroit562 cells.

e RNA-seq expression data on the RB_P130 gene set upon CCNDTknockoutin TC-OKC and FaDu
cells.
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Figure 4 | RRM2is a potential target in 11q13-amplified SCC

a Left: Volcano plot of TCGA expression data of TP53/CDKN2A mutated (n = 139) vs. TP53/
CDKN2A mutated + 11q13 amplified tumors (n = 69). Red dots indicate genes that are also
affected upon CCNDT knockout in FaDu cells. Right: Venn diagram depicting overlapping
differentially expressed genes between TCGA 11q13 amplified genes and CCNDT knockout
RNAseq and their g-values.

b RRM2 gene expression levels in SCC tumors with CCNDT amplification relative to tumors
without CCNDTamplification (TCGA, ESCC: n=184,HNSCC (HPV negative):n=412,LSCC:n=
550).*p < 0.05,**p <0.01.

¢ RRM2 expression values in TC-OKC 96 hrs post transduction with CCNDT overexpression
lentivirus, relative to control.
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d Relative cell viability values based on Alamar Blue assay upon RRM2 knockout in SCC9,
Detroit562,and FaDu cells.

e Left: Dose-response curve fitted to non-linear regression model in OKC, TC-OKC, FaDu,
and Detroit562 cells depicting the effect of triapine treatment for 72 hrs (1-7.3 uM). P value
calculated with extra sum of square F-test. Right: IC50 concentration range of the 4 cell types.

f Outgrowth of CCNDT overexpressing TC-OKC versus EBFP overexpressing TC-OKC in the
presence or absence of 500 nM triapine, p-value calculated by one-sample t-test.

g Tumor growth relative to 1% day of treatment of either triapine (10 mg/kilo, n=9) or control (2%
DMSO, n=7) treated FaDu tumor xenograft bearing NSG mice.

Lastly, we used RNA sequencing to compare the transcriptomes of TC-OKCs with
CCNDI knockout versus 11ql3-amplified FaDu cells with CCNDI knockout. Gene
set enrichment analysis (GSEA) revealed that, although loss of CCNDI in TC-OKCs
significantly affects RB-related genes, these gene-sets are not affected in the FaDu cells
(Fig 3e, Fig S2c, Fig S2d). Thus, in CCNDI-amplified SCC cells, CCNDI amplification
of 11q13 in SCC induces CCNDI-dependent oncogene addiction and rewires CCNDI
to act primarily through a CDK-independent pathway that is distinct from its role in
non-cancerous OKCs.

RRM2 is a potential target in 11q13-amplified SCC

To identify downstream mechanisms through which CCNDI drives tumorigenesis in
11q13-amplified SCC, we compared RNA-seq data generated from CCNDI knockout
FaDu cells with expression data of 208 HNSCC tumors® (139 without amplification,
69 with amplification, all TP53 and CDKNRA mutant). This comparative analysis
identified RRMR as a gene whose expression is significantly affected by CCNDI
amplification/expression status in both data sets (Fig 4a). The ribonucleotide-
diphosphate reductase subunit M2 (RRMR2) is the rate-limiting subunit of
the ribonucleotide reductase (RNR) enzyme that catalyzes the generation of
deoxyribonucleotides. RRM2 has previously been shown to be a potential target for
treatment of several cancers®?, Analysis of RRMR expression in 1146 SCC tumors
shows a significantly higher expression of RRMR2 in CCNDI1 amplified tumors amongst
all 3 analyzed SCC types (Fig 4b). Furthermore, RRMR2 levels are significantly
increased in 11q13-amplified HNSCC cell lines compared to non-amplified OKCs (Fig
S3a). Lentiviral expression of CCNDI in TC-OKCs was sufficient to increase RRM2
expression to similar levels as found in the amplified cell lines, confirming RRM2
as a downstream target of CCNDI (Fig 4c). To assess the role of RRM2 in tumor-
proliferation, we knocked out RRMZ2 in SCC9, Detroit562, and FaDu cells using
CRISPR-Cas9 gene editing. Whereas RRMZ2 knockout in SCC9 cells - which have
normal CCNDI levels - does not affect cell viability, RRMZ2 knockout in Detroit562
and FaDu cells significantly abrogated cell viability when compared to a control edited
at the CCR5 locus (Fig 4d). Thus, the effect of CCNDI on SCC growth is likely at least
in part mediated through its upregulation of RRMZ2.
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To assess the potential of therapeutically targeting RRM2 in 11ql3-amplified
HNSCC, we measured the effect of triapine on proliferation of OKCs, TC-OKCs,
FaDu, and Detroit562 cells. Triapine is a potent inhibitor of the RRM2 subunit of the
ribonucleotide reductase (RNR) enzyme and is currently being explored as a cancer
treatment option in several phase I, II, and III clinical trials®*°-3*?, Whereas both
OKCs and TC-OKCs show moderate sensitivity to triapine only at high doses, both
11q13-amplified SCC lines are significantly more sensitive to treatment, with average
IC50 values 5 to 7 times lower compared to the non-amplified OKCs (Fig 4e). To
validate that targeting RRMR2 inhibits proliferation in a CCNDI-dependent manner,
we analyzed the competitive proliferation benefit of CCNDI overexpression in the
absence or presence of triapine. Triapine treatment decreases proliferation of CCNDI
overexpressing TC-OKCs, but not control TC-OKCs (Fig 4f). These data support our
hypothesis that the pro-tumorigenic effects of CCNDI in CCNDI-amplified cells are
dependent on RRMR2. To validate these findings in vivo, we treated FaDu-xenograft
tumor bearing mice with either triapine or control vehicle (2% DMSO). Triapine
administration significantly slowed down tumor growth (Fig 4g, Fig S3b, Fig S3c).
Whereas in the control group at day 17 2/7 mice died and 4/5 remaining mice reached
ethical endpoint due to tumor burden, none of the mice out of the triapine group
reached endpoint. Treatment was well tolerated and did not affect weight of the mice
(Fig S3d). Thus, inhibition of the CCNDI-RRMR axis using triapine or other RNR
inhibitors may be a viable strategy for targeting 11q13-amplified tumors.

Discussion

Amplification of CCNDI through 11q13is a frequent event in HNSCCs, and it is believed
that this activation of cyclin D1 activity is a driving event in tumorigenesis®*°>?%, Due
to this frequent dysregulation, targeting the cyclin D1 pathway is an attractive option
for the treatment of SCCs. To validate that cyclin D1 can be a therapeutic target, it must
be known whether constant high expression is also essential for tumor maintenance
or progression. Understanding the way cyclins contribute mechanistically to
tumorigenesis will provide further insights into possible treatment directions. In
this study, we show that CCNDI-amplified tumors are dependent on cyclin D1, and
that this dependence is restricted to cancer cells. Mechanistically, we show that this
dependence is independent of the CDK4/6-RB1 pathways, and that amplification
of CCNDI seems to rewire the cyclin D1 regulatory network, suppressing CCND2
expression and inducing expression of RRMZ2, which might serve as an alternative
target for CCNDI amplified tumors.

We show that CCNDI amplified cancer cells exhibit CCNDI oncogene addiction
similar to what has been described in other CCNDI-dependent tumors (Fig 1)350-262,
Although CCNDI is generally regarded as an essential gene, our data reveal that this
dependence on high cyclin D1 levels is exclusive to the CCNDI amplified cancer cells
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and that primary OKCs are not affected in their growth performance upon CCNDI
knockout. These findings are supported by a previous study that reports that cyclin D1
is essential for tumor growth in mouse models of ErbB2-driven mammary carcinoma,
but largely dispensable for normal cell function'®®. Another study showed that loss
of USP2, which stabilizes cyclin D1 levels, only affects cancer cells with high cyclin
D1 levels, but not cancer cells with low cyclin D1 or primary cells®*®. Thus, cyclin D1
appears essential to cyclin D1-high tumor cells, but not universally required.

We identify key differences between the function of CCNDI in the 11q13-amplified
context versus non-amplified settings, supporting the hypothesis that CCNDI
signaling is rewired depending on its level of amplification, expression, or both (Fig
1, Fig 2). Whereas in primary OKCs CCNDI is only expressed at low levels but might
have a suppressive effect on cell cycle progression, in CCNDI-amplified cancer cells
it stimulates cell cycle progression and inhibits inflammatory responses. This fits
with the general regarded function of cyclin DI in cancer cell proliferation and a
recent GSEA on TCGA databases that found a general correlation between CCNDI

amplification and immunosuppressive hallmarks?4®,

However, in these analyses it was found that specifically in HNSCCs the non-amplified
tumors showed increased interferon-o and - signaling, where our GSEA on FaDu cells
show a role for CCND1 in the negative regulation of the interferon response. Previous
studies in HaCat cells (immortalized keratinocytes from adult human skin), showed
that overexpression of CCNDI only marginally increases proliferation of these cells,
but significantly affects epidermal homeostasis, inducing tissue destruction through
an inflammatory response®*3?*, This contrasting result might be explained by the
different state of the cells - “immortalized normal” vs “cancer” - which would suggest
that the function of cyclin D1is not only determined by the expression levels, but also
the state of the cell.

Amplification status of CCNDIin SCC also affects the role of CCNDZ2, as upregulation of
cyclin D1suppresses cyclin D2 levels (Fig 1, Fig 2). In primary cells, cyclin D2 seems to
be the predominant cyclin to stimulate proliferation, a role that may get taken over by
cyclin D1in amplified cancer cells. It could be speculated that cyclin D1 has additional
functions besides cell cycle regulation, and this cyclin D2 downregulation prevents
cyclin D1 from having to compete with cyclin D2. There are several cancer types in
which the CCND2 promotor is frequently methylated, and loss of CCNDZ2 expression
has also been shown in pancreatic, breast, and prostate cancer®?*%-3?8, Further research
on the interplay between CCNDI and CCNDZ could establish potential feedback loops
and compensatory mechanisms.

We show that CCNDI amplified HNSCC tumors are dependent on CCNDI for

proliferation, and that the upregulation of CCND2 which occurs upon loss of
CCNDI expression is insufficient to compensate (Fig 1). Cancer types display
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high heterogeneity in their dependence on cyclins across cancer models and a
previous study that showed that ErbB2-driven mammary carcinomas loose CCNDI
dependency after 2 rounds of passaging upon loss of CCNDI, as they upregulate
CCND3%?%%0_In these tumors, the authors note a benefit of combined CCNDI and
CCND3 inhibition. In our results however, we see that combinatorial loss of CCNDI
and CCNDR has no additive effect on the cancer cells, but does affect TC-OKCs,
making dual cyclin inhibition a less favorable treatment strategy compared to CCNDI
inhibition alone.

Palbociclib is the first FDA approved drug to inhibit CDK4/6 and this drug has been
used to inhibit cyclin D1 activity in cancer®*. However, we observed that despite being
sensitive to CCNDI/CCNDZ2 knockout, CCND1 amplified cancer cells are less sensitive
to treatment with palbociclib than TC-OKC (Fig 3). Since palbociclib targets both
cyclin D1and cyclin D2 activity on CDK4/6, the high cyclin D2 levels and dependency
explain the sensitivity to this treatment in TC-OKC. However, the cancer cells are not
sensitive, despite their high CCNDI levels, indicating a CDK-independent effect of
cyclin D1 in the amplified cancer cells. It could be hypothesized that the significantly
higher cyclin D1 levels lead to saturation of partner CDKs by Cyclin D1, leaving free
cyclin D1 to activate its CDK-independent pathways, explaining this rewiring.
Furthermore, analysis of a large panel of tumors showed that there was no correlation
between CCNDI expression and an E2F response signature, raising the question if this
proliferation pathway is really the driving factor for CCNDI oncogene addiction #2°.

In HNSCCs, CCNDI amplification occurs in a background of CDKN2A mutations or
deletions and the combination of these CCNDI and CDKN2A events gives a worse
prognosis than the events by themselves89. Co-occurrence of these 2 events can be
explained by (1) cooperation to activate the cyclin DI-RB-ERF pathway further or
() extra selective pressure as each component also contributes to other oncogenic
processes/pathways beyond this pathway. Our results point towards the latter
explanation, driven by activation of CDK-independent mechanisms. Furthermore,
different cancers can have specific alterations in the cyclin D1-RB-E2F pathway. For
example, small cell lung carcinomas often display RB inactivation, whereas non-small
cell lung carcinomas more frequently show inactivation of CDKN2A. This suggests
that these different ways of altering the pathways have different selective tumorigenic
pressures. A lot of the initial work in cyclin DI function and CDK4/6-inhibitor
responsiveness has been done in breast cancer. Here, CCNDI amplification does
not occur in combination with CDKN2A mutations/deletions®?. Since the genetic
contexts of CCNDI amplification between BC and HNSCCs are different, we should
thus be careful with translating mechanisms and therapeutic oppurtunities between
these cancer types.

The differences in cyclin D1 signaling identified in this study may have a direct impact
on how we target the cyclin D1 signaling axis for targeted cancer therapy, as CCNDI-
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amplified SCC lines are significantly more resistant to CDK4/6 inhibition relative to
non-amplified cells. Indeed, clinical trials of CDK4/6 inhibitors in SCC have proceeded
with limited success®®3", An alternative approach would be the direct targeting or
degrading of cyclin D1, as currently is being explored?*'**3, Since cyclin D1itself has no
enzymatic activity, it is a challenging target to inhibit. Therefore, some of the current
concepts to target cyclin D1 are based on enhancing its degradation. Experimental
proof for this idea comes from findings that show that for example targeting the
cyclin Dl-specific de-ubiquitinase USP2 accelerates cyclin D1 protein turnover and
decreases its stability specifically in cyclin D1-high cancer cells?*®.. Another example
is the discovery that proteins that can degrade cyclin D1, such as myostatin or ER-f3,
induce a growth arrest upon expression®43%, In recent years, the proteolysis targeting
chimeras (PROTAC) have been explored to selectively target and degrade oncogenic
proteins, including cyclin D133, Testing the effect of direct cyclin D1 targeting on
CCNDI amplified tumors would be an exciting next step.

Lastly, we identified that in HNSCCs, cyclin D1 induces expression of RRMR2 and that
inhibition of RRM2 inhibits HNSCC growth (Fig 4). Notably, the RRMR2-mediated
growth effect of CCNDI amplification appears to be unique to the CCNDI-amplified
context. As subunit of the RNR complex - RRMR2 - is essential for DNA synthesis
and repair. Whereas the RRMI subunit is constantly and excessively expressed,
RRMRZ expression is cyclic and thus the critical regulator of RNR activity, balancing
the production between dNTP production and DNA synthesis®*®%, Indeed, RRM2
expression gets induced in the G1/S transition in a ERF-dependent manner, which is in
line with our findings that CCND1 induces RRMR expression®*®34°, However, whereas
we show that upon amplification in HNSCC cyclin D1 might largely function in a CDK-
independent function, another study found that treatment of HNSCC lines with
palbociclib decreases RRMR2 levels, suggesting that this is a CDK-dependent effect®*.

RRM2has a fundamental function and is amongst the most strictly regulated enzymes.
This can explain why even though the fold difference in RRM2 expression between
CCNDI amplified versus non-amplified tumors is not that high, we see a big difference
in dependency of these tumors. High RRMR2 levels have been associated with and
correlate to poor prognosis of several cancer types, including HNSCCg316319342-349 High
levels of RRM2 in cancer not only can increase cell proliferation, but also increase
mutational burden through high dN'TP levels and thus high misincorporation during
DNA synthesis339,350. Experiments in mice show evidence that inhibition of RRM2
can halt cancer growth, similar to our results. However, several other studies show that
inhibition of RRM2 in the treatment of cancer is particularly effective in combination
with chemotherapy or PARP inhibitorg®"3183493%0 Thig combination regimen seems
to be effective since RRMR2 protects against DNA damage induced apoptosis. Indeed,
RRMR is often found upregulated in chemo resistant cancer cells®",
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In recent years, clinical studies have aimed to test the effect of triapine on several
tumor types. Triapine is clinically well tolerated, but its efficacy remains unclear®*3%4,
Triapine seems to be mostly effective in combination with radiation or cisplatin
treatment, as clinical trials testing these combinations report good response rates in
patients with several cancer types®°>3%%, The combination of triapine plus another
RNR inhibitor has also showed promising results in some clinical trials®*®*%°, but
yielded no or low success in others®'%, For HNSCC particularly, one phase I
clinical trial that included 5 patients with progressing HNSCC showed that 1 patient
responded particularly well with stable disease for over 10 months upon treatment
with triapine as a solo agent®>?. However, a phase I clinical trial showed a low response
rate with only one patient having a partial response®®“. For future studies it would be
worthwhile to determine if CCNDI amplification or RRMZ2 expression are correlated
to clinical responses.

Gemcitabine is an FDA-approved chemotherapy for several cancer types which
targets the RNR complex through RRM1 inhibition. Similarly to triapine, gemcitabine
is a sensitizer for chemoradiation. Although gemcitabine is not a standard treatment
option for HNSCC, several studies - including phase III clinical trials - have showed
that the addition of gemcitabine to cisplatin treatment significantly improves
survival®*®>-%67, Furthermore, a phase II clinical trial showed improved survival upon
gemcitabine treatment of a heavily pre-treated group of HNSCCs®%, Thus, considering
the high success rate of gemcitabine treatments, it would be interesting to determine
whether patients with CCNDI amplification would particularly benefit from
gemcitabine, either as a single agent or in combination with cisplatin.

Overall, here we show the rewiring of cyclin D1 function upon CCNDI-amplification
in HNSCCs. This rewiring may open up additional avenues for targeting the CCNDI
signaling axis in SSC that have not been explored previously. Two examples of this
are direct targeting of CCNDI and inhibition of the downstream RRMZ2 pathway, as
described above. We find that these two strategies for inhibiting the CCNDI axis in
11q13-amplified SCC are significantly more effective to elicit an anti-tumor growth
effect compared to a standard CDK4/6 inhibition strategy while avoiding significant
toxicity in normal keratinocytes. Therefore, these and other CDK4/6 independent
targeting strategies should be investigated further.

Material and Methods

Cell culture

FaDu (ATCC cat#HTB-43, male) and Detroit562 (ATCC cat#CCL-138, female) cells
were grown in Eagle’s Minimal Essential Medium with L-glutamine (Fisher Scientific
cat#50983283) supplemented with 10% FBS (Corning cat#MT35010CV) and 1%
Penicillin/Streptomycin (P/S, Corning cat#MT30002CI). A-253 (ATCC cat#HTB-41,
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male) cells were grown in McCoy’s 5A (Modified) Medium (Fisher Scientific cat#16-
600-082) supplemented with 5% FBS and 1% P/S. SCC-9 (ATCC cat#CRL-1629,
male) cells were cultured in Dulbecco’s Modified Eagle medium (DMEM):F12 (Gibco
cat#11039021) supplemented with 400 ng/mL hydrocortisone (EMD Millipore
cat#386698), 10% FBS, and 1% P/S. HEK293T (ATCC cat#CRL-3216, female)
cells were grown in DMEM (Gibco cat#12491023) supplemented with 5% FBS
and 1% P/S. All cell lines were purchased and authenticated at ATCC in 2016 and
tested yearly for mycoplasma through PCR. Human primary keratinocytes were
collected and isolated from patient derived mucosal samples and cultured in Medium
154 and Keratinocyte Serum Free Medium (1.1, Life Technologies cat#M154500
and cat#17005042), supplemented with 5 mL/L Human Keratinocyte Growth
Supplement (Life Technologies cat#S0015), 25 mg/L Bovine Pituitary Extract (Life
Technologies cat#17005042), 2.5 ug/L EGF Human Recombinant (Life Technologies
cat#17005042), and 1% P/S. No cells were passaged for longer than 5 weeks.

CRISPRinterference constructs and cloning

Stable dCas9 cells were generated by transducing cells with pHR-SFFV-dCas9-BFP-
KRAB (Addgene cat#46911) lentivirus as previously described®®. Stable dCas9 cells
were transduced with pU6-sgRNA EF1Alpha-puro-T2A-BFP (Addgene cat#60955)
lentivirus to introduce guideRNAs (table 1). OR2B6-targeting guideRNAS were used
as negative control.

Table 1| CRISPRinterference gRNA sequences

Target gene Protospacer sequence

CCND1 GGTCCGCACGCTCCGGCGAG
CCND2 GGTGGGCGAGCAGAGCCTCG
OR2B6 GGGAGTGGAAACTCCAGCCA

Genome engineering

To generate gene knockouts, cells were transfected via electroporation using the
MaxCyte ATX electroporation platform with Clustered Regularly Interspaced Short
Palindromic Repeat (CRISPR) Cas9- ribonucleoproteins (RNPs) and gene-specific
guideRNAs (table 2). For electroporation, sub-confluent cells were trypsinized and
washed 1x in DMEM and 1x in Opti-MEM (Life Technologies cat#31985070). Cells
were resuspended to a concentration of 2. 5E7 cells/mL in Opti-MEM. crRNAs and
Alt-R CRISPR-Cas9 tracrRNA (Integrated DNA Technologies) were hybridized in a 1:1
ratio to a final concentration of 50 uM. crRNA:tracrRNA were complexed with Cas9-
RNP at a I:1:1 ratio for 20 minutes at room temperature and subsequently mixed with
the cells to a final concentrations of 2.5 uM crRNA:Cas9 and 2.0E7 cells/mL. Cells were
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electroporated in 25 pl or 400 pl reactions with the ‘Optimization 7’ (keratinocytes,
Detroit562, and SCC-9) or ‘DLD-I" (FaDu) electroporation protocols. After
electroporation, cells were immediately collected from the processing assembly, plated
into a 6 well plate and recovered 20 minutes at 37°C, before resuspending in 2 mL
culture medium. Transfection efficiency was determined 24 hrs post electroporation
through flow cytometry. After 96 hours, gene disruption was confirmed through
TIDE (Tracking of Indels by Decomposition) analysis (primers: table 2). To control for
multiple edits in the amplified 11g13 region, a negative control “Safe Control” SC1 crRNA

was designed to target the 11q13 region in a non-coding and non-regulating region.

Table 2 | CRISPR crRNA sequences and primers for TIDE analysis

Target gene  crRNA sequence Forward primer Reversed primer

CCND1 CATTTGAAGTAGGACACCGA ~ CACACGGACTACAGGGGAGT ~ ACCCCTTCCTCCTTCAGAAA
CCND2 CTCGTGGCACAGCAGCTCCA ~ GGGAGAGCGAGACCAGTTTT ~ GACCTACCTCCAGCATCCAG
CCR5 AACACCAGTGAGTAGAGCGG ~ TGCTTGGCCAAAAAGAGAGT CGATTGTCAGGAGGATGATG
CDKN2A TAACTATTCGGTGCGTTGGG GACTCCCTTTTTATCCCAAACG  CCAGTCCTCCTTCCTTGCCAAC
RB1 AGCATTATCAACTTTGGTAC TCTTCTTGACCCTTCGTTTTC ~ CCATTGCAAGTGTTTTCTCG
RBL1 GACGACTTTACTGCCATCCG CAGACGGTGGATGACAACAC TGAGCTACACCCACCTTTCC
RBL2 GGCGACTGGTCACCTCCCGA ~ AGCGTGTAGCTTTCGCTCAT TCGTCAGTACAGCCCTGTTG
RRM2 GACACAAGGCATCGTTTCAA ~ ACATTTCGGTGTGAGTTCTTCC  GAAAATGTGAGGCCAGGCAT
SC1 TTGGTCCCACGATGACCCAC ~ GATCGAGGTCCACTCTGAGC GGTGTGTGTACTGGGGGAAC
TP53 CCATTGTTCAATATCGTCCG ACTGACCGTGCAAGTCACAG CCCCTCTGAGTCAGGAAACA
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Exogenous 11q13 gene constructs and cloning

To clone overexpression constructs, RNA was purified from oral keratinocytes (OKCs)
and total cDNA was synthesized with poly-A specific primers using SuperScript
IIT First-Strand Synthesis System (Invitrogen cat#18080051) according to the
manufacturer’s instructions. To create Gateway compatible PCR products of the
gene of interest, coupled to an mCherry tag through a TR2A sequence, primers were
designed with AttB and T2A adapters (table 3). PCRs were performed to create AttB-
gene-TRA and T2A-mCherry-AttB products from whole genome cDNA (CCNDI) or
the following plasmids as template: CCNDI¥?F: Rc/CMV Cyclin D1 K112E, Addgene
cat#8951, EBFP: pU6-sgRNA EFIlAlpha-puro-T2A-BFP, Addgene cat#60955;
mCherry: pHR_Gal4UAS_pGKmCherry, Addgene cat#79124). PCR products were
purified and coupled in a subsequent PCR. Full attB products were cloned into
the pDONRR221 Vector (Thermofisher Scientific cat#12536017) using Gateway
Technology according to the manufacturer’s instruction. Coding sequences were
transferred into the pLEX 307 vector (Addgene cat#41392). As negative control,
pLEX_307-EBFP was generated.
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Lentiviral production and infection

HEKR93T cells were transfected with 750 ng transfer plasmid, 375 ng psPAX2
(Addgene cat#12259), 750 ng pMD2.G (Addgene cat#12260), and 5.5 ul Lipofectamin
2000 Transfection reagent (Life Technologies cat#11668027) per mL culture
medium. Medium was replaced 16 hours post transfection and viral supernatant
was collected 72 hours later, filtered through a 0.45 um PVDF filter (MilliporeSigma
cat#SLHVM33RS), concentrated using LentiX concentrator (Takara Bio cat#631231)
and stored at -80°C. Cells were transduced with viral pellets resuspended in
appropriate medium with 8ug/ml Polybrene Transfection reagent (EMD Millipore
cat#TRIO03G) for 16 hours.

Table 3 | Lentiviral overexpression cloning primers

Gene for fusion cloning pLEX_307

Target gene AttB insert forward primer / T2A insert reversed primer

CCND1 AttB Forward GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGGAACACCAGCTCCTGTG

T2A Reversed CACGTCACCGCATGTTAGCAGACTTCCTCTGCCCTCTCCGCTTCCGATGTCCACGTCCCGCAC
CCND1KT12E AttB Forward GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGGAACACCAGCTCCTGTG

T2A Reversed CACGTCACCGCATGTTAGCAGACTTCCTCTGCCCTCTCCGCTTCCGATGTCCACGTCCCGCAC

Label for fusion cloning pLEX_307

Label T2A insert forward primer / AttB insert reversed primer
mCherry T2A Forward CTAACATGCGGTGACGTGGAGGAGAATCCCGGCCCTGCTAGCATGGTGAGCAAGGGCGAGG
AttB Reversed ~ GGGGACCACTTTGTACAAGAAAGCTGGGTTTTACTTGTACAGCTCGTCCATGCC

Label only cloning pLEX_307

Label AttB insert forward primer / AttB insert reversed primer
EBFP AttB Forward GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGGTGAGCAAGGGCGAG

AttB Reversed ~ GGGGACCACTTTGTACAAGAAAGCTGGGTTTTACTTGTACAGCTCGTCCATGCC
mCherry AttB Forward GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGGTGAGCAAGGGCGAG

AttB Reversed ~ GGGGACCACTTTGTACAAGAAAGCTGGGTTTTACTTGTACAGCTCGTCCATGCC

RT-qPCR

For Reversed Transcriptase quantitative PCR (RT-gPCR), RNA was isolated with
the RNeasy Plus Mini Kit (Qiagen cat#74136) and converted into cDNA using
SuperScript III First-Strand Synthesis SuperMix for gqRT-PCR (Thermo Fisher
Scientific cat#11752250). PrimeTime qPCR Probe-based assays and Gene Expression
Master Mix were purchased from Integrated DNA Technologies with 6-FAM/ZEN/
IBFQ labeling (table 4). ACTB probes and primers for loading control were designed
with JOE NHS/ZEN/3’ IBFQ labeling to allow multiplex RT-qPCR. 10 uL. RT-qPCR
reactions were prepared containing 500 nM of each primer (gene of interest, ACTB:
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forward and reversed), 250 nM of each probe, 5 uL. Mastermix, and 10-50 ng cDNA.
Reactions were run in triplicates on the Quantstudio 6 (Applied Biosystems). Relative
gene expression levels were calculated using the ACT method against ACTB.

Table 4 | RT-qPCR probes and assays

Target gene Probe sequence Forward primer Reversed primer

ACTB AGTTTCGTGGATGCCACAGGACTC ~ CACTCTTCCAGCCTTCCTTC GTACAGGTCTTTGCGGATGT
Target gene Assay number

CCND1 Hs.PT.562.4930170

CCND2 Hs.PT.58.28257

CCND3 Hs.PT.56a.3707837

CCNE1 Hs.PT.56a.27776605

RRM2 Hs.PT.5823237138
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Cell growth assays

For viability assays, cells were seeded into Black Greiner Cellstar 96 well plates
(Sigma-Aldrich cat#M9936). Starting at 72 hours after plating or drug treatment,
cells were incubated with 10% Alamar Blue (Bio-Rad cat#100234-634) according
to the manufacturer’s instruction. Fluorescence was read out on a GloMax Explorer
plate reader (Promega) at an excitation of 520 nm and emission of 580-640 nm. Cell
viability was calculated relative to untreated or day 1 condition. For Competition assays,
TP53 and CDKNZ2A knockout OKC (TC-OKC) were transduced with pLEX_307
lentivirus for the gene of interest or EBFP control. 72 hours post transduction, gene
and EBFP control overexpressing OKCs were mixed 1:1and immediately analyzed on a
LSRII Flow Cytometer (BD) to determine the ratio of gene-mCherry:EBFP. Cells were
kept in culture and analyzed over time to determine the change in ratios. Ratios were
normalized to day 1. Experiments were performed with OKC from at least 2 different
donors (1donor per replicate).

Drug treatments

Palbociclib (MedChem Express cat#HY-50767) was diluted in 0.1 M HCL and triapine
(3-AP, MedChemExpress cat#501871763) was diluted in dimethylsulfoxide (DMSO).
Drugs were added to culture media for 72 hours at indicated concentrations. A three
parameter non lineair dose response curve was fit against the cellular viability scores.

Immunoblot analysis

Cell pellets were lysed in Pierce RIPA buffer (Thermo Scientific, 62249),
supplemented with phosphatase inhibitor and protease inhibitor cocktail sets
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(Calbiochem cat#524625 and cat#539134). Protein extracts were resolved on Nu
PAGE 4-12% Bis-Tris gradient gels (Invitrogen cat#WGI1401A) and transferred to
PVDF membranes using the Trans-Blot Turbo system. Membranes were blocked in
5% milkin TBS-T and probed with primary antibodies overnight at 4°C, and then with
horseradish peroxidase-conjugated secondary antibodies. Signals were visualized
with SuperSignal West Pico PLUS Chemiluminescent Substrate (Thermo scientific
cat#PI34577) on the Bio-Rad ChemiDox XRS+ System. The following antibodies
were used: Beta-Tubulin (Abcam cat#6046, 1:500), Cyclin D1 (Abcam cat#134175,
1:5000), Cyclin D2 (Cell Signaling cat#3741, 1:800), RB1 (Abcam cat#181616, 1:1000),
RB phospho S780 (Abcam cat#184702,1:800).

Cell cycle analysis

Cells were fixed for 60 minutes in 70% ethanol, washed with DPBS and stained with
FxCycle Violet Ready Flow Reagent (Fisher Scientific cat#R37166) for 30 minutes at
room temperature. DNA content was analyzed on a LSR II Flow Cytometer (BD).

In vivo experiments

NOD scid gamma (NSG) mice were purchased from the Jackson laboratory
(cat#005557). All experimental procedures were approved by and in compliance with
UCSF IACUC. For experiments with TC-OKC, cells were transduced with pLEX_307
virus to induce expression of target genes. For mice experiments with engineered
FaDu cells, FGF19 knockout or CCNDI knockout cells were created through CRISPR-
RNP electroporation. 6 days post transduction or electroporation, cells were
resuspended in a 1:1 ratio of Matrigel and OKC culture medium at a concentration
of 1.0E” cells/mL. NSG mice (n = 45, mixed male and female) were subcutaneously
injected in the hind flank with 1.OE® cells. Tumor growth was monitored weekly until
endpoint and tumors were measured using a caliper. Tumors were dissected and
origin was confirmed through RT-gPCR on target genes. For the triapine experiment,
parental FaDu cells were injected into mice (mixed males and females, between 4
and 7 months old. DMSO control: n = 7, triapine: n = 9) as described above. Tumor
growth was monitored at least twice per week. Once tumors were palpable, mice were
randomized and drug administration started. Triapine (10 mg/kilo, dissolved in SBE-
B-CD in saline) or 2% DMSO were administered through an intraperitoneal injection
for 5 consecutive days per week until tumors reached endpoint.

RNA-seq and GSEA analysis
Cells were transfected as indicated and RNA was collected 6 days after. RNA-
sequencing libraries were prepared with the QuantSeq 3’ mRNA-Seq Library Prep Kit

(Lexogen cat#015.24) according to the manufacturer’s instructions. Library quality
was assessed with a High Sensitivity DNA Assay on the Agilent 2100 Bioanalyzer.
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Samples were sequenced by the Center of Advanced Technologies (UCSF) on the
HiSeq SE50/65 (Illumina). Samples of sufficient quality were analyzed for Differential
Expression analysis using the DESeq? pipeline. Gene Set Enrichment Analysis
(GSEA) on the differentially expressed genes was performed using the BiocManager,
fgsea, and clusterProfiler packages for R*46.

TCGA data analyses

For RNAseq analysis on HNSCC TCGA PanCancer tumors, publicly available
expression data was accessed through cBioPortal®*'"®, Tumors were selected on
bearing TP53 and CDKN2A mutations and stratified based on amplification of all
11q13 genes. See table 5 for tumor selection. Genes were considered significantly
altered at q < 0.05. For RRM2 expression analysis in CCNDI low vs high SCCs, the
GCD TCGA HNSC, GDC TCGA ESCA, and GDC TCGA LUSC datasets were accessed
through the Xenabrowser?92% CCNDI high and CCNDI low tumors were set as
tumors with above and below average CCNDI expression, respectively.

Statistical analysis

All data are represented as mean + SEM unless stated otherwise. All experiments
were independently reproduced at least 3 times. Statistical significance is indicated as
follows: *p<0.05, **p<0.01, ***p<0.001

Data availability

RNA-sequencing data generated in this study are publicly available at the Gene
Expression Omnibus under accession code GSE216849.
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Table 5 | TCGA tumor selection

TP53 and CDKN2A mut/homdel with no 11q13 amp

TCGA-H7-8501
TCGA-BB-ASHY
TCGA-CN-AG40
TCGA-CN-5359
TCGA-CN-5360
TCGA-CN-6998
TCGA-CQ-A4CD
TCGA-CQ-6229
TCGA-CR-7386
TCGA-CV-6003
TCGA-CV-6959
TCGA-CV-7101
TCGA-CV-7255
TCGA-CV-7424
TCGA-H7-AGC4
TCGA-HD-AG33
TCGA-QK-AGIG
TCGA-RS-AGTO
TCGA-CN-4731
TCGA-CV-5444
TCGA-QK-A8ZB
TCGA-BA-5557
TCGA-CN-4738
TCGA-D6-A74Q
TCGA-CV-6942
TCGA-IQ-AGSH
TCGA-BA-A8YP
TCGA-CN-AG3W

TCGA-CN-4740
TCGA-CN-5363
TCGA-CR-7364
TCGA-CV-AGJY
TCGA-CV-6948
TCGA-CV-7434
TCGA-CV-7438
TCGA-F7-AGTW
TCGA-F7-A623
TCGA-IQ-AG10
TCGA-QK-AGVC
TCGA-QK-A8Z7
TCGA-TN-A7HJ
TCGA-UF-A7JF
TCGA-UF-A7JH
TCGA-CN-5370
TCGA-CQ-5331
TCGA-CV-A457
TCGA-CV-5432
TCGA-BB-AGUO
TCGA-CN-5355
TCGA-CN-6022
TCGA-CV-AGJU
TCGA-CV-A6BK1
TCGA-CV-A45Q
TCGA-IQ-AGTE
TCGA-P3-AGTO
TCGA-UF-A7T1A

TCGA-CV-6941
TCGA-BA-6873
TCGA-CV-7243
TCGA-F7-AGTV
TCGA-UF-A7JK
TCGA-CV-6436
TCGA-CV-7099
TCGA-BA-A4IF
TCGA-BA-5558
TCGA-C9-A480
TCGA-CN-4723
TCGA-CN-4736
TCGA-CN-5373
TCGA-CQ-6224
TCGA-CV-AGJD
TCGA-CV-A45P
TCGA-CV-A45R
TCGA-CV-6943
TCGA-CV-6951
TCGA-CV-6953
TCGA-CV-6962
TCGA-CV-7090
TCGA-CV-7245
TCGA-CV-7248
TCGA-CV-7254
TCGA-CV-7413
TCGA-D6-AGEM
TCGA-D6-6516

TCGA-F7-AG1S
TCGA-P3-A5QA
TCGA-QK-AG52
TCGA-UF-A7J9
TCGA-UF-A7JO
TCGA-BA-5152
TCGA-CN-6996
TCGA-CR-7379
TCGA-DQ-5629
TCGA-QK-AG4Z
TCGA-CN-AGV3
TCGA-CQ-6220
TCGA-CR-7370
TCGA-CV-A465
TCGA-CV-5976
TCGA-CV-7180
TCGA-QK-AGII
TCGA-CQ-5330
TCGA-BA-AGDE
TCGA-BA-AGDL
TCGA-BA-6870
TCGA-CN-A49A
TCGA-CN-4729
TCGA-CN-5367
TCGA-CN-6016
TCGA-CN-6018
TCGA-CQ-A4C9
TCGA-CQ-5332

TCGA-CR-7365
TCGA-CR-7397
TCGA-CV-ABK2
TCGA-CV-A463
TCGA-CV-5966
TCGA-CV-5970
TCGA-CV-6952
TCGA-CV-7089
TCGA-CV-7177
TCGA-CV-7407
TCGA-CV-7430
TCGA-CX-7219
TCGA-DG-AGEQ
TCGA-D6-6517
TCGA-D6-6823
TCGA-D6-8569
TCGA-F7-A50G
TCGA-HD-8634
TCGA-1Q-ABSG
TCGA-P3-A5Q6
TCGA-P3-A6TS
TCGA-P3-A6T8
TCGA-QK-A8Z9
TCGA-QK-AA3J
TCGA-UF-A7JT
TCGA-UF-A719
TCGA-CQ-7063
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TP53 and CDKN2A mut/homdel with 11q13 amp

TCGA-BA-A4lI
TCGA-BA-AGDA
TCGA-BA-AGDD
TCGA-BA-AGDG
TCGA-BA-4074
TCGA-BA-4076
TCGA-BA-4078
TCGA-BA-6872
TCGA-BA-7269
TCGA-BB-4227
TCGA-BB-7870
TCGA-CN-A498
TCGA-CN-4727
TCGA-CN-4728

TCGA-CN-4735
TCGA-CN-4739
TCGA-CN-4742
TCGA-CN-5364
TCGA-CN-5365
TCGA-CN-6011
TCGA-CN-6012
TCGA-CN-6013
TCGA-CN-6989
TCGA-CV-7435
TCGA-CX-A4AQ
TCGA-D6-A479
TCGA-DG-AGEP
TCGA-D6-6825

TCGA-P3-AGT4
TCGA-P3-AGT7
TCGA-UF-A7JA
TCGA-UF-A71B
TCGA-UF-A71D
TCGA-UF-AT1E
TCGA-CN-6997
TCGA-CQ-A4C6
TCGA-CQ-5326
TCGA-CR-6478
TCGA-CR-6491
TCGA-CR-7380
TCGA-CR-7383
TCGA-CV-AGJE

TCGA-CV-AGJM
TCGA-CV-A45U
TCGA-CV-5430
TCGA-CV-5440
TCGA-CV-5973
TCGA-CV-5977
TCGA-CV-6936
TCGA-CV-6956
TCGA-CV-7102
TCGA-CV-7178
TCGA-CV-7235
TCGA-CV-7414
TCGA-CV-7415
TCGA-CV-7418

TCGA-CV-7423
TCGA-DQ-7588
TCGA-F7-8298
TCGA-HD-7753
TCGA-IQ-AG1G
TCGA-IQ-AGTH
TCGA-KU-AGGT
TCGA-MZ-A7D7
TCGA-P3-AGT3
TCGA-QK-AGIJ
TCGA-QK-A8ZA
TCGA-QK-AA3K
TCGA-T3-A92M
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Figure S1| CCND1dependence in amplified cell lines

a Correlation between CCND1expression levels and in vivo tumor growth in mm?3/day.

b Relative cell viability values based on Alamar Blue assay upon CCND1 knockout in Detroit562
cells.

¢ Immunoblot for cyclin D1 and cyclin D2 for FaDu, Detroit562 and TC-OKC cells upon CCND1
knockout.

d Gene expression values 72 hrs post CCNDTknockdown, relative to control.

e Immunoblot for cyclin D2 for FaDu, Detroit562, and TC-OKC cells upon CCND2 knockout

f Relative cell viability values based on Alamar Blue assay upon knockout of Control SC1, CCNDT,
CCND2,0or CCND1+CCND2 in Detroit562 cells.

111



CHAPTER 4

a b
NG = 27-wT+sC1ko.
QB 8 81-WT + CCND1 ko.
O & O & 2 74--RBko. +SC1ko. p <005
RB1 | w e 9 6---RBko.+CCNDTko. }
e g5 p<0.05
BTUB s s | o % z
PRB (S780) s e
BTUB = w | s— Z >l gL
FaDu Detroit562 g,
TO+————
© 90 1 2 3 4 5
Day
Cc
RB P130 (DOWN UPON K.O.) 02 RB1 TARGETS (UP UPON K.D.)
0.5 NES  q.value . -
0941 1803 3.15e-04 9 00 A
© 027 @ _g.o I NES q.value\/
0.0 f g 1688 1.37e-07
0 5000 10000 15000 20000 0 5000 10000 15000 20000
Position in the Ranked List of Genes Position in the Ranked List of Genes
d

CHICAS_RB1_TARGETS_CONFLUENT

TC-OKC’ 1100 A I 0 ARLI BB RITE I
FaDu A0 L0014 SN AT 1T L]

e Log2FoldChange
-2.5 0 25

Figure S2 | Expression and growth analysis upon CCND7or RB1loss

a Immunoblot for RB1, pRB S780, and B-tubulin for FaDu and Detroit562 cells upon RB1/RBL1/
RBL2 knockout.

b Relative cell viability values based on Alamar Blue assay upon CCNDTknock-out in RB1/RBL1/
RBL2 knockout Detroit562 cells.

¢ Running Enrichment Scores of GSEA upon CCNDT knockout in TC-OKC for the RB_P130_
DN.V1_DN (left) and Gene Set and Chicas_RB1_targets (right) gene sets.

d RNA-seq expression data on the Chicas RB1 target confluent upon CCNDT knock-out in TC-
OKCand FaDu cells.
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Figure S3 | Effects of triapine on in vivo tumor growth

a RRM2 expression values in FaDu and Detroit562 cells, relative to primary OKC.

b Tumors harvested on day 17 post 1t treatment of either DMSO or triapine treated mice.

¢ Tumor weightin grams of either DMSO or triapine treated mice.

d Mouse weight in grams relative to day 10of treatment of either DMSO or triapine treated mice.
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Abstract

Head and neck squamous cell carcinomas show frequent amplification of the 11q13
region, which harbors several potential oncogenes including ORAOVI. Little is known
about ORAOVIin mammalian cells, hence we aimed here to gain insights into ORAOV1I
function. We show that ORAOV1 is an essential gene in cancer cells, but not primary
epithelial cells. Knockout of ORAOVI increases reactive oxygen species (ROS) levels
in cancer cells, and overexpression of ORAOVI increases resistance against oxidative
stress. Furthermore, we show that ORAOVI induces expression of thioredoxin, a
redox protein that plays a central role in ROS homeostasis in many cancers. Thus, this
work provides novel insights into ORAOVI function and shows that its contribution
to development of HNSCC is likely through its ability to modulate reactive oxygen
species via the thioredoxin pathway:.
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Introduction

Copy number alternations are a frequent event in cancer that can contribute to
tumorigenesis through induction of expression of oncogenes present on the amplicon.
Amplification of genes in the 11q13 region is one of the most frequent amplification
in cancer, and is particularly enriched in squamous cell carcinomas (SCC)9210717918L182
In particular, around 25% of head and neck SCC (HNSCC) present with 11q13
amplifications®®. HNSCC is a common and deadly disease, characterized by a heavy
mutational burden and frequent copy number alterations. Despite advances in
understanding the mutational landscape of HNSCC, treatment options are still
limited. Increasing our understanding of the downstream consequences of oncogenic
alterations might direct us to better treatment strategies. We previously found that
ORAOV1Iis one of the main contributors to the oncogenic effects of the 11q13 amplicon.
However, hitherto the role of ORAOV1in the development and progression of SCC has
been largely overlooked and understanding of its function in both normal and cancer
cells is limited. Here we aimed to get a better understanding of the role of ORAOVIin
HNSCC tumorigenesis.

ORAOV1 functionin SCC

ORAOVI (oral cancer overexpressed, also known as LTOI) derives its name from its
discovery in 2002, when it was identified as part of the 11q13 amplicon in HNSCC
cells, located between CCNDI and FGFI9'®*. The CCND1/ORAOV1/FGF19 locus
was found to be very well conserved across species®®. Considering the location and
correlation to expression of other genes on the 11q13 amplicon (see chapter 3), it is
not surprising that in the following years several studies described an association
between ORAOVI amplification/expression and lymph node metastasis, poor
prognosis, or other clinical features in several cancer types®>*7137, In 2008, a first
study experimentally suggested that loss of ORAOVI in HNSCC inhibits growth of
cancer cells through its effects on cell cycle and apoptosis, and subsequent studies
have observed similar effects in other cancer cell lines, implying the necessity of
ORAOVI for tumor growth!®3374376 Some other studies have also suggested a role
for ORAOVI in angiogenesis or proline metabolism in cancer cells, and ribosomal
function in yeast cells®>°63"7 Furthermore, one group discovered 2 splice variants of
ORAOVI1, ORAOVI-A and ORAOVI-B, that are upregulated in cancer and play a role
in the epithelial-mesenchymal transition (EMT) through TNF-o/NF-kB pathways,
respectively®*37, More extensive work has been done on the ORAOV1 orthologue
LTO in both yeast and Arabidopsis models. Here, LTO1 has been shown to protect
cells against damage caused by reactive oxygen species (ROS) 377379381 Moreover, a
recent study showed a functional link in esophageal SCC cell lines between ORAOV1
and protection against ROS through its interaction with PYCR195.
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Oxidative stress in cancer

ROS are inevitable side products of normal cell metabolism and are formed during
reactions that require electron transfer. In these redox reactions - such as during
mitochondrial oxidative phosphorylation - electrons can be transferred errantly
onto O2 derivatives, forming ROS*? Normal cells keep a constant balance between
ROS generation and scavenging through their variety of antioxidant regulatory
systems. Low levels of ROS play an important function in cell signaling, as ROS
can function as secondary messengers through oxidative modification of cysteine
residues of specific proteins, thereby regulating gene expression, signal transduction,
and cell growth®?3. Cancer cells often have increased ROS levels due to their high
metabolic and proliferative rates. An increase in ROS levels during the early stages of
tumorigenesis can have significant pro-tumorigenic effects, but persistently high ROS
levels can induce apoptosis and senescence in tumor cells®**38¢, By increasing their
antioxidant capacity, tumors can still benefit from the effects of ROS on proliferation,
without getting harmed by its toxic effects®#4. Cells can control ROS through several
antioxidant systems. These systems include enzymatic antioxidants (including
superoxide dismutase, catalase, peroxiredoxin, and thioredoxin (TRX) systems) and
non-enzymatic antioxidants (including glutathione synthesis and NADPH). The 2
most important systems used by cancer cells to combat disproportional high ROS
levels are the NADPH-dependent glutathione and TRX systems®®. Key elements of
these systems, such as the thioredoxin protein (TXN) are often upregulated in cancer
and expression is associated with poor prognosis®”.

Thioredoxin

TXN is a small reductase that plays a key role in countering oxidative stress and is
upregulated is many cancers®4%8_It is an essential part of the TXN system, which
further consists of the thioredoxin reductase (TXNRDI) and a reduced form of
NADPH. TXN works as a redox regulator by scavenging ROS through transferring
electrons onto other proteins. In this process TXN gets oxidized, after which it needs
to get reduced by TXNRD1 in a NADPH-dependent manner®°. Through protecting
against high ROS, TXN suppresses apoptosis and stimulates cell growth of cancer
cells®°, TXN is mostly located in the cytoplasm, but can also get transported to the
nucleus®®. Here it can also interact with transcription factors, such as HIF1o. and AP-1,
increasing their activity through enhancing their DNA binding capacity, stimulating
angiogenesis and apoptosis resistance®?3%, TXN levels are upregulated in many
cancers and often correlate to worse survival®®®, This is also the case for HNSCC and
other SCCs, where TXN levels are significantly higher in tumor samples compared to
non-tumorigenic tissue®°637,

Due to the importance of a balanced redox state for the health of cancer cells, treating
tumors with anti-oxidant drugs is a potential treatment strategy®®¢3%¢, In this study, we
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identify ORAOV1I as an oncogene in HNSCC whose expression decreases ROS levels.
Furthermore, we find that the antioxidant functions of ORAOV1 are likely exerted
through activation of TXN, opening up novel potential treatment strategies to treat
ORAOVI-amplified HNSCCs.

Results

ORAOVTis a pan-cancer essential gene and its upregulation is sufficient to
drive SCC tumorigenesis in vivo

The ORAOVIlocusisinvery close proximity to the CCNDIlocus onthe 11q13 amplicon.
While CCNDI is a well characterized oncogene across multiple tumor types, the
effects of ORAOVI amplification or overexpression have been less well characterized.
However, nearly all tumors - both SCC and non-SCC - that have CCNDI amplification
also have amplification of ORAOVI (Fig 1a). Therefore, we aimed to establish whether
ORAOV1 has a role in tumorigenesis as well. Analysis of DepMap cell viability data
across all tumor types identified that expression of ORAOV1is essential for cancer cell
proliferation across all tumor types (Fig 1b). Additionally, whereas CRISPR knockout
of ORAOV1 in FaDu or Detroit562 cells significantly abrogates cell growth, knockout
of ORAOVI in TP53/CDKN2A knockout primary oral keratinocytes (T'C-OKC) or
fibroblasts reveals that ORAOV1is dispensable for non-tumor cell proliferation (Fig 1c,
Fig Sla, Fig S1b). This suggests that ORAOV1 expression may be selectively necessary
for proliferation of tumor cells

To determine whether expression of ORAOV1is not only necessary, but also sufficient
to stimulate tumor growth, we next assessed the oncogenic driver potential of
ORAOVI in vivo. 11q13 amplification in HNSCC occurs primarily in a background
of TP53 and CDKNRA loss®. Therefore, we engineered OKCs to carry TP53 and
CDKN2A mutations (see chapter 2 and 3) and we injected these engineered TC-OKC
overexpressing ORAOVI or mCherry (control) into NSG mice. Whereas only 1/12 of
the control mice developed a tumor, overexpression of ORAOV1 resulted in tumor
formation in 7/11 mice (Fig 1d). This potential to induce tumorigenesis is almost
equally strong to that of the established oncogene CCNDI (9/11 mice, see chapter 3).
Thus, ORAOVIis an independent contributor to tumorigenesis and overexpression of
ORAOVI can be sufficient to induce tumor formation from TC-OKC.

ORAOV1regulates oxidative stress

Littleis known about the contribution of ORAOV1Ito tumorigenesis and the few papers
on ORAOQOV1 and cancer mostly focus on the clinical significance of ORAOVI/11q13
amplification. Since we report a direct contribution of high ORAOV1I to tumor growth,
we next sought to attribute some functional role to ORAOVI overexpression in cancer.

119



CHAPTERS

120

Q
o

= ORAOV1 amplification

= No ORAOV1 amplification g 0
] .
0
SCC >
S -1
()
non SCC 2
)
Total ]
N '\ A Och e A0 A
0 25 50 75 100 ORI,
-ampli 9 ORI RINRA
CCND1-amplified tumors (%) Ood;yy(o COCIN Q?Q [¢)
c d
FaDu TC-OKC
‘(%. 81_sc1 4q_ SC1 k.o. 400+ —mCherry (control)
S |- ORAOVT (p < 0.05) — ORAOV1 ko. T ~ORAOV1
26 3 £ 300
° s
2 ()
< 4 2 % 2001
; >
S 1 g 100+
g 2
8 0+—— — — 0+ — 0 . . :
0 1 2 3 4 5 0 1 2 3 4 5 0 20 40 60
Day Day Days post injection
ORAOV1
mCherry

0 0.5 1
Fraction w/ tumors

Figure 1| Upregulation of ORAOV1is sufficient to drive SCC tumorigenesis in vivo

a Fraction of CCNDTamplified tumors that carry ORAOVTamplificationin SCC (n=238) and non-
SCC(n=382) (TCGA, PanCancer Atlas).

b Dependency scores on 11q13 genes for all cancer lines in database of CRISPR knockout screens
from project Achilles (DepMap). Upper and lower whiskers represent the largest and smallest
observed values within 1.5 times the interquartile range from the ends of the box. Scores below
-1.0 show significant dependency.

¢ Relative cell viability values based on Alamar Blue assay upon ORAOVTknockout in FaDu cells
(left) and primary TC-OKC (right).

d Top: in vivo tumor growth in NSG mice injected with 1E6 human TC-OKC cells overexpressing
indicated gene (mCherry.n =12, ORAOVT.n =11) as measured with a caliper. Bottom: fraction of
mice that developed tumors before endpoint.

Although not much is known about the function of ORAOV1 in mammalian cells, one
study suggests its involvement in reactive oxygen species (ROS) metabolism'®®, and
several studies report that the ORAOVI ortholog LTO1in Arabidopsis is essential for
redox regulation®93994% To explore the possibility that ORAOV1 has a similar role in
HNSCC cells, we measured ROS levels in HNSCC cells with and without knockout
of ORAOVI. ORAOVI knockout markedly increased ROS levels in cancer cells,

supporting a role for ORAOVI in redox regulation in cancer cells (Fig 2a, Fig S2a).

Balanced redox regulation is an important feature of tumors, and upregulation of
ORAOV1viallql3 amplification may be one mechanism cancer cells utilize to regulate
ROS levels®284, This is supported by our finding that expression of ORAOV1 protects
TC-OKCs from a loss in cell viability upon treatment with the oxidant tert-Butyl
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hydroperoxide (TBHP) (Fig 2b). 11q13-mediated amplification of ORAOVI most often
occurs after loss of TP53 and CDKNZ2A in HNSCC. Therefore, we were interested
to see how these mutations affect ROS levels. We engineered OKCs with dual TP53
and CDKN2RA mutations and measured ROS levels one week and six weeks after
gene editing. TC-OKC accumulate higher ROS levels over time (Fig 2c), consistent
with literature that shows TP53 mutations increase ROS levels*?'. Thus, for HNSCC,
ORAOVI amplification and overexpression may help regulate ROS levels upon TP53
and CDKN2A mutation during early tumorigenesis.

ORAOV1induces TXN expression

To identify possible mechanisms through which ORAOV1 counters oxidative stress,
we overlayed the Reactive Oxygen Species Pathways GSEA Hallmark gene set with
RNA-seq data of ORAOVI knockout FaDu cells. We found that loss of ORAOVI
significantly decreases the level of TXN (Fig 2d, Fig S2b). To verify the RNA-seq
data, we performed RT-qPCR on ORAOVI knockout FaDu and Detroit562 cells and
found similar downregulation of TXN levels (Fig 2e). TXN is a key gene within the
thioredoxin system to counter oxidative stress that is frequently upregulated in
cancer?®. We found that in HNSCC cell lines - in comparison to TC-OKCs - ORAOVI-
amplified lines have increased TXN levels (Fig 2f). These data is further supported
by analysis of the full CCLE cell line panel, where cells with ORAOV1 amplification
show modest, but significantly higher TXN expression (Fig S2c¢)?***. Furthermore,
overexpression of ORAOVI in TC-OKCs increases TXN levels (Fig 2g). Finally, RT-
gPCR analysis of ORAOVI-induced tumors in mice show that these tumors have a
5-fold upregulation of TXN compared to control cells, corroborating our results that
ORAOV1induces TXN expression in cancer cells (Fig 2h).

To assess whether the growth effect of ORAOVI on cancer cells is through its effect
on TXN expression, we engineered FaDu cells to carry either control (SC1), ORAOV],
TXN, or combined ORAOVI and TXN deleterious indels. Knockout of either ORAOV1
or TXN individually resulted in decreased cell growth, but TXN knockout did not have
an additive effect on the growth decrease upon ORAOVI knockout (Fig 2i), suggesting
these genes function through a shared pathway. Thus, the ORAOVI-TXN signaling
axis may be a key regulator of oxidative stress in SCC.

Together, these data demonstrate that 11q13 amplification-induced overexpression of
ORAOV1is a potent oncogenic event for SCC tumorigenesis. High levels of ORAOV1
may regulate oxidative stress levels through the thioredoxin pathway, potentially
representing a critical pathway to target for anti-cancer therapy.
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Figure 2| ORAOV1regulates oxidative stress, possibly through the TXN pathway

a ROS levels as measured by CellROX Green in FaDu cells upon ORAOVTknockout.

b Cellviability values based on Alamar Blue assay of mCherry or ORAOV7overexpressing TC-OKC
after 72 hours of treatment with 150 nM TBHP, relative to DMSO.

¢ ROS levels as measured by CellROX Green in TC-OKC 1week or 6 weeks post engineering.

d Venn diagram showing overlap between genes in the Reactive Oxygen Species Pathways GSEA
Hallmark gene set and genes downregulated (q<0.05) in the RNAseq dataset upon ORAOVT
knockoutin FaDu cells

e TXN expression valuesin FaDu and Detroit562 cells upon ORAOVTknockout

f TXN expression valuesin SCC9, Detroit562, and FaDu cells relative to OKC

g TXN expression values in OKC upon ORAOV1overexpression.

h TXN expression values of dissected ORAOVT-induced tumors, relative to dissected mCherry
tumor.

i Relative cell viability values based on Alamar Blue assay upon knockout of Controls SC1+CCR5,
CCR5+0ORA0V1, SC1+TXN, or ORAOV1+TXN in FaDu cells. P values calculated with two-way
ANOVA test.
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Discussion

In this study we identified ORAOV1 as a pan-cancer essential oncogene. Amplification
of ORAOV1I through 11q13 might have a role in tumor maintenance of SCCs through
balancing oxidative stress levels via upregulation of the TXN pathway.

Historically, it has been assumed that CCNDI is the main contributor to the oncogenic
effects of the 11q13 amplification, despite the fact that virtually all tumors with CCNDI
amplification also carry ORAOVI amplification. We identified that following loss of
TP53 and CDKN2RA, ORAOVI amplification is sufficient to induce tumor growth
in mice, and here we show that ORAOVI is exclusively essential to tumor cells, in
conjunction with previous studies who found the necessity of ORAOVI for tumor
growth!¥3374-376 Previous studies in cell lines show that ORAOV1 also protects against
apoptosis, suggesting that the effect of ORAOV1loss on cell growth might be (partially)
due to decreased inhibition of apoptosis®*®437376 Qur results indicating that loss
of ORAOV1 does not affect primary cell growth, make ORAOV1 and its downstream
activities a potential target in 11q13-amplified SCCs.

We found that loss of ORAOVI increases ROS levels in cancer cells, and that
overexpression of ORAOVI protects primary cells against oxidative stress, fitting with
results from previous studies in yeast and Arabidposis, as well as one recent study in
esophageal SCC cell lines, but also with its protective role against apoptosis!®>37379-381,
Functionally, we found that ORAOV1 expression directly affects expression of
the redox protein TXN. TXN plays a central role in ROS homeostasis in cancer
and is frequently found upregulated in SCCs*4%8 TXN cooperates with TXNRD1
to lower oxidative stress levels. Although we saw little to no effects of ORAOVI on
TXNRDI expression (data not shown), it is notable that TXNRDI is also found
to be upregulated in cancers, including HNSCC and ESCC, and correlates to a poor
prognosis*©?4°3, This further supports the role of the thioredoxin system in HNSCC.
Thus, amplification of ORAOVI and downstream activation of TXNN may represent a
generalizable mechanism through which cancer cells deal with oxidative stress during
tumorigenesis.

Increased capacity to deal with oxidative stress can impact current treatment
strategies, as dysregulation of pathways that deal with oxidative stress can contribute
to drug resistance. For example, frequently used chemotherapeutics such as
carboplatin and cisplatin, but also radiation therapies, (partially) rely on the induction
of oxidative stress for their cytotoxic effect on cancer cells*°44°6, Thus, if ORAOVI
amplification reduces oxidative stress, its amplification could have a role in resistance
against chemotherapeutics.

Due to the limited number of studies that focused on ORAOV1 in cancer, not much is
known yet about the effect ORAOV1 has on cancer development and drug resistance.
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However, several studies have shown that TXN can induce chemoresistance*°”408,
Furthermore, one study in cervical SCC showed that TXN levels are increased
upon cisplatin treatment and that high levels correlate to a poor response®”. Lastly,
treatment with the TXN inhibitor PX-12 prevented resistance to radiotherapy in
colorectal cancer*®. Future studies should examine whether ORAOVI or TXN
inhibition can synergize with chemotherapies for the treatment of 11q13-amplified
HNSCCs.

The increased ROS levels in cancer cells can also be exploited to treat cancer cells
directly. The high proliferation rate of cancer cells results in high ROS production and
the cancer cells need to balance these levels to prevent cell death through oxidative
stress. Since balancing this redox state is essential to cancer cell health, targeting the
reducing power of cancer cells is a potential treatment strategy. Cancer cells might
be more susceptible to this treatment compared to normal cells, due to their higher
baseline ROS levels, which can tilt them over the edge towards apoptosis faster upon
decreased reducing power.

Although we and others showed that inhibition of ORAOVI inhibits tumor growth,
there are no (pre)clinical studies performed yet to support this strategy. However,
inhibition of the TXN pathway has recently been explored as a strategy for treatment
of several cancer types®83984° However, the TXN system is highly redundant with
the GSH system, and inhibition of the one system might be compensated by activation
of the other. Therefore, treatment strategies frequently target both together. This
combined inhibition yields potent, synergistic effects as stand-alone treatment or as a
potentiator for chemotherapeutics®®741-414,

In earlier stages of tumorigenesis, ROS levels can actually play a favorable function
in tumor development, suggesting that treatment with antioxidants would be better
in these stages. However, moderate levels of ROS are also essential for signaling,
proliferation, and normal cell health, so this is a critical balance*”®. Moreover, treatment
with anti-oxidant in later stages might actually stimulate tumor growth#647,
Therefore, targeting the antioxidant system is typically regarded as the better strategy.

In summary, in the present study we identified that the frequently amplified ORAOV1
gene can induce tumorigenesis and protect against oxidative stress, potentially
through regulation of the TXN pathway. This ORAOVI-TXN signaling axis represents
a potential target for (combination) therapy of the treatment of 1l1ql3-amplified
HNSCCs.
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Material and Methods

Cell culture

FaDu (ATCC cat#HTB-43, male) and Detroit562 (ATCC cat#CCL-138, female)
cells were grown in Eagle’s Minimal Essential Medium with L-glutamine (Fisher
Scientific cat#50983283) supplemented with 10% FBS (Corning cat#MT35010CV)
and 1% Penicillin/Streptomycin (P/S, Corning cat#MT30002CI). SCC-9 (ATCC
cat#CRL-1629, male) cells were cultured in Dulbecco’s Modified Eagle medium
(DMEM):F12 (Gibco cat#11039021) supplemented with 400 ng/mL hydrocortisone
(EMD Millipore cat#386698),10% FBS,and 1% P/S.HEK293T (ATCC cat#CRL-3216,
female) cells were grown in DMEM (Gibco cat#12491023) supplemented with 5%
FBS and 1% P/S. All cell lines were purchased and authenticated at ATCC in 2016
and tested yearly for mycoplasma through PCR. Human primary fibroblasts were
isolated and collected from patient derived skin samples and cultured in DMEM
supplemented with 5% FBS and 1% P/S. Human primary keratinocytes were
collected and isolated from patient derived mucosal samples and cultured in Medium
154 and Keratinocyte Serum Free Medium (1.1, Life Technologies cat#M154500
and cat#17005042), supplemented with 5 mL/L Human Keratinocyte Growth
Supplement (Life Technologies cat#S0015), 25 mg/L Bovine Pituitary Extract (Life
Technologies cat#17005042), 2.5 ug/L EGF Human Recombinant (Life Technologies
cat#17005042), and 1% P/S. No cells were passaged for longer than 5 weeks.

Table 1| CRISPR crRNA sequences and primers for TIDE analysis

Targetgene  crRNA sequence Forward primer Reversed primer

CCR5 AACACCAGTGAGTAGAGCGG TGCTTGGCCAAAAAGAGAGT CGATTGTCAGGAGGATGATG

CDKN2A TAACTATTCGGTGCGTTGGG GACTCCCTTTTTATCCCAAACG CCAGTCCTCCTTCCTTGCCAAC

ORAOV1 CATATTCGATGCCATCGTGA CCATGTACAGGCTGCTTTGG ACCAGGCTGAGCAGATGTTT
SC1 TTGGTCCCACGATGACCCAC GATCGAGGTCCACTCTGAGC GGTGTGTGTACTGGGGGAAC
TP53 CCATTGTTCAATATCGTCCG ACTGACCGTGCAAGTCACAG CCCCTCTGAGTCAGGAAACA
TXN TAGTTGACTTCTCAGCCACG na* n.aX

*no PCR possible due to poly-T sequence. Knockout confirmed with gPCR.

Genome engineering

To generate gene knockouts, cells were transfected via electroporation using the
MaxCyte ATX electroporation platform with Clustered Regularly Interspaced Short
Palindromic Repeat (CRISPR) Cas9- ribonucleoproteins (RNPs) and gene-specific
guideRNAs (table 1). For electroporation, sub-confluent cells were trypsinized and
washed 1x in DMEM and 1x in Opti-MEM (Life Technologies cat#31985070). Cells
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were resuspended to a concentration of 2. 5E7 cells/mL in Opti-MEM. crRNAs and
Alt-R CRISPR-Cas9 tracrRNA (Integrated DNA Technologies) were hybridized in
a 1:1 ratio to a final concentration of 50 uM. crRNA:tracrRNA were complexed with
Cas9-RNP at a 111 ratio for 20 minutes at room temperature and subsequently
mixed with the cells to a final concentrations of 2.5 uM crRNA:Cas9 and 2.0E7 cells/
mL. Cells were electroporated in 25 pl or 400 pl reactions with the ‘Optimization 7’
(keratinocytes, fibroblasts, Detroit562, and SCC-9) or ‘DLD-1’ (FaDu) electroporation
protocols. After electroporation, cells were immediately collected from the processing
assembly, plated into a 6 well plate and recovered 20 minutes at 37°C, before
resuspending in 2 mL culture medium. Transfection efficiency was determined 24
hrs post electroporation through flow cytometry. After 96 hours, gene disruption was
confirmed through TIDE (Tracking of Indels by Decomposition128) analysis (primers:
table 1). To control for multiple edits in the amplified 11q13 region, a negative control
“Safe Control” SC1 crRNA was designed to target the 11q13 region in a non-coding and
non-regulating region.

Exogenous 11q13 gene constructs and cloning

To clone overexpression constructs, RNA was purified from oral keratinocytes (OKCs)
and total cDNA was synthesized with poly-A specific primers using SuperScript
III First-Strand Synthesis System (Invitrogen cat#18080051) according to the
manufacturer’s instructions. To create Gateway compatible PCR products of the gene
of interest, coupled to an mCherry tag through a T2 A sequence, primers were designed
with AttB and T2A adapters (table 2). PCRs were performed to create AttB-gene-T2A
and T2A-mCherry-AttB products from whole genome cDNA (ORAOVI) or plasmid
DNA (mCherry: pHR_Gal4UAS_pGKmCherry, Addgene cat#79124) as template. PCR
products were purified and coupled in a subsequent PCR. Full attB products were
cloned into the pDONRR221 Vector (Thermofisher Scientific cat#12536017) using
Gateway Technology according to the manufacturer’s instruction. Coding sequences
were transferred into the pLEX_307 vector (Addgene cat#41392). As negative
control, pLEX_307-EBFP was generated.
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Table 2 | Lentiviral overexpression cloning primers

Gene for fusion cloning pLEX_307

Target gene

AttB insert forward primer / T2A insert reversed primer

ORAOV1

AttB Forward GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGGCTGGCAGTCAGGAC

T2AReversed ~ CACGTCACCGCATGTTAGCAGACTTCCTCTGCCCTCTCCGCTTCCAAATGAAAGTCCGGAACCTTCTGC

Label for fusion cloning pLEX_307

Label
mCherry

T2A insert forward primer / AttB insert reversed primer
T2A Forward CTAACATGCGGTGACGTGGAGGAGAATCCCGGCCCTGCTAGCATGGTGAGCAAGGGCGAGG
AttB Reversed ~ GGGGACCACTTTGTACAAGAAAGCTGGGTTTTACTTGTACAGCTCGTCCATGCC

Label only cloning pLEX_307

Label

mCherry

AttB insert forward primer / AttB insert reversed primer
AttB Forward GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGGTGAGCAAGGGCGAG
AttB Reversed ~ GGGGACCACTTTGTACAAGAAAGCTGGGTTTTACTTGTACAGCTCGTCCATGCC

Lentiviral production and infection

HEKR293T cells were transfected with 750 ng transfer plasmid, 375 ng psPAX2
(Addgene cat#12259), 750 ng pMD2.G (Addgene cat#12260), and 5.5 ul Lipofectamin
2000 Transfection reagent (Life Technologies cat#11668027) per mL culture
medium. Medium was replaced 16 hours post transfection and viral supernatant
was collected 72 hours later, filtered through a 0.45 um PVDF filter (MilliporeSigma
cat#SLHVM33RS), concentrated using LentiX concentrator (Takara Bio cat#631231)
and stored at -80°C. Cells were transduced with viral pellets resuspended in
appropriate medium with 8ug/ml Polybrene Transfection reagent (EMD Millipore
cat#TRI1003G) for 16 hours.

RT-qPCR

For Reversed Transcriptase quantitative PCR (RT-qPCR), RNA was isolated with
the RNeasy Plus Mini Kit (Qiagen cat#74136) and converted into cDNA using
SuperScript III First-Strand Synthesis SuperMix for gqRT-PCR (Thermo Fisher
Scientific cat#11752250). PrimeTime qPCR Probe-based assays and Gene Expression
Master Mix were purchased from Integrated DNA Technologies with 6-FAM/ZEN/
IBFQ labeling (table 3). ACTB probes and primers for loading control were designed
with JOE NHS/ZEN/3’ IBFQ labeling to allow multiplex RT-qPCR. 10 uL. RT-qPCR
reactions were prepared containing 500 nM of each primer (gene of interest, ACTB:
forward and reversed), 250 nM of each probe, 5 uL. Mastermix, and 10-50 ng cDNA.
Reactions were run in triplicates on the Quantstudio 6 (Applied Biosystems). Relative
gene expression levels were calculated using the ACT method against ACTB.
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Table 3| RT-qPCR probes and assays

RT-qPCR
Target gene Probe sequence Forward primer Reversed primer
ACTB AGTTTCGTGGATGCCACAGGACTC  CACTCTTCCAGCCTTCCTTC  GTACAGGTCTTTGCGGATGT

Target gene Assay number

ORAOV1 Hs.PT.58.40145225

TXN

Hs.PT.58.14778418

Cell viability assays

Cells were seeded into Black Greiner Cellstar 96 well plates (Sigma-Aldrich
cat#M9936). Starting at 72 hours after plating or drug treatment, cells were incubated
with 10% Alamar Blue (Bio-Rad cat#100234-634) according to the manufacturer’s
instruction. Fluorescence was read out on a GloMax Explorer plate reader (Promega)
at an excitation of 520 nm and emission of 580-640 nm. Cell viability was calculated
relative to untreated or day 1 condition.

Drug treatments

Tert-Butyl hydroperoxide (TBHP, Life Technologies cat#180340050) was diluted in
water and added to the culture media at 150 nM for 72 hours.

Reactive oxygen species assays

ROS levels were detected using CellROX Green flow cytometry assay Kits (Life
Technologies cat#C10492). Cells were concentrated 5x10° cells/mL in complete
medium. Negative controls were incubated with N-acetylcysteine at 1000 uM for
60 minutes at 37°C, positive controls were incubated with TBHP hydroperoxide at
400 pM for 30 minutes at 37°C. CellROX Green reagent was added at 500 nM for 40
minutes at 37°C. Samples were analyzed by flow cytometry.

In vivo experiments

NOD scid gamma (NSG) mice were purchased from the Jackson laboratory
(cat#005557). All experimental procedures were approved by and in compliance
with UCSF IACUC. TP53 and CDKNZA knockout OKCs were transduced with
pLEX_307 virus to induce expression of target genes. 6 days post transduction, cells
were resuspended in a 1:1ratio of Matrigel and OKC culture medium at a concentration
of LOE" cells/mL. NSG mice (mixed male and female) were subcutaneously injected
in the hind flank with 1.OE® cells. Tumor growth was monitored weekly until endpoint
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and tumors were measured using a caliper. Tumors were dissected and origin was
confirmed through RT-qPCR on target genes.

RNA-seq analysis

Cells were transfected as indicated and RNA was collected 6 days after. RNA-
sequencing libraries were prepared with the QuantSeq 3’ mRNA-Seq Library Prep
Kit (Lexogen cat#015.24) kit according to the manufacturer’s instructions. Library
quality was assessed with a High Sensitivity DNA Assay on the Agilent 2100
Bioanalyzer. Samples were sequenced by the Center of Advanced Technologies
(UCSF) on the HiSeq SE50/65 (Illumina). Samples of sufficient quality were analyzed
for Differential Expression analysis using the DESeq?2 pipeline.

TCGA and CCLE data analyses

Publicly available copy number and gene expression data from TCGA was accessed
through cBioportal'”®. For overall CCNDI and ORAOVI amplification frequencies in
tumors, TCGA PanCancer data was analyzed?®®®. For TXN expression in cell lines,
data from the Cancer Cell Line Encyclopedia (CCLE) were analyzed?®®*. For cancer
dependency analysis, the Cancer Dependency Map was accessed via the depmap
package for R. DepMap Release: DepMap, Broad (2019): DepMap 19Q3 Public. Dataset
doi:10.6084/m9.figshare.9201770v2 (CRISPR knockout screens from project
Achilles244).

Statistical analysis

All data are represented as mean + SEM unless stated otherwise. All experiments
were independently reproduced at least 3 times. Statistical significance is indicated as
follows: *p<0.05, **p<0.01, ***p<0.001

Data availability

RNA-sequencing data generated in this study are publicly available at the Gene
Expression Omnibus under accession code GSE216849.
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Figure S1| Primary fibroblasts are not dependent on ORAOV1

a Relative cell viability values based on Alamar Blue assay upon ORAOV7knockout in Detroit562
cells.

b Relative cell viability values based on Alamar Blue assay upon ORAOVT knockout in primary
human fibroblasts. Data from representative replicate.
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Figure S2 | ORAOV1regulates oxidative stress

a ROS levels as measured by CellROX Green in Detroit562 cells upon ORAOVTknockout.

b Log2FoldChange of TXN expression upon ORAOVTknockoutin FaDu cells (RNAseq, g < 0.05).

¢ TXN mRNA expression levels in CCLE cell lines either with (n = 114) or without (n = 847)
ORAOVTamplification.
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GENERAL DISCUSSION

PART I

Keratinocyte Engineering and its Application in Disease
Modeling and Cell Therapy

Summary

Loss of normal keratinocyte function is the cause of a significant number of epidermal
or oral diseases and conditions, as detailed in Chapter 1. Development of representative
genetic models is crucial to gain a better understanding of these disorders, such
as epidermolysis bullosa (EB) and squamous cell carcinoma (SCC). Additionally,
engineered keratinocyte-based cell therapies are a promising option to treat a variety
of dermal conditions, such as burn wounds. However, the lack of efficient genome
engineering strategies currently limits the generation of engineered keratinocytes for
such purposes. In Chapter 2 we present a novel electroporation-based cell engineering
workflow for efficient transfection of primary keratinocytes with CRISPR RNPs and
demonstrate its use in both cancer modeling and the development of novel allogeneic
cell therapies.

Our main results include:

1 Delivery of mRNA and CRISPR-RNPs to primary adult keratinocytes derived from
four distinct anatomical sites with efficiencies between 97% and 100%, without
compromising cell viability or cell morphology

2 Genome editing efficiencies upon CRISPR RNP transfection in primary adult
keratinocytes between 85% and 100%, in a fast, robust, scalable, and GMP-
compatible manner

3 A proof of concept for the generation of hypoimmune universal donor primary
adult keratinocytes for the use in cell therapies

Overall, we present a highly efficient and fast workflow for the generation of
engineered keratinocytes, facilitating future developments for disease modeling and
the field of keratinocyte-based cell therapies.

Transfecting and engineering primary keratinocytes

Genetic alterations in keratinocytes are the cause of many types of genodermatoses
and all squamous cell carcinomas, yet the use of genetically engineered primary
keratinocytes to study these diseases is very limited. This lack of use can be attributed
to the fragile nature of primary keratinocytes, making it challenging to isolate, culture,
and transfect these cells. Analysis of publications using CRISPR-Cas9 technologies
in human cells during the period of 2013-2022 showed that of approximately 18.000
studies, only 51 (0.3%) were done with keratinocytes*é, Moreover, of these 51, the
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majority used immortalized keratinocyte variations, and only 12 studies total applied
CRISPR-Cas9 technologies in true primary keratinocytes. Virtually all these studies
had to include additional lengthy purification steps post-editing, adding a further
challenge to the cell engineering process when considering the fragility and short
lifespan of adult keratinocytes. Thus, delivery efficiency of genome engineering
machinery is the main limiting factor in the generation of engineered keratinocytes*®.

Currently, lentiviral or adenoviral delivery are the most frequently used delivery
methods owing to their higher efficiency. However, these methods have significant off
target and safety concerns*®. Adeno-associated virus (AAV) is generally a safer option,
but comes with a smaller loading capacity, restricting the options of engineering
machineries****?, Therefore, development of efficient, non-viral delivery methods
is crucial to enable high quality studies with engineered keratinocytes. In Chapter 2
we describe an electroporation-based method to efficiently transfect and engineer
keratinocytes with CRISPR RNPs where we routinely achieve 90-100% transfection
and editing efficiencies. This approach enables the generation of engineered
keratinocytes for the development of proper disease models and cell therapies.

Improved disease modeling

Proper disease models are imperative to study the genetic predispositions that are
essential for disease development*?!. Primary patient material is ideal, but this
material is scare, cells can be challenging to isolate, and for most disorders it is not
possible to get an isogenic control/mutant pair¥’. Therefore, most current studies
aiming to model epithelial diseases use a variety of immortalized keratinocyte lines*®.
However, these models often show abnormal stratification and differentiation,
aneuploidy, and have limited usefulness in studying disorders that affect proliferation
and differentiation*??. Instead, true primary keratinocytes from healthy donors can
be engineered to precisely mimic genetic alterations as they occur in disease without
undesired background alterations, building valuable models for both monogenic -
as well as more complex polygenic - epithelial diseases. These models can be used
to enhance our understanding of disease risk- and progression, as well as for the
development and validation of potential therapeutic strategies®’.

In contrast to genodermatoses, squamous cell carcinomas are caused by a multitude
of genetic alterations that can highly differ from patient-to-patient®®. Throughout this
thesis we show several examples of knockouts of tumor suppressor genes. Specifically,
in Chapter 3 we show that by stacking genetic alterations in the order that they
frequently occur in patients, we can mimic the process of oncogenic transformation
from normal to tumor-forming cells. Although it is well characterized which mutations
frequently occur in SCCs®%, it is less clear which mutations at minimum can form
the switch to an aggressive phenotype. Due to the high variety and near-endless
possibilities for mutational combinations, it is a momentous job to study these
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combinations individually. However, with the highly efficient engineering process
we present here, high-throughput screens utilizing CRISPR guideRNA libraries can
begin to interrogate these questions. Furthermore, through knockout of oncogenes in
primary cells in parallel with knockout of the same genes in cancer cells, we reveal
several cancer-specific sensitivities (Chapter 4 and Chapter 5). Thus, the ability to
engineer primary keratinocytes alongside cancer cells provides a great platform for
the uncovering of cancer-specific sensitivities and potential treatment options.

Engineered primary keratinocytes cultures are a valuable tool for the initial screening
of genotypic- and phenotypic effects of certain mutations. However, culturing in a
2D context does not fully represent the 3D environment in which the cells naturally
operate*?, Therefore, application of engineered keratinocytes in 3D and in vivo
cultures would be an even more powerful disease model. In our work described
in Chapter 3 we use a combination of several 2D, 3D, and in vivo models with
manipulated keratinocytes- and keratinocyte-derived cell lines to assess different
growth characteristics upon manipulation. For example, the organotypic model
(such as used in Chapter 3) can be used in combination with engineered primary
keratinocytes in either suspension or spheroid formation*”4**4?4, This 3D skin model
accurately represents the multicellular organization as found in epithelial tissues and
is a good platform to test novel therapeutics*”4?%, Other alternatives include skin-on-a-
chip models and pluripotent stem cell-derived skin organoids*****®. However, these 3D
models too are restricted by their limited culture life and still lack an in vivo context
with mesenchymal tissue and responses such as angiogenesis.

The use of mouse models can overcome these limitations - provided they are used
with appropriate ethical considerations. Genetic mouse models exist for some
disorders, but their development is time-consuming, they are limited by the amount of
genetic alterations, and they do not represent human tissue. Instead, mouse xenograft
models with engineered human keratinocytes, either grown in suspension or in a
3D context, can be used to study human keratinocyte behavior in vivo. In our work
in Chapter 3, Chapter 4, and Chapter 5 we show that the transplantation of human
keratinocytes to immunocompromised mice only results in in vivo tumor formation
upon a specific subset of oncogenic alterations. To study complex cell interactions
beyond internal (tumor) growth behavior, 3D xenograft models can be used. The skin-
humanized mouse model consists of bio-engineered human keratinocytes on a human
plasma/fibroblast containing scaffold that is “stitched” on immunodeficient mice*"*?*
429 This comprehensive model can be used to study human skin in both normal and
pathogenic context*°43, The combination of these diverse modelling techniques and
enhanced genome engineering possibilities (discussed below) provides a plethora of
possibilities to increase our understanding of genetic epithelial disorders.
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Future perspectives of the use of CRISPR-Cas technologies

In the work presented in this thesis on engineering primary keratinocytes, we
have focused on the use of CRISPR-Cas9 as the flagship technology for genome
engineering. However, in recent years there have been significant advances in
CRISPR-based genome engineering technologies***. These advances have improved
the editing capabilities, targeting scope, and specificity of genome editors through
both the discovery of novel Cas enzymes and genetic modification to the original Cas9
backbone, e.g. through broadening of the PAM compatibility, altering the nuclease
activity, or addition of new functional elements***, The editors with the most interest
from both research- and clinical perspectives include Casl2a nucleases, base editors,
prime editors, and RNA editors (see Textbox 1). Although these variations are
typically less efficient than the highly optimized Cas9 nuclease, they have a variety
of advantages - e.g. higher specificity, different nuclease activity, easier delivery -
that make them a preferred option for disease modeling or cell therapy development.
Due to the relative novelty of these CRISPR-based engineering techniques and the
hitherto challenges in keratinocyte transfection, there is a dearth of studies using
these CRISPR variants in primary keratinocytes. However, these technologies expand
disease modeling to beyond ‘simple’ loss of function mutation to include protein-
function altering mutations. To illustrate, these mutations could be dominant negative
mutations as found in many keratin genes - resulting in a number of genodermatoses,
including specific types of EB or Pachyonychia Congenita*3'433434 - or gain of function
mutations in oncogenes such as EGFR, HRAS, or PIK3CA that are frequently mutated
in head and neck squamous cell carcinoma (HNSCC)%%3,

Engineered keratinocytes in cell therapy

The development of the advanced CRISPR technologies combined with the
enhanced delivery efficiency that we describe here, can drive the development of
novel keratinocyte-based gene- and cell therapies forward. We find that engineered
keratinocytes are an exciting cell type to develop autologous and allogeneic cell
therapies with. In Chapter 2 we propose the use of hypo-immune allogeneic
keratinocytes as an alternative to autologous epidermal grafts to stimulate
regeneration of the epidermal layer upon wounding. Results from current approaches
using epidermal grafts to stimulate re-epithelization are encouraging - as both
autologous and allogeneic approaches provide their own healing benefits™.

»
L4
Textbox 1| CRISPR-Cas based genome editing However, we believe that the use of hypoimmune
allogeneic cells can combine best of both worlds: the enhanced and long-term healing of
autologous approaches, and the universality, reduced patient burden, and instant availability of

allogeneic approaches.
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Cas9. The standard Cas9 nuclease is a large, multidomain Class 2 Type II
CRISPR nuclease that creates double strand breaks with a blunt ends upon target
recognition*®®, Cas9 is the most developed and optimized Cas protein with therefore
strong nuclease activity. Cas9 is primarily useful for efficient gene knockouts.

Casl2a.CaslRaisa Class 2 Type V CRISPR nuclease that creates staggered (“sticky”)
ends upon target cutting. It exhibits less off-target activity and is significantly
smaller than Cas9*%%4%”. The size of Cas9 can be a limiting factor in the efficient
delivery of the genome editing machinery, and therefore smaller Cas variants are
gaining interest - in particular Cas12a*3#4%°, Editing efficiencies are lower than with
typical Cas9, but several attempts to improve the range and efficiency of Casl2a
show that these limitations can be overcome*4 #4, Due to its smaller size and
reduced off-target activity, Casl2a has a better safety profile and is gaining a lot of
momentum for use in the field of gene and cell therapy.

Base editors. Base editors typically consist of a catalytically impaired Cas9 nickase
(nCas9) that is fused to a single strand DNA deaminase. Ultimately, complex activity
results in a single base pair conversion. There are two types of base editors: cytosine
base editors (CBE) that convert CeG to TeA and adenine base editors (ABE) that
covert AT to GeC****43 Upon target recognition through the guideRNA, the editor
will induce the specific conversion. Importantly, all compatible bases within the
editing window will get edited. This non-specificity, together with the limited type
of conversions possible, constrains the usability of these editors. However, base
editors are more efficient than prime editors (discussed below) and improvements
towards smaller editing windows are being made. Thus, when the editing window
allows for it and the conversion of interest is possible through either the CBE or
ABE, base editors are a valuable tool to induce a single nucleotide conversion.

Prime editors. Prime editors are fusion enzymes typically consisting of a Cas9
nickase (nCas9), areverse transcriptase, and a prime editing guideRNA (pegRNA)*32,
The nickase creates a single strand cut upstream of the PAM sequence, resulting in
an overhang. The transcriptase subsequently directly copies the desired sequence
from the pegRNA into the target locus, replacing the original sequence while
installing insertions, deletions, and other possible conversions. As such, in theory,
prime editors could be the ultimate genome editor tool. Compared to for example
Cas9-based homology directed repair, prime editing is more efficient and has less
off target effects. Moreover, prime editing does not create any double strand breaks,
avoiding off target edits and activation of P53 signaling*4+446, However, prime
editing is less efficient than base editing.

RNA editors. RNA editors form an alternative to the genome editing approaches
described above. RNA-targeting nucleases such as Cas7-11 or Casl3 only induce
transient alterations as they target RNA, reducing the risk of genotoxicity*+™#%°.
Moreover, RNA editors such as Casl3 can be easily used in non-dividing cells - e.g.
differentiating keratinocytes - whereas many DNA nucleases are mostly suitable for
dividing cells.
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Currently, the majority of cell therapy approaches targeting diseases such as RDEB
utilize first-generation editing technologies including TALEN-mediated editing
or standard Cas9 editing®™®*?6, By expanding the genome editing toolbox, novel
strategies to develop a broad portfolio of keratinocyte-based cellular medicines are on
the horizon. For example, multiplexing standard Cas9 gene editing alongside Casl2a
editing and prime editing can enable single-step manufacturing workflows for highly
engineered keratinocyte-based products with enhanced safety profiles. These “next
generation” keratinocyte engineering strategies can reduce manufacturing cost and
risk while enabling the development of tailored cellular therapeutics for the spectrum
of genodermatoses.
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PART I

Dissecting the 11q13 Amplification in Head and Neck
Squamous Cell Carcinoma

Summary

Over 25% of Head and Neck Squamous Cell Carcinomas display amplification of
genes in the 11q13 region, yet it is unclear which genetic elements of the amplicon
are the key driver events in these tumors. In Chapter 3 we describe a comparative
analysis on the contribution of each 1113 gene to HNSCC tumorigenesis and the
identification of three critical drivers of the amplicon. In Chapter 4 and Chapter 5,
we further analyze the mechanism behind these critical drivers and explore potential
therapeutic strategies.

Our main findings include

1 CCNDI, ORAOVI, and MIR548K are the critical drivers of the 11q13 amplicon in
HNSCC. These genes have distinct effects on tumorigenesis.

2 MIR548K contributes to the epithelial-mesenchymal transition.

3 Primary keratinocytes are exclusively dependent on CCNDZ2, whereas CCNDI
amplification induces cyclin D1 oncogene addiction in cancer cells.

4 CCNDIamplification drives the cell cycle in a CDK4/6/RBl-independent fashion.

5 CCNDI amplification induces RRMZ2 expression, conferring a dependency on
RRMZ2.

6 ORAOVlis apotent oncogene that is capable of initiating in vivo tumor formation
at alevel similar to CCNDI.

7 ORAOVI regulates reactive oxygen species through activation of the thioredoxin
pathway.

Thus, 11q13 amplification drives tumorigenesis through a combination of at
least three independent oncogenic events. Through better understanding of the
individual contributions, we find dependencies on these genes and their downstream
mechanisms that are unique to the cancer cells. Exploiting these weaknesses could be
anovel therapeutic approach for 11q13-amplified HNSCC.

The 11q13 amplicon in HNSCC

In Chapter 3 we identify 3 genes - CCNDI, ORAOVI, and MIR548K - as key-drivers
of the 11q13 amplification in HNSCC. Whereas CCNDI is generally accepted as a key
oncogene, we find that ORAOVI and MIR548K also have independent effects on
tumorigenesis. CCNDI and ORAOVI have the strongest effect on tumor growth, and
we find that nearly all tumors - SCC and non-SCC - with CCNDI amplification also
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carry ORAOVI amplification. Thus, ORAOVI may be a novel pan-cancer oncogene,
and our findings on its function might be broader applicable to other cancer types
as well. In contrast, MIR548K amplification seems more specific towards SCCs,
indicating a possible SCC-specific function.

Furthermore, we find that amplification of 11q13 might be a critical oncogenic event
in SCC tumorigenesis, as TP53 and CDKN2A mutations are insufficient to robustly
grow tumors. However, additional overexpression of either CCNDI or ORAOVI
results in frequent tumor formation. Indeed, loss of TP53 and CDKNZ2A can already
be present in normal skin or premalignant lesions, whereas the 11q13 amplification is
exclusively found in later stages of tumorigenesis®'°"*#". Normal skin presents with
patches of cells that have different oncogenic mutations, yet are constrained to behave
like normal cells due to competition and limitations in the proliferating compartment,
limiting clonal growth in the epidermis'®*°4 Hence, although TP53 and CDRKNRA
mutations might give cells a proliferative advantage due to loss of tumor suppressor
activity, an additional pure oncogenic event - such as 11q13 amplification - is likely
required to push cells towards a more aggressive state and overcome the restraints of
the epidermal compartment. Thus, amplification of the 11q13 region might be a driver
event in nearly a quarter of all HNSCCs and identifying its mechanism of oncogenesis
isimportant to reveal novel therapeutic approaches for this subset of HNSCCs.

Interactions on the 11q13 amplicon

The 11q13 amplicon is a gene-dense region that is well conserved between species®™.
Generally, genes often cluster together in functionally similar or coherent gene
clusters and conservation of chromosomal proximity between genes throughout
evolution is a strong indicator for functional coupling***4>4, The observation that the
11q13 region is not only well conserved, but also nearly always co-amplified, suggests
potential cooperation between genes on the amplicon. Mechanisms of cooperation can
include co-regulation of genes by nearby elements, such as enhancers or transcription
factors, but also functional convergence in a shared pathway or cellular process.
Computational screening for regulating elements on the amplicon did not reveal any
candidate areas. Additionally, gene-expression analysis upon perturbation of gene
expression did not reveal any indications of co-regulation between 11q13 genes either.
Functionally however, we identified RRMZ2 and TXN activation as two of the major
altered downstream effects with oncogenic potential of the 11q13 amplification. This
is remarkable since TXN was originally discovered as activator of the ribonucleotide
reducing function of the RNR enzyme, of which RRMR is the rate-limiting subunit*%®.
Since this initial discovery, it has become apparent that in its function as electron
donor for RNR, TXN is also essential in nucleotide synthesis**®. Several drugs that
directly target the TXN pathway have been shown to also affect RNR activity*57#%, As
such, these drugs killed cancer cells through the induction of both oxidative stress as
well as replicative stress. The interaction between TXN and RNR has previously been
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shown to contribute to cancer malignancy, implying potential cooperation between
these genes*6°,

Thus, ORAOVI amplification - through increased activity of the thioredoxin pathway
- might enhance CCNDI-induced RRM2 activity. Of note, ORAOV1 has previously
been found to physically interact with PYCRI and PYCR2'%, two proteins that are
part of the RRM2B complex*®!. As explained in Chapter 4, the RNR complex typically
consists of RRM1 and RRM2. However, under high stress conditions such as upon
DNA damage or high oxidative stress levels, RRM2B expression can get favored
over RRM2, resulting in a RRM1-RRM2B complex that protects against further
DNA damage and oxidative stress in a PYCR-dependent fashion®"4¢3, It is unclear
whether ORAOV1is involved in the interaction between PYCR and RRM2B, but if so,
it would provide a link between ORAOV1 and the RNR complex in both normal and
high stress conditions. However, RRM2B expression and binding to RRM1 is TP53-
dependent*®?464, Since 11q13 amplification virtually always occurs in a TP53-mutant
background, RNR activation through this pathway is likely to be less active in these
HNSCC tumors, and therefore might be more dependent on the ORAOVI1-TXN axis.

Implications for therapy

1113 amplification is a frequent event in SCC and correlates with a poor prognosis, yet
is not being clinically used for diagnosis, prognosis, or treatment strategy. However,
even with just relatively simple non-invasive diagnostic tools such as saliva-based
biosensors?*®®, the presence of the amplification can aid in diagnosis and determination
of therapeutic strategy as 11q13-amplified tumors tend to be more aggressive and in a
more advanced stage. Furthermore, since 11q13 amplification might be a determining
factor in cancer development, direct targeting of amplicon-induced oncogenic
pathways provides potential targeted treatment options.

Currently, there is a good understanding of the mutational landscape of HNSCCs, yet
this understanding has not translated to improvement or development of sufficient
targeted therapies*®®. Especially for 11q13-amplification bearing tumors, the options
are limited as the amplification negatively correlates with efficacy of PD-1 blockade
therapy?4824°, An in-depth molecular understanding of the oncogenic signaling upon
frequent genetic alterations can provide further insights into potential treatment
strategies.

For example, in Chapter 4 we show that 11q13 amplification induces CCNDI-oncogene
addiction, but that this addiction is independent from CDK4/6. Moreover, we show
that normal keratinocytes are highly dependent on CCNDZ2. Historically, cyclin D1-
activity has been targeted through CDK4-6 inhibitors such as Palbociclib. However,
these drugs target both cyclin D1 and cyclin D2, thus also affecting non-cancerous
cells. Moreover, the 11q13-amplified cells are less dependent on the CDK4-6 functions
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of cyclin D1. Therefore, we propose the direct targeting of cyclin D1 as a preferred
strategy. Targeting oncoproteins such as cyclin D1 is an attractive therapeutic option
due to the strong effect of these proteins on tumorigenesis. However, direct targeting
of cyclin D1 is currently challenging due to the absence of enzymatic activity of the
protein®. Therefore, we explored further downstream mechanisms of the 11ql3
amplifications. Our results in Chapter 3, Chapter 4, and Chapter 5 indicate that
CCNDIand ORAQOV1are the biggest drivers of proliferation on the 11q13 amplicon, and
that they exert their effects at least partially through RRM2 and TXN, respectively.
As RRM2 and TXN may cooperate with one another during tumorigenesis, targeting
the interaction between these two proteins may potentially neutralize the oncogenic
effect exhibited by the 11q13 amplicon. Thus, interventions targeting these pathways
provides novel potential therapeutic approaches and future studies should investigate
these options further.

Current approaches to treat HNSCC are reliant on surgery, radiation and chemo-
therapeutics such as cisplatin. However, patients often develop resistance over the
course of treatment®4%” and almost half of patients have diseases recurrence within
two years. Therapy resistance is - like with most cancers - therefore one of the big
challenges to overcome in the therapeutic approaches for HNSCCs. An increased
understanding of genetic and cellular alterations that are predictive of therapy
resistance and approaches to target these alterations can significantly contribute to
improved patient outcome*®®. There are currently no studies reported that directly
investigate a potential link between 11g13 amplification and therapy resistance.
However, the poor prognosis and frequent recurrence of disease of 11q13-amplified
HNSCC suggests aggressiveness and therapy-evading properties in these tumors.
Mechanisms of resistance, whether intrinsic or acquired, are very diverse and hard
to predict and therefore challenging to anticipate. Cellular processes implicated in
therapy resistance work through evasion of cell death and include increased reactive
oxygen species capacity and bypassing the DNA Damage Response, amongst others.
Targeting mechanisms of resistance in HNSCC will increase long-term treatment
responses and improve patient outcomes.

Both RRMZ2 and TXN expression have been reported to be upregulated
in therapeutically resistant cells, and both proteins are mediators of this
resistance®1407408469  High RRMR2 levels protect against DNA damage induced
apoptosis and as such can induce chemoresistance®®. Similarly, TXN levels have been
reported to be increased upon cisplatin treatment and 7XN levels correlate to a poor
response to treatment of cervical SCC397. Mechanistically, this is likely due to the
effect TXN has on oxidative stress, as these chemotherapeutics induce apoptosis -
partially - in a oxidative-stress dependent manner in HNSCC#04406,

Thus, amplification of the 11q13 region may contribute to a mechanism of resistance
to frequently used chemotherapeutics through the downstream effectors RRM2 and
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TXN. Therefore, it is worthwhile to further explore combinatorial treatment strategies
that combine chemotherapeutics with targeting 11q13 effectors.

Previous studies report that inhibition of RRM2 indeed sensitizes cancer cells to
several types of therapy, including radiation and chemotherapy®731¢3493! Moreover,
several clinical trials show that inhibition of RNR activity is most effective in
combination with radiation or chemotherapy®*°3%8365367  Similarly, co-treatment
with the TXN inhibitor PX12 can overcome resistance to chemotherapeutics or
radiotherapy in multiple myeloma and colorectal cancer, respectively*6®4”, Thus, the
genetic dissection of the 11q13 amplicon in HNSCC reveals novel potential strategies
to treat 11q13-amplified tumors and overcome therapy resistance.

Modeling and interpreting copy number alterations in cancer

CNAs are a frequent and important event in tumorigenesis, affecting approximately
30% of the genome of cancer cells*#™, The pattern of these CNAs is linked to
clinical outcome, suggesting a selection for specific genetic functions®94747247 CNAs
are challenging to model and study, and in the past decades research has mostly
focused on known driver genes of the CNA, thereby disregarding the effect that co-
amplified or co-deleted genes might pose on the tumorigenic process. However, it
has become apparent that these “passenger” genes can have significant effects on
the tumorigenic process*”®4””. Thus, it is important to consider each CNA as a whole
without simplifying it to a single driver element. However, just a single CNA might
already contain hundreds of genetic elements, making it challenging to identify the
driver events in these CNAs. Generally, the importance of a CNA can be determined
based on a balance between the frequency with which it occurs in cancer versus the
instability of the chromosomal region and computational approaches can decipher
these different structural signatures*"84e.,

As opposed to single nucleotide variations, CNAs need two breakpoints in the DNA
followed by some type of genetic rearrangement. There are several mechanism that
can regulate breakpoints, including epigenetic regulation*®*4&, It is possible that this
regulation dictates the length of CNA. However, the different frequencies in which
they can occur in different cancer types argues for specific selective pressures and
poses the regulators merely as enabling. This is further supported by the finding that
chromosomal deletions are bordered by deletion-limiting genes: essential genes that
limit the extent of the amplification®*. This argues that functionality of elements
affects the extent of the amplicon.

In the presented work we dissected the 11q13 amplicon through a combination of
computational and experimental approaches and found that there are 3 driver
elements located on the amplicon. We found that not only strong oncogenic effects
by the known oncogenic “driver” CCNDI, but also by the “passenger” neighbor
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gene ORAOVI. However, other genes that were nearly equally frequently amplified
- such as FGF1I9 - had no effect on SCC tumorigenesis, despite known functions in
hepatocellular carcinoma'®®?°°, Studies on other amplifications in other cancer types
have found similar patterns of cooperation on amplicons. For example, analysis of the
14q13 amplicon in lung cancer identified three transcription factors that cooperate to
stimulate oncogenic proliferation*s®.

Genomic deletions also typically span multiple genes and in recent years research has
started to look more closely at the genomic loci alongside the driver tumor suppressor
genes. Tumor suppressor genes can be inactivated both through a loss of function
mutation or through chromosomal deletion, and the question has been raised whether
these two types of mutations have a similar effect. Inactivation of CDKN2A is one of
the most frequent events across cancer and occurs both through a single nucleotide
mutation or through larger chromosomal deletion. The latter results in co-deletion
with several genes, including a cluster of interferon genes. Recent studies have found
that this co-deletion of interferon genes serves in the tumors immune escape implying

abiologically additive function to copy number deletions over mutations?*648”,

In conclusion, we propose that a comprehensive approach for the functional analysis
of copy number alterations in cancer must be employed in order to truly determine
the impact of a CNA in cancer. The reductionist approach that many have previously
used to study CNAs in cancer can inaccurately ascribe all tumor-promoting functions
of a CNA to a single well-described gene while ignoring the less studied genes on the
amplicon. The 11g13 amplicon is a perfect example of this phenomenon. CCNDI - a
well-known pan-cancer oncogene - has dominated studies of 11q13 while an equally
potent oncogene - ORAOV], as described here - has been almost entirely ignored.
By utilizing a comprehensive approach in our study of the 11q13 amplicon, we have
not only increased our understanding of this common CNA but also identify new
pathways that can be evaluated for therapeutic intervention. Overall, we hope this
work can be used as a blueprint for the dissection of other CNAs in cancer, elucidating
driver elements and mechanisms of these frequent oncogenic events.
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NEDERLANDSE SAMENVATTING

Nederlandse samenvatting

Het genoom bevat alle genetische informatie die bepaalt hoe cellen en organen zich
gedragen. Het genoom bestaat uit DNA: een lange streng met codes die bepaalde
erfelijke eigenschappen bevatten. Deze codes zijn genen en elk gen wordt vertaald
naar een eiwit. Eiwitten zijn de functionele eenheden in de cellen, die via complexe
patronen en samenwerkingen er bijvoorbeeld voor zorgen dat cellen gaan groeien,
vermenigvuldigen, of afsterven. In mensen is het DNA specifiek georganiseerd
en verdeeld over 46 chromosomen. In gezonden cellen is hetzelfde DNA altijd
gelokaliseerd op hetzelfde stuk van het specifieke chromosoom. Veel ziektes ontstaan
door fouten in het DNA. Voorbeelden van dit soort fouten zijn kleine veranderingen in
de code van een gen (‘mutatie’), verwijdering van een stuk DNA waar een gen op ligt
(‘deletie’), of het ontstaan van meerdere kopieén van een stuk DNA (‘amplificatie’). In
het geval van amplificatie kunnen cellen van een bepaald stukje chromosoom - en dus
alle genen die op dit stukje liggen - wel zes of acht kopieén hebben, in plaats van de
gebruikelijke twee. Algemeen genomen zorgen mutaties en deleties voor inactivatie
van de activiteit van genen, terwijl amplificatie juist zorgt voor overactiviteit van deze
genen.

In dit proefschrift beschrijven we de functionele ontleding van een stuk DNA op
chromosoom 11, dat in 25% van alle hoofd-halstumoren is geamplificeerd.

In hoofdstuk 1 introduceren we hoe huid- en mondweefsel is opgebouwd en hoe
fouten in het DNA kunnen resulteren in ziektes, waaronder hoofd-hals kanker. De huid
bestaat uit verschillende lagen en elke laag bestaat uit verschillende type cellen. De
bovenste laag is de epidermis en deze bestaat voor ongeveer 90% uit 1 cel type: de
keratinocyt. Keratinocyten vormen de bouwstenen van deze huidlaag en zijn daarmee
belangrijk voor de beschermen van het lichaam tegen zowel de omgeving (UV-straling,
pathogenen) als bijvoorbeeld tegen uitdroging. In de mond-, neus- en keelholte is een
soortgelijk weefsel aanwezig: het slijmvlies. Dit slijmvlies is opgebouwd uit hetzelfde
type keratinocyten, met slechts kleine verschillen die bijvoorbeeld de hardheid en
vochtigheid van het weefsel beinvloeden. Keratinocyten spelen een belangrijke rol in
diverse dermatologische aandoeningen en hoofd-hals tumoren.

Jaarlijks worden bijna een miljoen mensen gediagnosticeerd met hoofd-hals kanker
en meer dan de helft van deze patiénten overlijdt aan de ziekte. Een beter begrip
op moleculair niveau van het ontstaan en de progressie van deze tumoren kan
bijdragen aan de ontwikkeling van nieuwe behandelingsplannen. Hoofd-hals tumoren
ontstaan uit keratinocyten die door een samenspel van diverse mutaties, deleties en
amplificaties ongeremd kunnen vermenigvuldigen. Hoewel elke tumor een andere
combinatie van deze veranderingen heeft, komen bepaalde veranderingen vaker
voor dan andere. De frequentie waarmee een verandering voorkomt is indicatief voor
het belang van de verandering. 25% van alle hoofd-hals tumoren heeft amplificatie
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van een specifiek stuk DNA op chromosoom 11, de 11q13 regio. Dit stuk DNA bevat
meerdere genen, maar het is onduidelijk welke van deze genen bijdragen aan de
ontwikkeling en progressie van de tumoren. In dit proefschrift beschrijven we de
systematische analyse van de bijdrage van alle genen in de 11q13 regio en beschrijven
we nieuwe inzichten in de moleculaire functie van de belangrijkste genen. Voor deze
systematische analyze maken we o.a. gebruik van nieuwe, representatieve modellen
met normale keratinocyten.

In hoofdstuk 2 beschrijven we allereerst een nieuwe methode voor het efficiént
bezorgen van o.a. CRISPR-Cas9 machinerie in Kkeratinocyten. CRISPR-Cas9
machinerie kan gebruikt worden om heel specifiek bepaalde veranderingen in het
DNA aan te brengen, zoals mutaties en deleties. We laten zien dat we met deze nieuwe
bezorgingsmethode het DNA heel efficiént kunnen aanpassen. Deze aangepaste
cellen kunnen vervolgens gebruikt worden in diverse toepassingen, waaronder het
accuraat modelleren van veranderingen in het DNA in kanker. Ook gebruiken we deze
methode om 2 genen die belangrijk zijn voor herkenning door het immuunsysteem te
inactiveren. Deze aangepaste cellen kunnen daardoor niet herkend worden door het
immuunsysteem als ‘niet lichaamseigen’ en daardoor gebruikt worden als celtherapie
voor patiénten met condities waarin de huid wonden niet (voldoende) zelf kan
dichten, zoals brandwonden of epidermolysis bullosa.

In hoofdstuk 3 analyseren we de bijdrage van alle genen op de 11q13 amplificatie in
hoofd-hals kanker. Daartoe analyseren we eerst diverse patiénten datasets met
informatie over de amplificatie en expressie (activatie) status van de 11q13 regio. Naar
aanleiding van die data definiéren we eerst de 11q13 amplificatie tot een regio van tien
genen en daarna concluderen we dat slechts zeven van de tien genen geactiveerd
zijn door de amplificatie. Vervolgens doen we verscheidene experimenten met
zowel kankercellen als normale cellen, waarbij we de expressie van deze zeven genen
veranderen en vervolgens celgroei en invasie meten. Hieruit concluderen we dat drie
genen in de 11q13 regio (CCNDI1, ORAOVI, en MIR548K) de belangrijkste bijdragen
leveren aan tumor groei- en/of uitzaaiing. CCNDI en ORAOVI bevinden zich direct
naast elkaar aan het ene einde van de amplificatie, terwijl MIR548K zich aan het
andere einde bevindt. We beschrijven dat deze drie genen onafhankelijk van elkaar
een effect hebben op tumorgroei en de verhoogde activatie van elk van deze genen -
met name CCNDI en ORAOVI - is voldoende om tumorgroei in muizen te stimuleren.
‘We concluderen dat door de combinatie van deze drie effecten, de amplificatie van de
11q13 regio een bepalende factor is in tumorgroei en prognose van hoofd-hals kanker.

In hoofdstuk 4 onderzoeken we de functie van geamplificeerd CCNDI in hoofd-hals
kanker. CCNDI is een bekend kankergen dat celdeling stimuleert en activatie van
dit gen draagt bij aan de ontwikkeling van vele soorten kanker. We ontdekken dat
kankercellen met de 11q13 amplificatie afhankelijk zijn van de verhoogde CCNDI
levels, maar dat normale keratinocyten dat niet zijn. Het remmen van CCNDI remt
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daardoor alleen groei van kankercellen, en niet van normale cellen. Er zijn nog geen
medicijnen om CCNDI direct te remmen. Echter, een van de bekendste functies van
CCNDI1 in de celdeling is de interactie met twee andere eiwitten: CDK4 en CDK6.
Hier bestaan wel medicijnen tegen. Onverwachts zien we echter dat de kankercellen
minder gevoelig zijn voor deze medicijnen dan de normale cellen. Met diverse andere
experimenten beschrijven we vervolgens dat in de cellen met de 11q13 amplificatie,
CCNDI een functie heeft die onafhankelijk is van deze CDK4 en CDK6 eiwitten. Om
te detecteren of CCNDI in deze cellen een ander target heeft wat wel geremd kan
worden, analyseren we twee grote genexpressie datasets. De eerste bevat data van
patiénten met of zonder de 11q13 amplificatie, de tweede bevat zelf gegenereerde
data van de veranderde genexpressie als CCNDI wordt geinactiveerd in cellen met de
11q13 amplificatie. Door analyse in de overlap tussen deze datasets identificeren we
dat CCNDI de expressie van een ander gen, RRMZ2, stimuleert. Inactivatie van RRM2
remt specifiek de groei van cellen met hoge CCNDI levels en remming van RRMZ2 met
een medicijn remt de groei van deze tumoren in muizen. Samenvattend beschrijven
we in dit hoofdstuk nieuwe inzichten en strategieén voor het remmen van hoofd-hals
tumoren met de 11q13 amplificatie.

In hoofdstuk 5 onderzoeken we de rol van ORAOVI in tumoren met de 11ql3
amplificatie. ORAOVI ligt direct naast CCNDI op het DNA, maar daar waar CCNDI
een bekend kankergen is, is over ORAOVI heel weinig bekend. Hier beschrijven
we echter dat bijna alle tumoren - niet alleen hoofd-hals tumoren - die CCNDI
amplificatie hebben, ook ORAOVI amplificatie hebben en afhankelijk zijn van hoge
ORAOV1levels. Er is weinig bekend over de functie van ORAOV1 in menselijke cellen,
maar een vergelijkbaar gen is in planten belangrijk voor de regulering van oxidatieve
stresslevelsin de cellen. Inactivatie van ORAOVIin kankercellen resulteert inderdaad
in verhoogde oxidatieve stress levels, terwijl activatie van ORAOVI cellen juist
beschermt tegen deze oxidatieve stress.

Kankercellen delen veelvuldig, wat gepaard gaat met verhoogde oxidatieve stress
levels. Kankercellen ontwikkelen daarom diverse mechanismes om hiermee om te
gaan en een van de bekendste mechanismes is via activatie van thioredoxin - wat een
anti-oxidatieve werking heeft. Via analyse van genexpressie patronen na inactivatie
van ORAOQOV1 identificeren we dat ORAOVI de expressie van thioredoxin stimuleert.
‘We concluderen dat de amplificatie van ORAOV1 - via thioredoxin - de kankercellen
beschermt tegen hoge stress levels.

In hoofdstuk 6 bediscussiéren we de resultaten en conclusies uit dit proefschrift. We
beschrijven de uitdagingen en daaruit voortvloeiende tekortkomingen omtrent het
gebruik van normale keratinocyten in het modelleren van genetische huidziekten en
kanker. De efficiénte bezorginsgsmethode van CRISPR-Cas machinerie die we hier
beschrijven kan deze uitdagingen deels wegnemen. In combinatie met vernieuwde
technologie omtrent modificatie van het DNA en 3D- en muis-modellen, vormen

177



NEDERLANDSE SAMENVATTING

178

normale keratinocyten een uitstekend celtype om vele huidziektes mee te modelleren
en nieuwe therapieén te testen.

Vervolgens beschrijven we hoe de ontleding van de genen in de 11q13 regio kan
bijdragen aan nieuwe ideeén voor het behandelen van hoofd-hals tumoren met de 11q13
amplificatie. Zo suggereren we dat voor specifiek dit type tumoren het direct remmen
van CCNDI1 beter is dan het remmen van CCNDI1 activiteit met CDK4/CDK6 remmers.
Andere opties zijn het remmen van RRMRZ2 of TXN activiteit. Bovendien kunnen
deze laatste opties theoretisch bijdragen aan het voorkomen van resistentie tegen
bijvoorbeeld chemotherapieén, aangezien voor beide genen in andere kankersoorten
al is aangetoond dat hun verhoogde activiteit resulteert in chemoresistentie. Tot
slot beschrijven we dat de eerst bekende functie van TXN het activeren van RRM2
activiteit is. Hieraan verbinden we de conclusie dat ORAOV1I - door middel van TXN
activatie - bijdraagt aan de door de CCNDI-geactiveerde RRMR2 activiteit. Dit duidt op
mogelijke coOperatie tussen deze twee genen op de 11q13 amplificatie.

De analyse van de genen in de 11q13 regio zoals beschreven in dit proefschrift geeft
nieuwe inzichten in de bijdrage van de 11q13 amplificatie in hoofd-hals kanker en geeft
richting aan vervolgonderzoeken die de effectiviteit van de nieuw geidentificeerde
targets kunnen verifiéren.
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