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GENOMIC DRIVERS OF CUTANEOUS SQUAMOUS CELL CARCINOMA
DEVELOPMENT
By: Vida Chitsazzadeh, B.S.

Advisory Professor: Kenneth Y. Tsai, M.D., Ph.D

Skin cancer is the most common malignancy in humans. Annually, in U.S. there are over
3 million cases with an estimated overall economic impact of $2 billion. Cutaneous Squamous
Cell Carcinoma (cuSCC) comprises 15-20% of all skin cancers. cuSCC has the best-defined
progression from a distinct precancerous lesion, the Actinic Keratosis (AK), to invasive cuSCC.
Destructive therapies for AK treatment must be used repetitively, causing significant morbidity.
There is a tremendous need for targeted diagnostics and therapy for AKSs, representing an
important opportunity for secondary skin cancer prevention. Our knowledge of the molecular and
cellular events that lead to the transformation of normal skin (NS) to AK and subsequently to
cuSCC is very limited, thus representing a fundamental gap in our understanding of this
progression.

In order to identify novel targets for molecular chemoprevention, we used isogenic human
samples throughout cuSCC development and a UV-driven Hairless mouse model of cuSCC to
identify genomic drivers of cuSCC by cross-species analysis. RNA-Seq identified 349 transcripts
that were differentially expressed across normal skin (NS), AK, and cuSCC. mRNA profiles
primarily distinguished NS from other samples, whereas microRNA profiles could segregate the
three groups. Using cross-species functional pair analysis (anti-correlated miRNA-mRNA
expression) we identified several miRNAs (miR-21,-31,-221) and their targets as major promoters
of cuSCC development. TRANSFAC analysis identified ETS2, MAZ, and TCF3 as core
transcriptional drivers of progression. Whole exome sequencing demonstrated that UVB signature
mutations dominate in AKs and cuSCCs, with frequent mutations in TP53, NOTCH1/2, and
CDKN2A, as previously reported. Surprisingly, NS samples adjacent to the cuSCCs had up to
1200 mutations with no significant overlap with cuSCC. Ingenuity Variant Analysis identified
NOTCH and its coactivators as the functional modules most perturbed in cuSCCs. Because
cuSCC shares commonly mutated genes with lung SCC and head & neck SCC (HNSCC), we
assessed the global similarity of gene expression to other cancers. By this measure, cuSCC is most
similar to HNSCC and its mRNA signature predicts survival in non-HPV-related HNSCC. cuSCC

is also similar to lung SCC as well as basal subtype of breast cancer. Our cross species analysis
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has identified key genomic drivers of cuSCC development as potential chemoprevention targets
and suggests that our model can serve as the basis for validating chemoprevention targets in
cuSCC and molecularly similar cancers such as HNSCC and lung SCC.

Through our initial analysis of 9 sets of matched samples, we identified miR-181a as a
potential molecular target; expression of the miR-181a family gradually increases throughout
cuSCC progression. Importantly, miR-181a is significantly upregulated in multiple carcinomas.
We have focused on the function of TGFBR3, which is downregulated by miR-181a and which
has a tumor suppressor role in many contexts. We hypothesize that upregulation of miR-181a
promotes initiation and progression of keratinocyte transformation by targeting TGFBR3.

Comparison of miR-181a levels in human cuSCCs to normal skin shows that miR-181a
has a significantly higher expression (~8.4 folds) in cuSCCs. Our results show that miR-181a
overexpression (OE) and TGFBR3 knockdown (KD) significantly suppresses UV-induced
apoptosis in HaCaT keratinocytes and in primary normal human epidermal keratinocytes
(NHEKSs). In addition, OE of miR-181a or direct KD of TGFBR3 by shRNA is sufficient for
enhanced anchorage-independent survival of HaCaTs. Moreover, miR-181a OE or TGFBR3 KD
enhances cellular motility through increase of migration and invasion and upregulation of EMT
markers, such as snail, slug, and vimentin. Luciferase assay results demonstrate that miR-181a
directly and specifically targets the 3’'UTR of TGFBR3. Rescue experiments show that miR-181a
phenotype can be partially rescued by TGFBR3 overexpression. In summary, we show that miR-
181a regulates susceptibility to apoptosis as well as cellular adhesion and motility at least in part

through TGFBR3.
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1.1 Skin Cancer

Skin cancer is the most common cancer in human. In USA up to 700,000 cases are
diagnosed annually. Cutaneous squamous cell carcinoma (cuSCC) account for 15-20% of all skin
cancer, making it the second most common non-melonoma (NMSC) skin cancer worldwide [1].
Annually, in U.S. there are over 250,000 cases of cutaneous squamous cell carcinoma (cuSCC).
Due to an aging population and an increase in number of immunocompromised individuals,
incidence of cuSCC is on the rise [2]. The precursor to cuSCC is actinic keratosis (AK), which is
usually treated with destructive modalities that must be applied repetitively causing significant
morbidity. Our understanding of the molecular and genetic events that lead to sequential
progression of normal skin (NS) to AK to cuSCC is very poor. This represents a fundamental gap
in our knowledge and understanding of this progression sequence is of great importance.

Addressing this gap presents an opportunity for secondary skin cancer prevention.

1.1.1 Management of cuSCC
Most cuSCCs can be successfully treated with destructive modalities such as surgical
excision, Mohs surgery, electrodessication and curettage, topical 5-fluorouracil, and radiation

therapy.

1.1.2 Classification of cuSCC

Classification of cutaneous squamous cell carcinoma as high-risk versus low-risk is very
important. Early identification and management of cuSCCs that have high rate for recurrence and
metastasis can significantly reduce the associated morbidity and mortality [1]. Distinct criteria
have been proposed by the National Comprehensive Cancer Network (NCCN) [3] and the

American Joint Committee on Cancer (AJCC) [4, 5] for the assessment of the high-risk cuSCCs.
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However, no consensus has been reached and the decision is left to the physician based on his/her
assessment of the patient’s history and clinical features of the lesion [1]. Eyelid carcinomas have
a separate AJCC staging system and within NCCN guidelines, tumors with lymph node
involvement are evaluated with a different algorithm. Characteristics of high-risk lesions are
dependent on tumor as well as host factors.

AJCC and NCCN guidelines are established based on two different methodologies to serve
two different purposes. AJCC staging system uses the tumor (T), node (N) and metastases (M)
classification. AJCC staging mainly uses the primary tumor anatomic characteristics and does not
take into account important clinical and host factors such as immunosuppression or recurrence
[3]. AJCC approach has been criticized as being too simplistic and restrictive. On the other hand,
NCCN classification has been criticized as being too inclusive. To elaborate, for a tumor to be
categorized as high-risk, it has to meet only 1 of 12 high-risk criteria.

A recent study has evaluated the concordance of the AJCC and NCCN definitions of the
high-risk cuSCCs [3]. They demonstrate that there is a significant discordance between the 2
definitions and based on AJCC criteria majority of tumors (82.1%) were stage 1 and conversely
based on NCCN criteria majority of tumors (87%) were classified as high-risk [3]. Outcome of
this study further highlights the need for a unified definition of high-risk tumors for improving
patient outcomes. In recent years, Brigham and Women’s Hospital (BWH) system was proposed

as an alternative guideline to improve T-stage stratification [6].

1.2 Hairless mice in skin cancer
The hairless locus is located on mouse chromosome 14. In mice, Hr gene encodes a
~130kDa protein that is a transcriptional co-repressor for family of receptors such as thyroid

hormone, vitamin D and retinoic acids [7]. Embryonically, Hr is expressed in various tissues and
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highly expressed in both hair follicle and interfollicular keratinocytes of epidermis by birth. There
are various strains of hairless mice (18 murine Hr alleles are known) and outbred albino SKH1
(Charles River Laboratories, Wilmington, MA) is the most widely used strain. The mutant allele
that is carried by SKH1 mice is autosomal recessive, 47, which has an aberrant splicing due to
stable integration of a retrovirus into the 6" intron of the gene[7]. In human, two autosomal
recessive diseases are associated with Hr mutations. Various studies have shown that for normal
hair growth Hr is necessary and sufficient. Hair growth in hairless mice is normal during the first
coat; however, mice rapidly lose hair starting cephalically and proceeding caudally. During
consecutive hair cycles, follicles develop abnormally with characteristic histological findings of
utriculus, deep dermal cysts, and sebaceous gland hyperplasia [7].

Hairless mice have been extensively used as a model in the field of dermatology for many
years and processes such as wound healing, tumorogenesis, and inflammation are well
characterized in these mice [7]. We chose this model to avoid chronic irritation as a confounding
variable in our studies that is due to depilation of mice. In addition, with this model we can
eliminate the effects of hair cycle on skin carcinogenesis.

Each mice can produce multiple skin tumors, independent of one another, and this feature
can be used to discern the rate of development and individual aggressiveness of each tumor [7].
Tumor progression starts from epithelial hyperplasia which then progresses to papilloma and
eventually into carcinoma. From this progression sequence, we can identify markers for tumor
initiation, promotion and progression [7]. Hairless mice have been shown to be sensitive to
development of UV-induced carcinoma that have similar pattern of mutations as human cuSCC.
Of important note, haired mice are less susceptible to UVR immunosuppressive effects that
hairless mice. In the SKH-1 Hairless mouse model of UV-induced cuSCC, p353, RAS, and

CDKN2A4 are similarly affected as seen in human cuSCC [7-16]. For this reason, we believe that
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this model faithfully recapitulates human disease both clinically and molecularly.

1.3 UV spectrum of solar radiation (UVR)

Ultraviolet (UV) rays are a form of invisible energy given off by the sun. Based on
wavelength solar UV radiation (UVR) is divided into three categories, UVA (320-400nm), UVB
(280-320nm) and UVC (100-280nm). Minute amount of UVC reaches the earth surface by
penetrating the ozone layer of atmosphere and for this reason UVC is not physiologically relevant
for studies of human skin cancer. On the other hand, UVA rays account for the majority (95%) of
the UV radiation reaching the earth's surface; terrestrial radiation from the midday sun comprises
about 95% UVA and 5% UVB [17]. UVA is mainly responsible in the aging of the cells and some
DNA damage. On the other hand, UVB rays cause direct DNA damage and responsible for
sunburns. UVA rays can penetrate deeply into the skin and mainly cause dermal compartment
damage. Whereas, UVB damage is mainly in the epidermal compartment.

UV radiation can cause an increase in collagen breakdown and abnormal deposition of
elastin [18, 19]. This process and it’s pathological manifestation is referred to as solar elastosis.
In addition, UV radiation can cause an increase in free radicals resulting in damage of cellular
functions and DNA damage. Moreover, UV radiation can suppress the immune system by
inducing release of certain cytokines, inhibiting antigen presentation, and enhancing leukocytes

apoptosis [20].

1.4 Sunscreens
Sunscreens are the main protection modality against solar UV radiation. Marketing and
labeling of sunscreens are nationally regulated, and for this reason, there is differences between

sunscreens in America and European countries [21]. Sun Protection Factor (SPF) is determined
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by the amount of light that induces erythema in sunscreen protected skin divided by the amount
of light that induces erythema in unprotected skin. SPF ratings vary from 1 to 100 or even higher.
For sunscreens to be protective they must be applied regularly and in sufficient amounts
(recommended amount of 2 mg/cm?2).

Most sunscreens fully protect against UVB, but only few ingredients protect against UVA.
There are 2 types of UV filters: Physical filters (inorganic) and chemical filters (organic).
Currently 16 filters are proved in USA and 28 are approved in European countries. Nine of the
sixteen approved filters are protective against UVB; Aminobenzoic acid (PABA), Octinoxate,
Octocrylene, Oxybenzone, Octisalate, Homosalate, Cinoxate, Ensulizole, Dioxybenzone.
Physical blockers such as Zinc Oxide (ZnO) and Titanium Dioxide (Ti02) are protective against
both UVA and UVB rays. In general, they are much more photostable and less irritative to skin,
however, they can cause acneiform breakouts. Most users complain of the “white cast” that results

from the application of physical blockers [22].

1.5 Actinic Keratoses (AKs)

AKSs are the most common precancerous lesion, affecting up to 5.5% of women and 13.9%
of men in U.S. and accounting for 5.2 million visits per year and an estimated annual cost of $920
million [23]. Actinic Keratoses (AKs) are scaly lesions, often readily palpable and visible on the
skin of affected individuals primarily on sun-exposed regions of the body. Histologically, they
are characterized by epidermal dysmaturation and partial thickness basal and spinous layer atypia.
In time, this atypia extends to the full thickness of epidermis eventuating in Cutaneous Squamous
Cell Carcinoma (cuSCC). Ultraviolet (UV) radiation is the main etiological factor implicated in

AK and cuSCC pathogenesis [24].
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Figure 1. cuSCC pathogenesis occurs through distinct lesional changes. Progression of
cuSCC consists of distinct lesions that are easily recognized both clinically and histologically.
This progression sequence is depicted here : where we see a transition from Normal skin that is
exposed to UV solar radiation to actinic keratosis which is regarded as the precancerous lesions,

ultimately to carcinoma, which is invasive.

1.5.1 AK and field cancerization

AKs are an excellent example of field cancerization with wide swaths of skin that possess
the potential to grow into carcinoma [25, 26]. “Field cancerization” refers to the development of
multiple AKs in the UV-exposed field. Approximately 0.6% of clinically diagnosed AKs are
estimated to progress to cuSCC within 1 year and 2.6% are estimated to progress within 4 year
[27]. A recent study in 2014 estimated that about 6-10% of all AKs progress into cuSCC [26].
Thus, the standard practice of destroying these lesions is well founded, but there is still no

rationally designed way of preventing their progression, and there are still over 250,000 cases of
22



cuSCC in U.S. every year [28]. Destructive therapies are effective but treatments of large surface
areas are impractical and fail to control progression in high-risk populations such as organ
transplant recipients [29]. Compounding this problem, aggressive surgical interventions have
significant adverse effects and usually for patients with facial or acral lesions the results are
grotesque and disfiguring. Understanding the genetic alterations that dictate AK formation and
progression to cuSCC forms the molecular basis for rationally designed targeted secondary cancer

prevention for an extremely common skin cancer.

1.5.2 Molecular genetics of AK

To date, molecular genetic studies of AK have largely centered on known tumor
suppressor genes. In chronically sun-damaged skin, AK and cuSCC a characteristic UVB-induced
cellular changes such as increases in COX-2 activity and inflammatory cytokines in addition to
signature genetic mutations in mtDNA and the tumor suppressor TP53 have been identified [30].
What dictates whether or not AKs progress to cuSCC is inadequately understood as these genetic
lesions are also commonly found in cuSCC. Some efforts to discern differences by gene
expression have been successful at identifying gene signatures that distinguish SCC from AK or
irradiated skin but they have not been refined to identify a mechanistic basis for progression [31].

Amplifications of epidermal growth factor receptor (EGFR) and c-MYC have been
identified in AK and cuSCC [32]. Using array comparative genomic hybridization (aCGH) to
probe copy number variation (CNV), loss of INPP5A and CKSIB expression has been
demonstrated in human cuSCC and smaller proportions of AKs [33-35]. In the SKH-1 Hairless
mouse model of UV-induced cuSCC, p53, RAS, and CDKN2A are similarly affected [7-16]. Serial
Analysis of Gene Expression (SAGE) profiling revealed changes in growth factors and stress

responsive elements [7-16] and aCGH revealed some changes that map to previously reported
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abnormalities in human cuSCC (chromosomes 3p, 11p, 9q) [36-39]. Given that cancers are
genomically unstable, it is not surprising that it is difficult to identify pathogenic changes, the
drivers of progression, when comparing tumor tissue to their normal counterparts, or when

comparing unmatched samples.

1.5.3 Lack of diagnostic predictors of AK progression

Currently, we lack diagnostic predictors of AK progression to cuSCC. We would like to
identify important genetic events that determine the progression of clinically normal sun-exposed
skin (NS) to AK and subsequently to cuSCC. This 3-way comparison is essential for cancer
prevention; genetic events that are relevant to the progression of NS to AK and are retained in the
subsequent progression to cuSCC may be necessary for this step-wise transition. Similarly,
genetic changes that are unique to this last transitional step may cause AK transformation to
cuSCC. In profiling studies, the key gap in methodology is the inability to rank these changes in
terms of which are likely to act to drive the development of cancer and which may be biologically

insignificant.

1.6 miRNAs role in cancer

Over the past decade, miRNAs have been identified as important drivers of cancer
pathogenesis. miRNAs have emerged as important players not only in tumorigenesis but also
tumor progression. miRNAs are important modulators of tumor proliferation, transformation,
invasion, and metastasis [40]. Importantly, fluctuations in abundance of a single miRNA can
impact expression levels of hundreds of proteins. It is important to highlight the role of miRNAs

as cardinal regulators of global cellular physiology such that a small perturbance in transcript
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abundance is sufficient to disrupt the normal cell-cycle control and sway the cells down a

transformed path.

xtracellular

RNA
polymerase

miRNA Translational repression
gene mRNA target clcavage
mRNA decay

Exosomal

Nucleus T2 expon

Pri-miRNA

Assembly

Mature miRNA

Unwinding
W

Figure 2. Biogenesis of microRNAs (miRNAs). The miRNA gene is transcribed by RNA

polymerase II/IIl. The transcript is called Pri-miRNA, which is cleaved by Drosha-DGCRS
complex and forms pre-miRNA. This is transported to cytoplasm from nucleus by the exportin-5
and RanGTP cofactor. Pre-miRNA is processed by the transactivating response RNA binding
protein-Dicer complex into a miRNA duplex, which is unwound to form mature miRNA. The
guide stand binds to Ago to form RNA-induced silencing complex (RISC). RISC complementary

pairs with the target messenger RNA (mRNA) 3'-untranslated region, leading to mRNA cleavage
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and translation repression. The passenger stand is degraded, and the surplus miRNAs are exported
to extracellular matrix by exosomes. Reproduced by permission from the following article: Title:
A Systematic Review of MicroRNA in Glioblastoma Multiforme: Micro-modulators in the
Mesenchymal Mode of Migration and Invasion, Publication: Molecular Neurobiology, Publisher:
Springer.

As a consequence of their important role in cancer initiation and progression, miRNAs
have become the new target of anticancer therapy. Virtually in all cancer types, expression levels
of miRNAs are deregulated in tumor tissue in comparison with their normal counterpart [41].
Dysregulation of miRNAs have been previously reported in multiple types of SCC. However,
expression of Drosha, a component of microprocessor complex that has the essential role of
initiation of miRNA machinery, is upregulated in cuSCC. This gives strength to the hypothesis of
miRNA involvement in cuSCC pathogenesis [42]. In addition, it has been shown that tumor
phenotypes can be modulated by modification of aberrantly-expressed miRNA, suggesting that

miRNA may be good therapeutic targets [43].

1.7 miR-181 family

miR-181 family is highly evolutionarily conserved across vertebrates [44]. This is an
ancient gene family originating from urochordate C. intestinalis. The evolution pattern of this
gene is significant for multiple rounds of duplication, segmental replication with mutation and
deletion of certain genes in some species (Figure 3) [44]. miR-181 family was first identified for
their role in differentiation of hematopoietic cells, including T and B cells, natural killer cells, and
megakaryocytes [45]. miR-181a-1, miR-181a-2, miR-181b-1, miR-181b-1, miR-181c, and miR-

181d are the six members of this family.
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Figure 3. Evolutionary pattern of the miR-181 family in vertebrate. The solid bar represents
miR-181 gene. Two rounds of duplications and one fragmental replication within one of the
duplicates after first duplication during the vertebrate evolution shape this gene family.
Reproduced by permission from the following article: Title: Evolution of the mir-181 microRNA

family, Publication: Computers in Biology and Medicine, License Number: 3821610198316.

1.7.1 Genomic location of the miR-181 family members

In humans, miR-181 family members are clustered and located on three different
chromosomes. miR-181a and miR-181b are located on chromosome 1. miR-181a2 and miR-181b2
are located on chromosome 9. miR-181c and miR-181d are located on chromosome 19 [46]. The
seed-region is highly conserved among the individual family members [47]. Genomic location of
the miR-181 family members along with their mature sequences and seed regions are depicted on
(Figure 4). There is high level of redundancy in this family suggesting that they are evolutionary

and functionally important.
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Hsa-miR-181a-5p AACAUUCAACGCUGUCGGUGAGU
Hsa-miR-181b-5p AACAUUCAUUGCUGUCGGUGGGU
Hsa-miR-181¢c-5p AACAUUCAAC-CUGUCGGUGAGU
Hsa-miR-181d AACAUUCAUUGUUGUCGGUGGGU

Hsa-miR-181a-3p ACCAUCGACCGUUGAUUGUACC
Hsa-miR-181a2-3p ACCAUUGACCGUUGACUGUACC
Hsa-miR-181¢c-3p AACCAUCGACCGUUGAGUGGAC
Hsa-miR-181b-3p CUCACUGAACAAUGAAUGCAA

Figure 4. miR-181 family members and their genomic locations. A, genomic location of miR-
181 family members. B, mature sequences of miR-181 family members that arise from the 5’ arm
of the precursors. Nucleotides in red represent seed sequence, and green shows conserved
nucleotides among the members. C, mature sequences of miR-181 family members that arise from

the 3’ arm of the precursors. Reproduced by permission from the following article: Title: Role of
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miR-181 family in regulating vascular inflammation and immunity, Publication: Trends in
Cardiovascular Medicine, License Number: 3821581367364.

The distinct activities of miR-181a and miR-181c¢ are largely determined by their unique
pre-miRNA loop nucleotides [48]. Pre-miRNA loop nucleotides play a critical role in controlling
the activity of miRNA genes and that members of the same miRNA gene families could have
evolved to achieve different activities via alterations in their pre-miRNA loop sequences, while

maintaining identical or nearly identical mature miRNA sequences.

1.7.2 Role of miR-181 family

Target genes of mir-181 family are involved in various cellular and biological processes,
including regulation of transcription, signal transduction, metabolism and synthesis, cellular
division, growth, and proliferation (Figure 5) [44]. In terms of molecular functions, miR-181
family target genes are involve in DNA, protein, transcription factor, and metal ion binding
(Figure 5) [44]. Pathway analysis reveals that miR-181 family target genes play important role in
cancer, axon guidance, actin cytoskeleton, MAPK singlaing, and T cell receptor signaling

pathways (Table 1)[44].

5 i o1 ipti N m protein binding (MF)
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Figure 5. Gene ontology of targets of miR-181 family. A, biological process, and B, molecular

function. The indicated numbers are the numbers of the target genes predicted by the Gene
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Ontology method. Reproduced by permission from the following article: Title: Evolution of the
mir-181 microRNA family, Publication: Computers in Biology and Medicine, License Number:

3821610198316.

KEGG pathway Number
of genes

Enriched gene ID

P-value

Neurotrophin signaling pathway
Long-term potentiation

Axon guidance

Pathways in cancer

T cell receptor signaling pathway
Oocyte meiosis

Regulation of actin cytoskeleton
MAPK signaling pathway

Focal adhesion

Vascular smooth muscle

8660 4215 11108 5580 801 5908 8503 596 3845 5594 10818 7529 818 7532 6197

801 107 5534 5908 5500 3845 2891 5594 2915 6197 818

23380 6092 54910 57144 1808 57715 5534 10512 3845 90249 5594 10725 10298 7869
7184 3915 3655 868 11186 7046 3845 1050 2353 2113 5156 10401 5898 3675 8030 8503
596 861 9915 5594

84433 920 57144 5534 868 8503 3845 2353 5594 10725 10298

5529 115 801 107 5534 5500 5594 7529 6197 7532 818

3696 3675 57144 8874 3655 8503 5500 55740 3845 5594 4628 5156 10298 10458
4215 5534 5908 9254 51701 7046 3845 3552 2353 5594 5156 5495 1847 4137 6197
5170 3696 3915 3675 57144 3655 5908 8503 5500 596 5594 5156 10298

5581 3778 5580 115 801 107 5592 4660 5500 5594

1.49E-09
1.19E-08
1.19E-08
3.89E-08

7.73E-07
1.13E-06
2.63E-06
5.64E-06
5.64E-06
6.94E-06

contraction

Table 1. Enriched KEGG pathways of the targets of miR-181 family. Reproduced by
permission from the following article: Title: Evolution of the mir-181 microRNA family,

Publication: Computers in Biology and Medicine, License Number: 3821610198316.

1.8 Role of miR-181a in cancer

The significant role of miR-181a in tumorigenesis is revealed by various studies that show
upregulation of miR-181 in colorectal carcinoma [49], invasive cervical squamous cell carcinoma
(5) and hepatocarcinoma (6). Multiple studies have evaluated the role of miR-181 in various
cellular process such as cell cycle, apoptosis, proliferation, migration and invasion [50]. miR-
181a have been shown to regulate Bim [47], Bcl-2 [51], ATM [52], and K-Ras [53]. Figure 6

depicts the various roles of miR-181a and its targets in different types of human cancer [54].
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Figure 6. The multiple roles of miR-181a in hallmarks of human cancer. Reproduced by
permission from the following article: Title: MiR-181a-5p inhibits cell proliferation and migration
by targeting Kras in non-small cell lung cancer A549 cells, Publication: Acta Biochimica et

Biophysica Sinica, License Number: 3821560608610.

1.8.2 miR-181a as an oncomir

miRNAs regulation of their target genes’ expression is determined by cell, tissue,
hormonal, and temporal effects. For this reason, it is not surprising that miR-181a has been
investigated in different types of cancer. For example, it is has been shown that miR-181a and its
target gene, PGR are associated with the transition of endometrial cells to cancerous cells, in a
hormonal and temporal context [55]. Authors demonstrate that in the in vitro model of endometrial
cells, miR-181a directly regulate PGR and PGRMC1 genes and influencing P4-mediated cellular
processes [55].

miR-181a is overexpressed in papillary thyroid cancer (PTC) [56, 57]. Specifically, miR-
181a expression was increased by 2.6 fold in PTC in comparison with normal thyroid tissue.

Moreover, authors show expression data of miR-181a with 4 additional micro-RNAs (miR-221,
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miR-222, miR-146, miR-21) is sufficient to accurately predict cancer status [57]. Moreover, it has
been shown that in esophageal squamous cell carcinoma (ESCC) miR-181a expression is
significantly up-regulated in comparison with normal adjacent specimens [58].

Overexpression of miR-181a is implicated in gastric cancer development [50]. In gastric
cancer cell lines miR-181a mimic overexpression increased the proliferation and clonogenicity of
the cancer cells. By using a luciferase assay reporter, authors show that miR-181a directly target
KLF6 gene, a member of zinc-finger transcription factors, and reduces the expression of this
tumor suppressor gene [50]. Figure 6 depicts the various roles of miR-181a and its targets in

different types of human cancer [54].

1.8.3 miR-181a as a tumor suppressor

In glioblastoma multiforme (GBM) , three members of miR-181 family (miR-181a, miR-
181b, and miR-181c) are all identified as tumor suppressors [59]. These miRs were significantly
down-regulated in glioblastoma compared to normal brain controls. miR-181a and miR-181b are
enriched in brain. Authors hypothesized that since these three miR-181 genes are located on
distinct chromosomes, their simultaneous downregulation may stem from their role in modulation
of an important common target gene [59].

In non-small cell lung cancer (NSCLC) miR-181a expression is down-regulated. Authors
show that miR-181a could significantly decrease the colony formation and decrease migration in
AS549 cells by targeting KRAS and reducing its expression at both RNA and protein levels [54].

miR-181a is expressed in various types of leukemia, specifically, in chronic myelogenous
leukemia (CML) it has been shown that miR-181a has a tumor suppressor function [60]. By using

K562 cells, authors show that miR-181a levels are suppressed in CML and perhaps it plays an
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important role in its pathogenies. They show that miR-181a overexpression can induce apoptosis

through RalA, a member of Ral family small G proteins [60].

1.8.3 miR-181a is a prognostic marker in cancer

In colorectal cancer (CRC) miR-181a is associated with poor prognosis [61]. Patients with
high expression of miR-181a have decreased disease-free survival time and poorer prognosis. In
CRC patients, miR-181a expression was not differentially expressed with respect to the gender,
age, and tumor grade, including distal metastasis [61]. In CRC, miR-181a overexpression results
in significant suppression of phosphate and tensin homologe (PTEN) with ultimately resulting in
downregulation of PTEN/Akt pathway [61].

In contrast to CRC, in ESCC, miR-181a expression correlates with TNM staging. Patients
with metastasis to lymph nodes had higher miR-181a levels in comparison with those without any
metastasis to the lymph nodes [58]. miR-181a overexpression was identified as an independent
risk factor for overall survival and cancer recurrence in ESCC patients [58]. Authors suggest
Thymosin 10 and RECK, a tumor suppressor gene, as potential direct targets of miR-181a and
their role in pathogenesis of ESCC [58]. In cholangiocarcinoma (CCA), cell migration and
metastasis increases as the result of Thymosin f10 suppression, which may be mediated by
upregulation of Ras, ERK1/2 signaling as well as upregulation of Snail and MMPs [62].

miR-181 family has been implicated in regulating the differentiation of B, T, and NK cells.
In acute myeloid leukemia (AML) miR-181a serves as both a diagnostic and a prognostic marker
[45]. A 2013 meta-analysis shows that in hematological malignancies, low expression of miR-
181a/b is associated with poor overall survival and can serve as an important clinical prognostic
factor in those patients; however the exact mechanism of their action remains largely unknown

[63].
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In a recent meta-analysis of 21 studies involving 1685 patients, elevated levels of miR-
181a has been identified as a prognostic molecular marker in the human head and neck squamous
cell carcinoma (HNSCC) [64]. Authors, identified elevated expression of miR-181a along with a
cohort of six other micro-RNAs (miR-21, miR-18a, miR-134a, miR-210, miR-19a, and miR-155)
associated with poor survival in human HNSCC [64].

Similarly, in breast cancer, miR-181a has been recognized as one of the most promising
prognostic miRNAs for advanced tumor. Authors show that overexpression of miR-21, miR-181a,
and the miR-221/miR-222 cluster is correlated with advanced tumor stage, lymph node metastasis

and poor patient survival [65].

1.8.4 Role of miR-181a in epithelial-mesenchymal transition (EMT)

In prostate cancer, direct transcriptional activation of miR-181a via Lymphoid enhancer-
binding factor-1 (LEF1) promotes epithelial-mesenchymal transition (EMT) and invasion [66].
LEF1 is a key transcription factor mediating Wnt signaling pathway [66]. Authors show that
combined overexpression of LEF1 and miR-181a has a synergistic effect on reduction of E-
cadherin protein levels. They also show a dose-dependent enhancement of migration and invasion
in androgen-sensitive human prostate adenocarcinoma cells that are transfected with miR-181a
mimic [66].

In murine liver carcinoma model, authors set to investigate the role of mi-RNAs in
pathogenesis of TGF-B-induced hepatocyte cirrhosis and hepatocellular carcinoma (HCC) [67].
TGF-p signaling has an important role in driving EMT and tissue fibrosis leading to hepatic
carcinoma. Investigators show that miR-181a is highly expressed in cirrhosis and HCC and has

direct effect in induction of EMT in hepatocytes [67].
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Table 2. Upregulated and downregulated genes in reponse to TGF-f and miR-181a. a) TGF-
B and EMT genes that were up- or down-regulated with miR-181a mimic or inhibitor in vitro or
in vivo, b) Mice expressing rAAV miR-181a for 4 weeks showed up or down-regulation of TGF-
P or EMT genes. Reproduced by permission from the following article: Title: Title: miR-181a
mediates TGF-B induced hepatocyte EMT and is dysregulated in cirrhosis and hepatocellular

cancer, Publication: Liver International, License Number: 3826070700895.
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In ovarian cancer, miR-181a plays a critical role in EMT, resulting in ovarian cancer
progression. In ovarian carcinomas, the chromosomal region of 1q is referred to as a “hotpot”
due to amplification of this locus in tumors, interestingly, miR-181a gene resides in this
chromosomal region [68]. Authors show that miR-181a suppresses Smad7, leading to
upregulation of TGF-f signaling pathway and resulting in enhancement of EMT [68].

miR-181a expression levels are upregulated in triple-negative breast cancers (TNBCs) and
corresponds to decreased overall survival in patients. Authors show that miR-181a increases
metastasis in breast cancer patients, partially by enhancing Erk1/2, Akt, and Src signaling
pathways. They also show that pre-miR-181a levels are expressed in a Smad4-dependent manner;
whereas, the mature miR-181a levels were modulated in Smad4-independent manner. Authors
were unable to comment on the relative contribution of both transcriptional and post

posttranslational mechanisms and their effect on modulation of miR-181a levels [47].

1.9 TGFp pathway

The role of the TGFf pathway in development of primary epithelial tumors has been well
established through detection of mutations in TGF-f , its receptors, and its downstream signaling
molecules [69]. The effect of aberrant TGFf signaling in skin carcinogenesis has been studied in
a mouse model [70]. TGFP belongs to family of growth factors that regulate cell differentiation,
migration, adhesion, and cell cycle progression. TGFB also modulates processes such as
embryonic development, wound healing, and angiogenesis.

Most cells express three types of TGF receptors. Type I Receptor, 53 kDa, is a
Serine/threonine kinase and is activated by phosphorylation by the type II receptor. Type II
Receptor, 75 kDa, is a constitutive serine kinase and related in sequence to Type I receptor. Type

I and II receptors are membrane-bound serine/threonine kinases and they require each other to
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bind TGF-B ligand. They form a heterodimeric complex that is essential for the signal
transduction [71, 72]. The Type III receptor is a transmembrane proteoglycan with a large
extracellular domain and a 43 amino acid residue cytoplasmic domain. The cytoplasmic domain
of the Type III receptor lacks an obvious signaling motif and the receptor may not be involved

directly in signal transduction [72].

1.9.1 Canonical Smad TGF- signaling pathway

There are 2 types of TGF-f signaling pathways: canonical and non-canonical, and they
are sometimes referred to as adhesion-independent and adhesion-dependent TGF-f signaling
pathways. Canonical TGF-f signaling pathway is primarily mediated by rapid phosphorylation
and activation of Smad proteins. Type I and type II serine/threonine-kinase transmembrane
receptors hetero-dimerize and result in activation of intracellular Smads. To date, five type Il and
seven type I receptors have been identified. There are three groups of Smad proteins: receptor-
regulated (R-Smad), common-mediator (Co-Smad), and inhibitory (I-Smad). There are three
types of ligand categories: TGF-f} ligands (1, 2 and 3) result in activation of TGFBR1/ALKS and
TGFBR2. Activins signal through ACVR2A, IIB and ALK4. BMPs signal through BMPR2,
ACVR2 s and ALK1/2/ 3 and 6. Inactive precursors of TGF-f family dimerize and are cleaved
by proteases, which in part impacts the the bioavailability of TGF-f ligands. On the other hand,
BMPs are secreted in their active form and interactions with extracellular antagonists impact their
bioavailability. Ligand receptor interactions are regulated by two accessory receptors: namely;

endoglin and betaglycan (TGFBR3).

Type I receptor recruits and phosphorylates R-Smads at their serine residues resulting in

their activation. Different R-smads are activated by different receptors; for example, ALK4/5/7
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receptors result in activation of R-Smads 2/3. On the other hand, ALK1/2/3/6 receptors result in
activation of R-Smads 1/5/8. Activated R-Smads translocate into the nucleus with co-Smad4,
where they regulate transcription of their target genes. I-Smads6/7 can result in a negative
feedback loop and inhibit the activation of R-smads. [-Smads also recruit ubiquitin ligases and

phosphatases and target R-smads for proteasomal degradation and dephosphorylation.
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Figure 7. TGFp superfamily signaling pathway. The diverse actions of the TGFf superfamily
of growth and differentiation factors are mediated by pairs of serine-threonine kinase type I and
type II receptors. In the canonical signaling pathway, agonists bind to specific sets of type I and
type 1I receptors on the cell surface, which results in the phosphorylation and activation of
downstream signaling molecules, the receptor regulated (R-)SMADs. Activated R-SMADs then

associate with the common co-SMAD, SMAD4, and translocate to the nucleus where, in
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combination with cell-type specific binding partners, they regulate gene transcription and cellular
function. The membrane-bound form of the accessory receptor, betaglycan, increases the binding
of its ligands, the TGFfs, inhibins, and BMPs, to their signaling receptors. This generally
enhances the signaling of TGFBs and BMPs and enhances the ability of inhibins to block the
functions of other TGFp superfamily members. Reproduced by permission from the following
article: Title: Betaglycan: A multifunctional accessory, Publication: Molecular and Cellular

Endocrinology, License Number: 3821680479598.

1.9.2 Non-canonical TGF-p signaling pathway

In addition to SMAD mediated pathway, TGF-B3 receptor activation causes non-Smad
mediated cross-talk with other signaling pathways. These pathways include: Wnt signaling
through B-catenin, MAP kinase, STAT1, and NF- KB induced Smad7 expression, leading to
inhibition of TGF-B -induced Smad2/3 activation. JNK and p38 MAP kinase signaling leads to
phosphorylation of transcription factors with which SMADs can cooperate at defined promoters.
FAK autophosphorylation and activation is delayed relative to Smad signaling. It is associated
with TGFB1-induced expression of both integrin subunits, fibronectin and collagens. Integrin
signaling via FAK activation is essential for induction and maintenance of differentiated

myofibroblast phenotype.
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Figure 8. Non-canonical signal transduction by TGF-p family members. In addition, to the
canonical signal pathway, the activated type I receptors can activate non-Smad pathways. ALK,
activin receptor-like kinase; BMP, bone morphogenetic protein; BMPR, BMP receptor; ERK,
early response kinase; PI3K, phosphoinositide 3-kinase; TAK, TGF-B-activated kinase; TGF-J,
transforming growth factor §; TGFBR, TGF-B receptor. Reproduced by permission from the
following article: Title: Signaling by members of the TGF- family in vascular morphogenesis

and disease, Publication: Trends in Cell Biology; License Number: 3824251064413.

1.10 TGFBR3 background
TGF-B Type III receptor (TGFBR3) is also known as betaglycan. TGFBR3 lacks a
signaling domain; However, it regulates TGFp signaling by presenting the TGFp ligand to the

type II receptor.
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1.10.1 TGFBRS3 structure

The human TGFBR3 gene has 16 coding exons and two promoters; a proximal promoter
and a distal promoter. TGF-B1 ligand can modulate TGFBR3 expression through direct inhibition
of the proximal promoter. TGFBR3 gene produces a ~4200 bp mRNA resulting in a 250 - 350
kDa protein that has multiple binding sites for activin, fibroblast growth factor and heparin. Figure

9 shows TGFBR3 (betaglycan) structure and it’s unique features [72].

Key:
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Figure 9. Structure of TGFBR3 (betaglycan). Structural features of the full-length form of
betaglycan, depicting key binding domains, enzymatic cleavage sites, and intracellular residues
important for the association of adaptor proteins. Proteolytic cleavage events and differential post-
translational modification of the GAG side chains in specific cellular contexts results in the
generation of multiple forms of betaglycan, the functions of which are poorly understood. MT1-
MMP, MT3-MMP, or a related protease can cleave the ectodomain near the transmembrane

region to generate a soluble receptor, capable of binding ligand. Plasmin has been shown to cleave
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the linker region of the soluble receptor, generating two fragments with reduced ability to bind
ligand. Reproduced by permission from the following article: Title: Betaglycan: A multifunctional
accessory, Publication: Molecular and Cellular Endocrinology, License Number:

3821680479598.

1.10.2 TGFBR3 dual modulation of TGF-p pathway through ectodomain shedding
TGFBR3 signaling pathway has a diverse roles in human disease, with both increases and
decreases in it’s signaling pathways resulting in human disease [71]. Dual role of TGFBR3 has
resulted in a lot of confusion in the field, leading to publications such as unraveling the ‘TGF-3
paradox’ one metastamir to shine light at the discrepancies found among different studies [73].
Ectodomain shedding or juxtamembrane proteolytic cleavage of TGFBR3 extracellular
domain results in soluble TGFBR3 (sTGFBR3 ), which is a potent neutralizing agent of TGFf3
[74]. Membrane betaglycan also serves as the precursor for a soluble form of the receptor. Soluble
betaglycan (SBG) is shed from the membrane-bound receptor by constitutive and regulated
proteolytic cleavages of its extracellular regiona. In contrast to membrane betaglycan, SBG

inhibits TGF- binding to kinase receptors and thereby works as a TGF-f} antagonist.
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Figure 10. TGFBR3 dual modulation of TGF-f pathway. TGFBR3, potentiates TGF-f actions
when it is membrane bound. Shedding of BG extracellular region generates the soluble form of
the receptor. Soluble BG still binds TGF-f3 with the high affinity of the membrane BG, but instead
of “presenting” it to the type II receptor, soluble BG “sequesters” it and therefore neutralizes its
actions. Unique among other TGF-f inhibitors is the fact that BG may be subject to regulated
shedding of its ectodomain, making possible, in principle, control of the relative ratio of the
membrane and soluble forms of the receptor, providing a way to switch TGF-J3 actions on or off.
Reproduced by permission from the following article: Title: Soluble betaglycan reduces renal
damage progression in db/db mice, Publication: Am J Physiol-Renal Physiology, Publisher: The

American Physiological Society.
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Figure 11. The role of TGFBR3 in normal cell homeostasis. TGFBR3 binds TGFp, and transfers
the ligand to the TGFBR2 receptor followed by TGFBR1 binding and phosphorylation. This
results in phosphorylation of Smads and subsequent transcription. sTGFBR3 also binds TGFf
ligand, preventing signalling through the TGFBR2 receptor, and binds bFGF through
proteoglycan chains on the cytoplasmic domain. Reproduced by permission from the following
article: Title: More than an accessory: implications of type III transforming growth factor-3

receptor loss in prostate cancer, Publication: BJU International, License Number:

3826561293305.
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1.10.3 Role of TGFBR3 in human cancer

In recent years, TGFBR3 role as a tumor suppressor has been recognized in breast, lung,
ovarian, pancreatic and prostate cancer [75]. Most importantly, loss of TGFBR3 correlates with
cancer advancement and its been shown that there is a progressive loss of TGFBR3 expression
with breast cancer succession. Through allelic imbalance and loss of heterozygosity (LOH),
TGFBR3 expression on average decreases about 88% from normal breast to primary breast cancer
and further decreases about 61% in transformation to metastatic breast cancer [76]. TGFBR3
downregulation as a target for miR-103 in high-risk head and neck squamous cell carcinomas

(HNSCCs) has been reported [77, 78].

Cancer TBRII expression Effects on signaling Proliferation  Migration [nvasicn Angiogenesis  [n vivo/other T3RII effects
(mechanism)

Breast Decreased (LOH) Decreased No effect Decreased Decreased Decreased Xenograft: Reduced tumor
invasiveness, angiogenesis,
metastasis; STRRII reduces
tumor growth, angiogenesis,
metastasis

Lung (NSCLC) Decreased (LOH) No effect No effect Decreased Decreased Decreased Xenograft: Reduced tumor
incidence, growth, &
invasiveness

Prostate Decreased (LOH; Not examined No effect Decreased Decreased Decreased Xenograft: Reduced tumor

eplgenetic incidence, & growth; STERII

regulation) reduced tumor growth,
angiogenesis, & MMP
induction, increased apoptesis

Pancreatic Decreased Decreased Notexamined Decreased Decreased Notexamined Decreased MMP Induction

Ovarian Decreased (Epigenetic Not examined Notexamined Decreased Decreased Notexamined Decreased MMP Induction

regulation)

Renal Decreased Decreased (p38)  Notexamined Notexamined Notexamined Decreased Xenograft: Reduced tumor
growth, increased apoptosis

Table 3. Role of TGFBR3 in human cancer. Reproduced by permission from the following
article: Title: Roles for the type III TGF-B receptor in human cancer, Publication: Cellular

Signalling, License Number: 3821690136482.

1.10.4 Role of TGFBR3 in epithelial-mesenchymal transformation (EMT)

TGFBR3 regulates epithelial-mesenchymal transformation in cardiac endothelial cells [79]
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and its downregulation in capillary plexus is associated with infantile hemangioma [80]. There is
evidence that loss of TGFBR3 results in increased motility and invasion both in vitro and in vivo.
Mechanistic studies have shown that generation of sSTGFBR3 mediates the effects of TGFBR3 in

reduction of breast cancer cell invasion and metastasis [76].

1.10.5 Role of TGF-$ pathway in regulation of miR-181a

Parikh et al show that concomitant overexpression of p-Smad2 (a direct readout of TGFj
signaling intensity) and miR-181a (a trigger of TGF [ pathway) was associated with poor response
to neoadjuvant chemotherapy (NACT)[68] . miR-181a expression is upregulated by TGF-$ and
correlates with the metastatic potential of breast cancer cells. Inhibition of miR-181a attenuates
TGF-B—mediated EMT, invasion, and migration. miR-181a expression enhances Erk1/2, Akt, and

Src signaling in breast cancer cells [47].

1.11 The DNA Damage Response

Environmental factors and oxidative stress can cause DNA damage, at a rate of 1,000 to
1,000,000 molecular changes per cell/day, constituting 0.000165% of the human genome's. DNA
damage in important genes such as (tumor suppressors, oncogenes, and etc) can cause severe
downstream consequences such as blockages of transcription/replication and mutagenesis [81-
83]. UV-induced DNA damage falls into two major classes: cyclobutane—pyrimidine dimers
(CPDs and 64 photoproducts. There are multiple types of DNA repair. In human cells, UV-
induced DNA lesions are normally removed by nucleotide excision repair (NER). The NER
pathway is composed of two subpathways: transcription coupled repair, which removes lesions
present in the transcribed strand of actively transcribing genes, and global genomic repair (GGR),
which removes lesions from the rest of the genome. NER-deficient cells are hypersensitive to UV-

induced apoptosis. Also, removal of photolesions by photolyase was shown to prevent apoptosis
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indicating that unrepaired DNA lesions are the main cause of UV-induced apoptosis in
mammalian cells. The role played by p53 on NER has been studied extensively. p53 accumulates
in a dose-dependent manner in cells exposed to UV light through post-transcriptional
mechanisms. Over the past few years, it has been shown that p53, or its regulated gene products,
contributes to the repair of UV-C-induced DNA damage in human cells, because it regulates the
expression of XPC and DDB?2, proteins belonging to the GGR pathway of NER. Figure 12 depicts
the DNA damage response and all the protein kinases involved in the pathways.

Tumor suppressor, Ataxia Telangiectasia Mutated (ATM) is one of the top pathways
identified that responses to DNA stress. Also, ATM regulates DNA repair factors such as Rad50,
Rad51, and GADDA45 [84]. As a result of ionizing radiation and in presence of DNA double strand
breaks (DSBs) MRE11-Rad50-NBS1 complex or 53BP1 activate ATM; auto-phosphorylation of
ATM dimer/multimer leads to its monomerization and activation. ATM regulates cell cycle
through phosphorylation of Chk2 and p53. ATM regulates DNA repair through phosphorylation

of SMC1 and histone H2AX [84].

The Human DNA Damage Response:
A Protein Kinase Cascade
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Figure 12. The human DNA damage response is a protein kinase cascade. Reproduced by

permission from the following article: http://elledgelab.med.harvard.edu/?page id=264.
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Chapter 2

Materials and Methods

48



2.1 Human tissue samples

We have established collaborations with multiple groups for obtaining our matched human
samples including Tri Nguyen, MD (Northwest Diagnostic Clinic, Houston, TX), Valencia
Thomas, MD and Michael Migden, MD (MD Anderson, Dermatology), and Aaron Joseph, MD
(Skin and Laser Surgery Associates, Pasadena, TX).

We have an established laboratory IRB protocol (LAB08-0750) for collecting human skin
tumor samples that has accumulated over 200 cuSCC from human patients. These samples are
validated by histologic analysis, and we have successfully processed these to yield sufficient RNA
appropriate for analysis (RIN> 9.0). For this study, we have already extended the protocol to
enable collection of Actinic Keratoses (AKs) and adjacent normal skin as well as saliva samples

for genomic DNA isolation.

2.2 Mouse model of UV-driven cuSCC

To model UV-driven cuSCC under controlled conditions, we exposed SKH1-E Hairless
mice to chronic low-dose UV (12.5 kJ/m2 UVB total weekly divided in 3 doses M, W, F) using
solar simulators (Oriel) starting at 3 months of age. In this strain, 5.0 kJ/m2 UVB is about 0.5 to
1 mean erythemal dose47. In this model of UV-driven cuSCC development, we irradiated the
mice for 72 days. Papillomas were observed within 100 days of irradiation and were histologically
well-differentiated. Some progressed to invasive cuSCC and although the kinetics of lesion

development were similar.

2.3 DNA isolation from saliva and tissue for exome sequencing
We used DNA Genotek ORAgene saliva collection kits and followed manufactures’

collection and storage instructions (catalog # OG-500). Genomic DNA was isolated from saliva
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samples using DNA Genotek preplTeC2D (PT-C2D) extraction columns and manufacturers’
protocol. PureLink Genomic DNA mini kits were used to extract DNA from tissue samples (Cat
# K1820-01). Briefly, tissue specimens were minced and incubated overnight (550C) in PureLink
genomic digestion buffer and proteinase K. Manufacturer’s protocol was followed for purification
using the spin columns. 2ug of DNA per sample was submitted to MD Anderson DNA Analysis

Facility for sequencing (Illumina HiSeq200, 76nt PE).

2.4 Preparation of specimens for mRNA and miRNA Illumina Sequencing

Tissue specimens (500-1000 mg) were homogenized with an Omni rotor stator
homogenizer in Trizol (Invitrogen Cat # 15596018). Total RNA was extracted according to the
manufacturer instructions. RNA purification was carried with Purelink RNA kit (Invitrogen Cat
#12183018A). 4-10ug of RNA per sample was submitted to MD Anderson DNA Analysis Facility
for 76-nucleotide paired-end sequencing by llumina HiSeq2000. Also, same samples were
submitted to the laboratory of Dr. Preethi Gunaratne, PhD (University of Houston, Biology &

Biochemistry) for miR-sequencing.

2.5 Quantitative real-time PCR validation analysis

Separate cohorts of matched samples from patients consisting of NS, AK, and cuSCC were
processed as above. Tagman (Life Technologies) probes were acquired for human miR-21, miR-
31, PTPN14, FAM134B, HMG2A, TIMP3, and ARHGAP24 and used in qRT-PCR based
quantitation of expression in these tissues, as benchmarked to RNU6B (microRNA) and 18S

rRNA (mRNA).
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Life
Technologies

4331182

TagMan mRNA probe for TIMP3 (Hs00165949 _m]l)

Life
Technologies

4331182

TagMan mRNA probe for TGFBR (3Hs00234257_m1)

Life
Technologies

4331182

TagMan mRNA probe for HMGA2 (Hs00171569_m1)

Life
Technologies

4331182

TagMan mRNA probe for ARHGAP24 (Hs01097580_m1)

Life
Technologies

4331182

TagMan mRNA probe for PTPN14 (Hs00193643_m1)

Life
Technologies

4331182

TagMan mRNA probe for FAM134B (Hs00375273_ml)

Life
Technologies

4326317E

Human GAPDH Endogenous Control

Life
Technologies

4331182

TagMan mRNA probe for 18S (Hs99999901 s1)

Life
Technologies

4304437

TagMan Universal MasterMix for mRNA

Life
Technologies

N8080234

TagMan Reverse Transcription kit for mRNA

Table 4. List of TagMan mRNA probes used in the study.

Life
Technologies

4427975

ID # 001043 TagMan QRTPCR probe for hsa-miR-497

Life
Technologies

4427975

ID # 000397 TagMan QRTPCR probe for hsa-miR-21

Life
Technologies

4427975

ID # 000480 TagMan QRTPCR probe for has-miR-181a

Life
Technologies

4427975

ID # 000482 TagMan QRTPCR probe for has-miR-181¢

Life
Technologies

4427975

ID # 000524 TagMan QRTPCR probe for has-miR-221

Life
Technologies

4427975

ID # 000397 TagMan QRTPCR probe for hsa-miR-21

Life
Technologies

4427975

ID #002279 TagMan QRTPCR probe for has-miR-31

Life
Technologies

4440887

ID# 001093 RNU6B Control miRNA assay human

Life
Technologies

4324018

TagMan Universal MasterMix for microRNA QRTPCR

Life
Technologies
—

4366596

TagMan MicroRNA Reverse Transcription Kit

Table 5. List of TagMan miRNA probes used in the study.
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2.6 Cell Lines

A panel of eleven cutaneous squamous cell carcinoma (cuSCC) cell lines (SCC ICl,
SCCT1, SCCT2, SCCT3, SCCTS8, SCRDEB2, SCRDEB3, SCRDEB4, SRB1, SRBI12, and
COLO16) were obtained from from various investigators, including Dr. Jeffrey N. Myers (MD
Anderson). HaCaT cells, an immortalized human keratinocyte line cell was obtained from Norbert
Fusenig (German Cancer Research Center). Normal Human Epidermal Keratinocytes (NHEK)
cell line was purchased from Lonza Walkersville, Inc. Using the commercially available STR
DNA fingerprinting system our cell lines we validated by the AMPFISTR SGM PlusE system
according to manufacturer instructions (Applied Biosystems). We compared the STR profiles to
known ATCC fingerprints (ATCC.org), to the Cell Line Integrated Molecular Authentication
database (CLIMA) (http://bioinformatics.istge.it/clima/) and to the MD Anderson fingerprint
database. The STR profiles matched known DNA fingerprints (HaCaT) or were unique (SRB1,

SRB12, COLO16).

2.7 Culture and UV irradiation

Cutaneous squamous cell carcinoma (cuSCC) cell lines (SRB1, SRB12, COLO16, etc)
and HaCat cells were maintained and cultured in DMEM/Ham’s F12 50/50 (Cellgro)
supplemented with 10% Fetal Bovine Serum (FBS) (Sigma), glutamine, and Primocin
(Invivogen). NHEKs (Lonza) were cultured in media according to manufacturer’s instructions.
All cells were maintained at 37°C in a 5% CO, incubator. UV irradiation experiments are to be
carried by using an FS-40 sunlamp (0.5%UVC, 60% UVB, 40%UVA) that is dosed by an IL1700
radiometer. cuSCC cells and primary keratinocytes to be seeded at density of 400,000-750,000
cells per 10-cm diameter dishes. Following seeding, cells were allowed to attach and proliferate

for 24 h. Next, cells were washed 2 times with Phosphate Buffered Saline (PBS) and irradiated at
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0, 250, 500, 750, and 1000 J/m"2 and media replenished. Protein lysates and RNA were obtained

at 6, 24, and 48hr post irradiation.

2.8 Flow cytometry (Fluorescence-activated cell sorting-FACS)

TMRE (Invitrogen) was used as a measure of mitochondrial membrane potential, Annexin
V-FITC or Annexin V-APC (Invitrogen) as a probe for apoptosis, and Cytox Blue (Invitrogen) as
an indicator for dead cells. At 6, 24, or 48 hours post-irradiation, both floating and adherent cells
were collected and stained with TMRE, Annexin V and Cytox Blue. Data were collected and
analyzed using a flow cytometer (FACScalibur, Becton Dickinson) and FlowJo Software (Tree

Star). Data were calculated and charts were plotted using GraphPad Prism 5 software.

2.9 Transfection

All miRNA inhibitors and mimics transfections were performed using RNAIMAX
(Invitrogen, Carlsbad, CA, USA) reagent following the forward transfection protocol from the
manufacturer. Plasmid DNA transfection were performed using Lipofectamin 3000 reagent
(Invitrogen, Carlsbad, CA, USA). To minimize toxicity, media was changed 6h after

transfections.

2.10 Cell invasion assay

HaCat and RDEB?2 cells were starved 48h prior to the assay. Cells (3.5 x 10°) suspended
in serum-free media were added into the upper compartments of Control Insert 24-well Plate
(Corning 354578) and Matrigel-coated invasion chamber (Corning 354480). Complete media

contain 30% FBS was added to the lower compartments as a chemo-attractant for cells.

53



Thereafter, cells were allowed to migrate and invade for 24 to 48 hours at 37°C. Cells
remaining on the upper side of the membrane were removed with cotton swabs. Cells that
migrated and invaded to the bottom side of the membrane were fixed and stained with Diff-Quik
Stain Set (Siemens B4132-1A). The membranes were air-dried and mounted for photography.

Cells from ten random fields were counted.

2.11 Overexpression of TGFBR3

pDONR223-TGFBR3 donor vector containing TGFBR3 ORF was purchased from
Addgene, plasmid # 23478 [85]. The ORF were cloned into pcDNA3.1/V5 expressing vectors
using Gateway technique. All vectors were validated by Sanger sequencing. TGFBR3 expression

was validated by western blot.

pDONR223-TGFBR3

Figure 13. Vector backbone pDONR223. Backbone manufacturer: Invitrogen, Backbone size
w/o insert (bp): 5005, Cloning method: Gateway Cloning, Insert Size (bp): 2556 and Species: H.

sapiens (human).
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2.12 Lentiviral knockdown of TGFBR3

Lentiviral shRNA knockdown was accomplished using standard lentiviral methods using
293T cells and psPAX2/pVSV.G packaging plasmids. shRNA clones against TGFBR3
(V3LHS 352448 TGFBR3 Clone T1 and V3LHS 352450 TGFBR3 Clone T2), as well as a non-
silencing shRNA were obtained from Open Biosystems in the GIPZ vector. Following
transduction, cells were puromycin-selected and FACS sorted to obtain cells with high-level
suppression. Degree of mRNA suppression was quantified by qPCR using Tagman probes using

internally controlled (2-color, same well) GAPDH probes to ensure proper normalization.

2.13 micro-RNA stable overexpression via lentiviral infection

We obtained lentivirus-based vectors for hsa-miR-181a or scramble sequence (as control)
from System Biosciences lenti-miRNA vector bank. In our experiments these vectors are referred
to as Lenti-miR-181a (OE) and Lenti-miR-00 (control) respectively and tagged with green
fluorescent protein (GFP) were transfected into 293T cells. We used 2 mg of each vector and
lentivirus packaging (pCMV-VSVG) using Fugene HD (Roche) using the manufacturer’s
protocol.

After transfection of 293T cells, supernatants containing the lentivirus were collected,
filtered and added to target cells for 24 h in the presence of Polybrene. For some cell lines, multiple
rounds of infection were necessary. At 24-48hr post infection, puromycin (or the antibiotic
selection marker) was added to the media and resistant cells were selected. Infection efficiency of
the cells was assessed by the % of GFP-expressing cells. Infected cells were analyzed by TagMan
assay to determine the level of miRNA overexpression. These cells were further analyzed by

migration and invasion assays. All experiments were performed in triplicate.
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Human pre-microRNA Expression Construct Lenti-miR-181a-2 MI0000269 Bacterial stock |PMIRH181a2PA-1
Human pre-microRNA Expression Construct Lenti-miR-181c + 181d MI0003139 MI0000271 |Bacterial stock [PMIRH181cPA-1
Human pre-microRNA Expression Construct Lenti-miR-221 Bacterial stock |PMIRH221PA-1

Human pre-microRNA Expression Construct Lenti-miR-21 Bacterial stock |PMIRH21PA-1
Scramble control hairpin in pCDH-CMV-MCS-EF1-copGFP (CD511B-1)- miR-00 Bacterial stock |PMIRHOOOPA-1

Table 6. List of System Biosciences lenti-miRNA vectors used in the study.

The microRNA precursors
expressed from SBI's
Lenti+niR vectors produce
mature microRNAs via

Human Clone , :
the host cell's processing

Clones: .
cat¥ PMIRHxxx-PA-1 machinery.
Empty control:

cat¥ CD511B1

microRNA
Precursors

dsRNA
Intermediate

4 AGO2
3 METTITITITITITITIT 5 o MRARARLRLERLRLILRLLLY 3’

miR¥* separation miRISC complexes

Figure 14. Schematic diagram of microRNA precursors expressed from SBI's Lenti-miR

vectors. Image reproduced with permission from https://www.systembio.com/lentimir.
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2.14 micro-RNA transient overexpression and inhibition
We used mirVana miRNA mimics and inhibitors along with RNAI transfection protocol
and manufacturers instructions for transient overexpression of the miRs. List of all reagents and

miRs used are indicated below.

Mature miRNAs enter the
miRNA pathway when
transfected into cultured
mammalian cells

Exsortn Sinseced mirVana™ miRNA mimics

L Nuckes Exount
CYTOPLASM ese are double-stranded oligonucleatides (with

2nt overhangs) that mimic the natural microRNA.
These molecules are not processed by RISC
machinery, they don’t have any loops or additional

Antisense oligonucleotides
bind and inhibit miRNAs

mirVana™ miRNA inhibitors
These are single-stranded oligonucleotides
with chemical modifications, that irreversibly _
bind and inactivate the natural miRNA.

Figure 15. Schematic diagram mirVana miRNA mimics and inhibitors and their processing

by the cell. Image reproduced with permission from https://www.thermofisher.com.

Life Technologies 4464077 mirVana™ miRNA Inhibitor, Negative Control #1

Life Technologies 4464084 mirVana miR inhibitor against hsa-miR-181a-5p; Inhibitor ID # MH10421
Life Technologies 4464084 mirVana miR inhibitor against hsa-miR-181a-3p; Inhibitor ID # MH10381
Life Technologies 4464084 mirVana™ miRNA Mimic, Negative Control #1

Life Technologies 4464066 mirVana miRNA Mimic; Assay Name: hsa-miR-181a-5p; Assay ID: # MC10421
Life Technologies 4464066 mirVana miRNA Mimic; Assay Name: hsa-miR-181a-3p ; Assay ID: #MC10381

Table 7. List of mirVana miRNA mimics and inhibitors used in the study.
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2.15 Dual luciferase reporter assay

SEAP-Luc reporter vectors containing 3’UTR of TGFBR3 were obtained from
GeneCopoeia (Rockville, MD). The entire 3'UTR region (3394, bp) of TGFBR3 (Catalogue No.
HmiT066530) was cloned by Genecopoeia and divided into two clones: First clone: 3’UTR length
1-1883, bp (Catalogue No. HmiT066530a-MTO05, Gene Accession: NM_001195684) in our
studies we refer to this clone as 3’UTR-TGFBR3-SegB. Second clone: 3’UTR length 1884-3394,
bp (Catalogue No. HmiT066530a-MTO05, Gene Accession: NM_001195684.1) in our studies we
refer to this clone as 3’UTR-TGFBR3-SegA. For negative control vector we used the following
clone (Genecopoeia, Catalogue No. CmiT000001.MTO05) and in our studies we refer to this clone
as 3’UTR-Control-Vector. These constructs were used to generate, by site-directed mutagenesis
as described later, the mutant derivatives lacking miRNA-binding sites. All luciferase activity
data are presented as means+s.d. of values from at least three experiments, each performed in
triplicate.

TGFBR3 3’UTR is longer than 3.5kb and for this reason the UTR was broken up into
shorter fragments and cloned into two constructs with overlapping sequence. Only TGFBR3
3’UTR- Seg A had two putative binding sites for miR-181a. The putative binding sites were
mutated to generate mutant reporter vectors using the site-directed mutagenesis kit. Mutagenesis
was validated by Sanger DNA sequencing. HaCaT cells were transfected with wild-type and
mutant reporter vectors along with scrambled control in 6-well plates. After 72 h of transfection,
the supernatant was collected and the reporter assays were performed according to the
manufacturer’s guidelines for the Secrete Pair Dual Luminiscence Assay Kit. Luciferase activity

was normalized to secreted alkaline phosphatase.
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Figure 16. Schematic diagram of SEAP-Luc reporter assay and vector backbone of
miTarget miRNA 3' UTR target clones. Image reproduced with permission from

WWW.genecopoeia.com.

Catalogue #: UTR Length: | Plasmid Size: | Vector: Selection Marker: | Reporter Genes:
HmiT066530aMTO05 | 1905 bp 10471 bp pEZXMTO5 | Neomycin

Catalogue #: UTR Length: | Plasmid Size: | Vector: Selection Marker:
HmiT066530bMTO5 | 1554 bp pEZXMTO5 | Neomycin

Table 8. Information for HmiT066530b-MT05 and TGFBR3-miRNA 3' UTR target clones
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2.16 Stable cell line generation and single cell cloning by serial dilution

We generated stable cell lines in stepwise fashion. First, we generated antibiotic killing
for all the cell lines used and titrated the antibiotic concentration based on cell type. Next, we
transfected the constructs into the cells according to the manufacturer’s protocol. Following stable
transfections and 2 weeks of G418 selection, we expanded our cells in a stepwise fashion. Next,
we performed single cell cloning by serial dilution in 96 well plates (http://www.corning.com).
After single cell cloning ~2 weeks and selection in G418 media, single clones were expanded into

24 well plates, 6 well plates, T25 flasks, and finally T75 flasks.
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2.17 Site Directed mutagenesis

The pEZX-MTO0S5 expression vector harboring the human TGFBR3 3° UTR ¢cDNA was
used as DNA template. Site-directed mutagenesis was carried out using the QuickChange IT XL
Site-Directed Mutagenesis Kit (Catalog #200521, Agilent Technologies), following the
Manufacturer’s instruction. The mutagenic primers were synthesized by IDT and the
oligonucleotide sequences of these primers are listed in Table 10. The success of the designed

mutations was verified by DNA sequencing.

Mutant Strand Synthesis

Perform thermal cycling to:

1) Denature DNA template

2) Anneal mutagenic primers
containing desired mutation

3) Extend primers with
PfuUltra DNA polymerase

Dpn | Digestion of Template
Digest parental methylated and
hemimethylated DNA with Dpn |

Transformation
Transform mutated molecule
into competent cells for nick repair

Figure 17. Overview of the QuikChange II XL site directed mutagenesis method. Image from

Agilent instruction manual.
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Predicted consequential pairing of target region (top) and miRNA
(bottom)

Position 1918-1924 of TGFBR3 3' UTR

hsa-miR-181a-5p

5' ...GCCUAACCUUCGGUGGAAUGUAU...

[HENRN
3' UGAGUGGCUGUCGCAACUUACAA

Position 2441-2447 of TGFBR3 3' UTR

hsa-miR-181a-5p

5'...UCUCAUAUUGGAGAGUGAAUGUC...

HERRRR
3' UGAGUGGCUGUCGCAACUUACAA

Table 9. Predicted binding sites of miR-181a on 3’UTR of TGFBR3. Nucleotides bolded are

seed sequence, and highlighted red nucleotide are the mutated base pairs.

Primers Sequences

Mutations on position 99-
102 of 3'UTR-TGFBR3-
SegA

Corresponding to:

A99T A100T TI101A_G102C
forward

5'- TTT TAT ACA TAG
AAT ATG CTG AAA CAA
TAG TAA CCA CCG AAG
GTT AGG CAA AGC GCA
ATATT-3

Position 1919-1922 bp of
TGFBR3 3' UTR

3’UTR-TGFBR3-SegA-
Mut 1

A99T_A100T TI0IA_G102C
reverse

5'- AAT ATT GCG CTT
TGC CTA ACC TTC GGT
GGT TAC TAT TGT TTC
AGC ATATTC TAT GTA
TAA AA -3

Mutations on position
623-626 of 3'UTR-
TGFBR3-SegA

Corresponding to:
Position 2443-2446 bp of

A623T A624T T625A _G626C
Forward

5'- CAT TTT TTA GAA
ACATTT CAG AAATAC
TTA ACG AGT AAC ACT
CTC CAA TAT GAG ATT
AGG TTT TAT CGA CAC-
3 ’

TGFBR3 3' UTR

3’UTR-TGFBR3-SegA-
Mut 2

A623T A624T T625A _G626C
Reverse

5’ —GTG TCG ATA AAA
CCT AATCTC ATATTG
GAG AGT GTT ACT CGT
TAA GTATIT CTG AAA
TGT TTC TAA AAA ATG -
3 ’

Table 10. Mutagenic primers and their oligonucleotide sequences used in the study.
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2.18 TargetScan prediction of miR-181a binding sites at the 3-UTR of TGFBR3

TargetScan predicts 7mer sites of two types: 7mer-m8: An exact match to positions 2-8 of
the mature miRNA (the seed + position 8) and 7mer-Al: An exact match to positions 2-7 of the
mature miRNA (the seed) followed by an 'A'. Context score and features that contribute to the
context score are evaluated as in Agarwal et al., 2015 [86].Conserved branch lengths and PCT are

evaluated as in Friedman al., 2008 [87] with an expanded 84-species alignment as described in

Agarwal et al., 2015 [86].

Canonical site types

Seed
match

et

Poly(A)
Poly(A)
Poly(A)
NNNNNNNA Poly(A)

N
NNNNNNNNNNNNNNNNNNNNN - 5'miRNA
|

Seed

Offset 6mer site
émer site
7mer-A1 site
7mer-m8 site

8mer site

Figure 18. Schematic of TargetScan prediction of miRNA targets. TargetScan predicts

biological targets of miRNAs by searching for the presence of conserved 8mer, 7mer, and 6mer

sites that match the seed region of each miRNA.




2.19 Immunohistochemistry (IHC)

Staining of human and mice Formalin-Fixed, Paraffin-Embedded (FFPE) tissues would
be performed by TG F beta Receptor ITI/TGFBR3 antibody at 1:4000 dilution (Novus Biologicals
Cat# 27030002) that shows strong cytoplasmic positivity. Human normal skin (NS), Actinic
Keratosis (AK), and Cutaneous squamous cell carcinomas biopsies were obtained under IRB
approval (LAB08-0750). Normal skin (NS), Actinic Keratosis (AK), and cutaneous squamous
cell carcinomas from chronically irradiated Hairless mice were obtained based on our laboratory
animal protocols and in accordance with institutional and National Institutes of Health guidelines.
All samples were submitted to histology core at MD Anderson Cancer Center, South campus
building. Dr. K.Y. Tsai performed histopathological confirmation of all lesions/biopsies. Staining
levels were quantified by counting positively labeled cells and dividing by the total area of each
lesion in each sample. All samples were photographed, total pixel numbers were calculated using
included image analysis tools in (Adobe Photoshop) and standardized to a hemacytometer to

convert to mmz.

2.20 Western Blot Analysis

Cell lysates were prepared by using standard buffers including protease inhibitors (Roche)
and phosphatase inhibitors (Santa Cruz). Cell extracts were ran on SDS/polyacrylamide gels (50-
100ug of protein/lane) and transferred to Immobilon-P transfer membrane (Millipore). Blots were
blocked in TBST (10mM Tris-HCL pHS8, 150mM NacCl, 0.5% Tween) containing 5% milk or
using 2.5% Bovine Serum Albumin (BSA). Membranes were probed with primary antibodies,
incubated at 4 degree C over night. We used corresponding HRP-conjugated secondary antibodies

and ECL kit (Amersham) was used for signals detection.
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2.21 Antibodies
Primary antibodies for western blot analysis includes all those listed on Table 11. We

used GAPDH antibody to ensure even sample protein loading.
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F
'Vendor

catalog #

item name/description

Cell Signaling

S2873

ATM (D2E2) Rabbit mAb

Cell Signaling

31958

E-Cadherin (24E10) Rabbit mAb

Cell Signaling

2880P

FoxOl (C29H4) Rabbit mAb 40 microliters

Cell Signaling

21181

GAPDH (14C10) Rabbit mAb

Cell Signaling

91078

Mouse tERK ab

Cell Signaling

142158

N-Cadherin (13A9) Mousc mAb

Cell Signaling

S4526

Phospho-ATM (Serl1981) (10H11.E12) Mouse mAb

Cell Signaling

99198

Phospho-p53 Antibody Sampler Kit

Cell Signaling

31088

Phospho-Smad?2 (Serd465/467) (138D4) Rabbit mAb

Cell Signaling

95208

Phospho-Smad3 (Serd23/425) (C25A9) Rabbit mAb

Cell Signaling

95598

PTEN antibody

Cell Signaling

126568

Smad 1/5/9 Antibody Sampler Kit

Cell Signaling

53398

Smad2 (D43B4) XP® Rabbit mAb

Cell Signaling

127478

Smad2/3 Antibody Sampler Kit

Cell Signaling

95238

Smad3 (C67H9) Rabbit mAb

Cell Signaling

31088

Phospho-Smad?2 (Serd65/467) (138D4) Rabbit mAb

Cell Signaling

95208

Phospho-Smad3 (Serd23/425) (C25A9) Rabbit mAb

Cell Signaling

25198

TGF-[5 Receptor 111 Antibody

Cell Signaling

5673

TIMP3 (D74B10) Rabbit mAb

Cell Signaling

83428

UV induced damage response sampler kit

Cell Signaling

99198

Phospho-p53 Antibody Sampler Kit

Cell Signaling

5741P

Vimentin (D21H3) XP® Rabbit mAb

Cell Signaling

97758

Vimentin Antibody Sampler Kit

Cell Signaling

9285

Phospho-p53 (Ser6) Antibody

Cell Signaling

9288

Phospho-p53 (Ser9) Antibody

Cell Signaling

9286

Phospho-p53 (Serl5) (16G8) Mouse mAb

Cell Signaling

2676

Phospho-p53 (Thr81) Antibody

Cell Signaling

9287

Phospho-p53 (Ser20) Antibody

Cell Signaling

2527

p53 (7F5) Rabbit mAb

Cell Signaling

2529

Phospho-p53 (Thrl8) Antibody

Cell Signaling

2521

Phospho-p53 (Serd6) Antibody

Cell Signaling

9281

Phospho-p53 (Ser392) Antibody

Cell Signaling

7074

Anti-rabbit IgG, HRP-linked Antibody

Cell Signaling

7077

Anti-rat [gG, HRP-linked Antibody

Cell Signaling

4120

Microcephalin-1/BRIT1 (D38GS5) Rabbit mAb

Cell Signaling

2853

Phospho-ATR (Serd428) Antibody

Cell Signaling

2737

ATRIP Antibody

Cell Signaling

9718

Phospho-Histone H2A. X (Ser139) (20E3) Rabbit mAl

Cell Signaling

4901

Phospho-cdc25C (Ser216) (63F9) Rabbit mAb

Cell Signaling

2208

RPA32 (4E4) Rat mAb

Cell Signaling

2348

Phospho-Chk] (Ser345) (133D3) Rabbit mAb

Santa Cruz

sc-11392

Smad7 Antibody

Santa Cruz

sc-15393

twist (H-81)

abcam

ab39184

Anti-TIMP3 antibody - Loop 1 ab39184

abcam

ab85926

Anti-TIMP3 antibody

abcam

ab140371

ETS2 antibody

EMD Millipore Corp

ASKI10-1EA

ASK10 MMP/TIMP Family Antibody Sampler Kit I

Novus Biologicals

27030002

TGF-beta RIII Antibody

R&D Systems

AF-242-PB

Human TGF-3 RIII Antibody

Table 11. List of all antibodies used in the study
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2.22 Soft agar and colony formation assays

Following plating of bottom agar (0.6% Bacto Agar) with media we plated 2500 to 10,000
cells per well and they were embedded in top agar (0.3%) and plated in 24-well plates. Control or
lenti-miR-overexpression media was replaced every 48 hr for 4 to 6 weeks. We stained the

colonies with 1% crystal violet and they were imaged and counted by bright-field microscopy.

2.23 Statistical analysis

Our data analysis was performed in collaboration with various groups including Dr.
Xiaoping Su (Dept. of Bioinformatics and Computational Biology at The University of Texas
M.D. Anderson Cancer Center), Dr. Preethi Gunaratne (University of Houston, Biology &
Biochemistry) and Dr. Cristian Coarfa (Baylor College of Medicine Department of

Bioinformatics).

2.23.1 Exome-seq analysis

For any given patient, if their saliva samples were available, they were used as the paired
control for the mutation detection. Otherwise, NS samples were used as controls. Four precapture
libraries were pooled together and hybridized according to the manufacturer’s Exome Analysis.
For any given patient, if their saliva samples were available, they were used as the paired control
for the mutation detection. Otherwise, NS samples were used as controls. Four precapture libraries
were pooled together and hybridized according to the manufacturer’s protocol NimbleGen
SeqCap EZ Exome Version 3. Exomes were sequenced on an Illumina HiSeq 2000 platform to
an average coverage of 135X. Sequencing runs generated approximately 300-400 million
successful reads on each lane of a flow cell, yielding 9-12 Gb per sample. Initial sequence analysis

was performed using the HGSC Mercury analysis pipeline,
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(https://www.hgsc.bcm.edu/software/mercury). First, the primary analysis software on the
instrument produces .bcl files that are transferred off-instrument into the HGSC analysis
infrastructure by the HiSeq Real-time Analysis module. Next, the vendor’s primary analysis
software (CASAVA) demultiplexes pooled samples and generates sequence reads and basecall
confidence values (qualities).

Reads are mapped to the GRCh37 Human  reference  genome
(http://www.ncbi.nlm.nih.gov/projects/genome/assembly/grc/human/) using the Burrows-
Wheeler aligner (BWA, http://bio-bwa.sourceforge.net/) and producing a BAM file. Finally,
quality is recalibrated (GATK, http://www.broadinstitute.org/gatk/), and separate sequence-event
BAMs are merged into a single sample-level BAM. BAM sorting, duplicate read marking, and
realignment to improve in/del discovery all occur at this step. DNPs were collapsed with their
neighbors and annotated by using Provean (provean.jcvi.org). Identification of significantly

mutated genes essentially paralleled our previously established pipeline51.
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2.23.2 RNA-seq analysis

mRNA sequencing using RNA-Seq yielded 30-40 million read pairs for each sample. The
mRNA-Seq human specimens reads were be mapped using TopHat [88] onto the human genome
build UCSC hg19 (NCBI 37) and the RefSeq human genes; The mRNASeq mouse sample reads
were be mapped using TopHat [88] onto the mouse genome build UCSC mm10 (NCBI 38) and
the RefSeq mouse genes. Gene expression was computed using Cufflinks [89]. A combined
profile of all samples was computed and quantile normalization was applied separately for the
human specimens and the mouse samples. To reduce potential batch effects due to sample
collection and preparation at different times, the combat normalization algorithm [90] was applied
to the human data. Analysis of differentially expressed genes was performed using the t-test
statistics via the R statistical system (fold change exceeding 1.5x, p<<0.05). Significant genes were
analyzed through the Gene Set Enrichment (GSEA)(Broad Institute) data analysis [91], and
GSEA implementation at the Molecular Signature Database (MSigDB) to screen for pathways
and processes [92]. Principal component analysis (PCA), hierarchical clustering, and heatmaps
were generated using the R statistical system. Another analysis of gene expression was also
undertaken and gave largely concordant results. The raw paired-end reads were aligned to the
human reference genome, GRCh37/hgl9, using MOSAIK alignment software [93] . The mRNA-
Seq mouse sample reads were be mapped onto the mouse genome build UCSC mm10 (NCBI 38).
The overlaps between aligned reads and annotated genomic features, such as genes/exons were
counted using HTSeq software [94]. The counts were normalized using the scaling factor method
[95]. A hierarchical clustering analysis was performed using the Pearson correlation coefficient
as the distance metrics and the ward's linkage rule. Principal component analysis (PCA) was also
applied to discover the multivariate structure.

To identify differentially expressed genes, a negative binomial generalized linear model

69



was fit to each gene expression with patients, disease stages and experiment batches as covariates.
Then a likelihood-ratio test was applied to examine if there is any difference in the expression of
a gene among three stages. The Benjamin-Hochberg method was used to control false discovery
rate (FDR). The pairwise comparisons were performed to compare the gene expressions between
any two stages using Wald's tests. The Holm's method was used to calculate adjusted p-value to
correct for multiple testing.

All analyses of identification of differential expressions were performed using the R
package, DESeq?2 [96]. To quantify chromosomal instability (CIN), CIN70 score was calculated

by summing up the normalized counts of all CIN70 genes [97].

2.23.3 miRNA-seq Analysis

This work was performed with collaboration with laboratory of Dr. Preethi Gunaratne,
PhD (University of Houston, Biology & Biochemistry). As previously described [98], Illumina
small RNA adapter sequences were trimmed from the reads, and reads of length below 10nt or
ending in homopolymers of length 9 nt or above were discarded. Total usable number of reads for
each sample was calculated. The reads were mapped to the miRBase [99, 100] reference using
BLAST; the abundance of each expressed microRNA was quantified as a fraction of the usable
reads, and expressed as parts per million

To reduce potential batch effects due to sample collection and preparation at different
times, the combat normalization algorithm [90] was applied for the human data. We determined
differentially expressed microRNAs imposing a fold-change of 1.5x and t-test comparison
(p<0.05) using the R statistical system. We employed principal component analysis (PCA) to
examine sample structure; further visualization of microRNA significant in one or multiple

comparisons was carried out using the R statistical system.
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2.23.4 Integrative mRNA-miRNA functional pair analysis

We determined enriched miRNA-mRNA pairs using the SigTerms methodology.
Essentially, by applying a one-sided Fisher exact test and using the TargetScan [86, 87] predicted
microRNA targets, we determined the miRNAs for which the gene targets are significantly
enriched (FDR-adjusted q<0.25) in the gene signature, separately for the human specimens and
the mouse samples. Finally, we determined the conserved enriched miRNAs alongside the SCC
progression model, and the conserved miRNA-mRNA pairs conserved alongside the SCC
progression model. Conserved enriched microRNA-mRNA pairs were visualized using the

Cytoscape software [101].

2.23.5 Cross-species linear mixed effects model

This analysis was confined to human samples that had complete matched sets of lesion
types (21 samples from 7 patients). Samples from all six mice were used. Using the output of
differentially expressed genes from the HTseq-based analysis, LME models were constructed
[102] and genes designated as early, late, stepwise (both), or none (blank) in each dataset, with
associated ANOVA nominal p and FDR q values, t statistics, and signed linear fold changes
(Appendix 6). HUGO identifiers were converted to Entrez Gene identifiers. Most (>95%) of the
identifiers could be translated in this manner (16,155 out of 16,952 human features and 14,084
out of 14,542 mouse features); features that did not map to an Entrez Gene ID were discarded.

GATHER (Gene Annotation Tool to Help Explain Relationships) [103] was used to
identify TRANSFAC identifiers that were significantly overrepresented in three settings: EARLY
(NS/CHR to AK/PAP), LATE (AK/PAP to cuSCC), and STEPWISE (both EARLY and LATE),
with the data consisting of the TRANSFAC identifier and description, p-value, Bayes Factor, and

associated genes (Appendix 7). The two tabs containing GATHER results from genes with
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discordant behavior between species also contain a column that computes the maximum Bayes
Factor between the two species. The rows in the two "concordant" tabs are sorted in ascending
order by human p value and filtered to show only those motifs for which the Bayes Factor is
greater than 3 in both species. The rows in the two "discordant" tabs are sorted in descending
order by maximum Bayes Factor and filtered to show only those motifs for which the maximum

Bayes Factor is greater than 3.

2.23.6 Gene Set Enrichment Analysis for TCGA tumor signatures

Gene Set Enrichment Analysis (GSEA) was carried out using the GSEA software package
[91] to assess the degree of similarity among the studied gene signatures. For each of the human
or the mouse SCC progression transcriptome response, all genes were ranked by the fold change
alongside the SCC progression model. To assed comparative association with multiple tumor
progression signatures, we downloaded from the Cancer Genome Atlas (TCGA)
(https://tcgadata.nci.nih.gov/tcga/) gene expression data for 19 cancer cohorts, performed,
quantile normalized using the R statistical analysis system, and then inferred tumor progression
transcriptome signature by imposing a fold change exceeding 2 (p<0.05). We utilized separately
the down-regulated genes and the up-regulated genes. Normalized Enrichment Score (NES) and
adjusted g-values (q<0.25) were computed utilizing the GSEA method, based on 1000 random
permutations of the ranked genes. We visualized combined NES scores for all the TCGA tumor
development gene signatures and for our human and mouse SCC progression signatures using the

Circos software [104].
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2.23.7 Survival analysis for TCGA Head and Neck Squamous Cell Carcinoma with TP53
mutant tumors

We evaluated the survival prognostic power of cuSCC progression-associated gene
signature using human specimen cohorts from the Cancer Genome Atlas (TCGA)
(https://tcgadata.nci.nih.gov/tcga), specifically Head and Neck Squamous Cell Carcinoma
(HNSCC) which are TP53-mutant. We first replaced the gene expression of each gene with the z-
score within the cohort, then we computed the sum of z-scores for each sample, as described
previously [105], by adding the z-score for up-regulated genes and subtracting the z-score from
down-regulated genes. Specimens were sorted according to the sum z-score of the respective SCC
progression gene signature; association with survival (p<0.05, log-rank test) was evaluated by

using the package survival in the R statistical system.

2.23.8 Bioinformatic prediction for miR-181a-5p targeted genes
TargetScan (http://www.targetscan.org), miRanda (http://www.microrna.org) and PicTar
(http://pictar.bio. nyu.edu/) online searching programs was used for the prediction of miR-181a-

Sp target genes
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Chapter 3

Genomic drivers of

squamous cell carcinoma development
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3.1 Our approach: Genomic analysis of cutaneous squamous cell carcinoma (cuSCC)

We have used an integrated approach by combining RNA-Seq, miR-Seq, and reference
exome sequencing [106-110]. Our method is novel in that it employs tissue-specific, matched
samples at three stages of tumor development to identify changes between the different stages.
Our goal is to identify mutations or other variations that are most relevant to the formation of AKs
and their subsequent progression to cuSCC. We expected that the preliminary data gathered from
this approach would yield a tractable number of genetic targets to validate mechanistically.
Comparing lesions that are closely related in the evolution of NS to AK to cuSCC is important
for a number of reasons. Many studies have been performed comparing tumor cells to normal
cells of the same lineage; these typically yield hundreds to thousands of differentially expressed
genes or genetic alterations.

We have used matched samples acquired from the same individual. By performing
inter-lesional analysis on internally-controlled lesions on the path to carcinoma, our approach
minimizes variation thus enriching for changes that are more likely to be causal [111]. This
proposal is innovative because it couples the integrated high-resolution detection of large-scale
chromosomal abnormalities, mutations, differentially expressed genes, non-coding RNAs, and
microRNAs to the methodologies of inter-lesional comparisons to identify the genetic events that
dictate the well-defined progression of clinically normal sun-exposed skin (NS) to AK to cuSCC

(Figure 19).
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Figure 19. Schematic diagram of our experimental approach. We have used a novel approach
that combines RNA-Seq, miR-Seq, and reference exome sequencing on tissue-specific, matched
samples at three stages of tumor development, in both human and mouse. The power of our study
rests in performing inter-lesional analysis on internally-controlled lesions on the path to

carcinoma.

3.1.1 Isogenic matched human samples

Isogenic matched human samples have a key advantage in minimizing inter-individual
variability. A total of 27 tissue samples were isolated from 9 patients who were treated for invasive
cuSCC with Mohs surgery (Table 12). cuSCC tumor cores were extracted prior to Mohs surgery
with matched samples of peritumoral clinically-normal skin (NS) within 1 cm the tumor removed

in the course of reconstruction. For most patients, a distinct AK was also isolated, often from the
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same general field (Figure 20).

Figure 20. Histology of representative tissues isolated from patients. a) Normal (peri-tumoral)
skin, b) actinic keratosis, and ¢) invasive cuSCC, respectively, are shown from human patients.
Human samples were processed following combined RNAlater and formalin fixation, resulting in

significant cytoplasmic shrinkage.
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patient # [sample

status

Gender

Location

Tobacco use

Alcohol use

Skin Cancer Hx

Fam. Hx skin Cancer]

Age (years

M

56

1ppd

6 drinks/day

melanoma - scalp

Left dorsal forearm

Left dorsal forearm

Deceased

unknown

unknown

NS

Left anterior shoulder

AK

Left temple

SCC

Left anterior shoulder

Saliva

BCC - Upper R
Limb, SCC-L
lower eyelid

GM - melanoma

NS

Left infraorbital cheek

AK

Right dorsal forearm

SCC

Left infraorbital cheek

Saliva

SCC - R upper limb

father and sister

NS

Left ulnar forearm

AK1

Right anterior shoulder

AK2

Left chest sternum

SCC1

Left ulnar forearm

SCC2

Left dorsal hand

Saliva

AK scalp, NMSC

NS

Crown of scalp

AK

Scalp

SCC

Crown of scalp

Saliva

AK - nose, BCC -
arms, SCC - back

Brother - BCC ,SCC

Left sternocleidomastoid

Left zygomatic arch

Left sternocleidomastoid

unknown

BCC - nose

NS

Right temple

AK

Right temple

SCC

Right temple

Saliva

SCC x2 (s/p removal

none

NS

Left temporal hairline

AK

Right scalp

Left temporal hairline

unknown

unknown

unknown

unknown

Right knee

Right pretibia

Table 12. Clinical characteristics of patient cohort. Clinicopathological characteristics of the

patients with AK and cuSCC (n=9) included in this study.
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Patient 1
Patient 2
Patient 3
Patient4 —set 1
Patient 4 —set 2
Patient 5
Patient 6
Patient 8
Patient 10
Patient 12

0000000000

Figure 21. Anatomic locations of matched samples from human patients. Tabular list of
matched samples from human patients: (S) denotes the cuSCC with adjacent NS and (A) denotes

the AK. For patient 1, only NS and AK were available for analysis.

3.1.2 SKH-1 Hairless mouse model of UV-induced cuSCC

In parallel to our human model, we established a mouse model using chronically UV-
irradiated SKH-1E Hairless mice with solar simulators (Oriel). This model is regarded as a highly
relevant model for UV-induced human cuSCC [7, 112] (Figure 22). SKH-1E hairless mice are
highly susceptible to UV-induced skin tumors, UV-induced immunosuppression and DNA

damage [7]. Our solar simulators much more accurately simulate terrestrial UV exposure than do
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standard UV bulbs [113]. Thus our model ensures a useful platform in which we can test potential
chemoprevention approaches. These mice develop p53 hotspot mutations [13, 114],
overexpression of RAS [8, 12] and mutation of CDKN2A in similar proportions to human cuSCC
[14]. SAGE mRNA gene expression data from this model, comparing UV-induced cuSCC to
normal skin epidermis, shows substantially similar patterns of changes to our human data
including overexpression of matrix metalloproteinases and hyperproliferative keratins [115].
Importantly, these mice develop precancerous papillomas (PAP) and ultimately cuSCC following
chronic low-dose UV exposure [7] .

Six littermate female Hairless mice were chronically irradiated with 12.5 kJ/m2 of UVB
weekly (ILT1700/73) for 100 days, and 14 days following cessation of irradiation, sacrificed at
which time, chronically irradiated skin (CHR), PAP, and cuSCC were isolated. All papillomas
were grade 1 or 2 (not grade 3) and all cuSCC were grade 1 or 2 [26]. All human and mouse
samples were histologically validated with estimated 80% tumor cellularity for AK/PAPs and
cuSCCs. The chronically UV-exposed samples from both patients (NS) and mice (CHR) exhibited

clear histologic evidence of solar damage including elastosis, fibrosis, and chronic inflammation

(Figure 20 and 22).

Figure 22. Histology of representative tissues isolated from Hairless mice. a) Normal (peri-

tumoral) skin, b) papillomas, and ¢) invasive cuSCC, respectively, are shown from Hairless mice.
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Figure 23. Representative skin samples from Hairless mice. are shown, which include smaller

papillomas and a smaller number of invasive carcinoma.

3.2 Mutational analysis

Exome sequencing (Illumina Hi-Seq) was performed on a subset (Table 12) of collected
samples with an average coverage of 135X + 22. The mutational load varied widely across our
cohort of well-differentiated primary cuSCC, averaging 2,927 somatic variants (range 385-9,156)
or 45.7 variants per Mb (Figure 24), which is congruent with previously reported results of about
50 mutations per Mb for cuSCC [116], keeping in mind that some AKs and cuSCCs were
referenced to UVR-exposed peritumoral NS and not germline. AKs had substantially fewer
variants, with an average of 1,186 variants (range 290-1,873) or 18.5 per Mb.

To our surprise, the clinically normal, chronically UV exposed skin of patients harbored

an average of 372 somatic variants (range 23-1,264) across the exome, corresponding to an

81



average of 5.8 variants per Mb, indicating that the skin sustains substantial mutagenic insults in

the course of chronic UV exposure (Figure 24).

Total Number of Variants
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Figure 24. The spectrum of mutations in human NS, AK, cuSCC show increasing mutation
burden across cuSCC development. cuSCC display very high mutational loads of 47.5 variants
per Mb, with NS and AK samples harboring an average of 5.8 and 18.5 variants per Mb,
respectively. There are strongly dominated by single nucleotide variants.

TP53 mutations have been described before in UV exposed skin; however, it was not
known if this represented ongoing selection specifically for TP53 mutation [117]. High-depth

targeted sequencing of 74 genes has demonstrated an estimated 5 mutations per Mb in chronic
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UV exposed skin, with a strong preponderance of NOTCH1-3, TP53, and FGFR3 mutations
suggesting positive selection for these mutations [118].

The spectrum of mutations is very strongly dominated by transitions between cytosine and
thymine, in particular from cytosine to thymine (C>T) (Figure 25). These distributions are most
heterogeneous for the NS samples, suggesting that chronic UV exposure may generate a greater
spectrum of mutations initially from which classic UVB signature C>T transitions are then
enriched perhaps through selection or acquired deficiencies in DNA (nucleotide excision) repair.
Interestingly, the larger proportion of T->C transitions in NS (Figure 25), may reflect them
increased influence of POLn-dependent mutagenesis following UV exposure, before AK and

cuSCC development [119].

mCGAT
C:6>G:C
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Figure 25. The spectrum of mutations in human NS, AK, cuSCC is dominated by C>T

transitions. AK and cuSCC have mutational spectra strongly dominated by C=>T transitions at
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CpG sites, whereas NS show a substantially a more heterogeneous pattern, with a greater
proportion of T->C transitions.

UV exposure is known to generate oxidative damage at time scales well beyond initial
photoproduct generation [120]. The proportion of dinucleotide variants that are CC2>TT is 90%
for both AK and cuSCC and 84% for NS (Figure 26). Given the relative statistical rarity of CpG
islands across the human genome, the high proportion of C>T transitions at CpG sites reflects
the enhanced susceptibility of methylated CpG to deamination and to photoproduct formation

[121].

Dinucleotide variant proportions

IChange | COTT | GG>AA | Other |
NS 48 39 174
AK 205 276 53
SCC 580 590 137

BCCTT mGG>AA O Other BCC>TT mGG>AA O Other
' |

Figure 26. Dinucleotide variant proportions. These are described and quantitated for each
lesion type.
By using non-negative matrix factorization (NMF)-based spectral deconvolution, 21

orthogonal mutation signatures were derived from over 6000 specimens across 32 cancer types
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profiled in TCGA. This enabled the classification of mutational patterns within trinucleotide
contexts, among which three signatures predominated in our samples, all of them strongly
enriched for C>T transitions (Figure 27 and Figure 28 ). By these criteria, AK and cuSCC are
also clearly driven by UV exposure, with substantial enrichment for the classic UVB C>T
transition signature at dipyrimidines [122]. As suggested by the mutational spectrum (Figure 25),
NS samples had more heterogeneous mutation signatures, including those associated with
temozolamide exposure60 and CpG sites [121], and there is a subsequent enrichment for the

classic UVB signature in AK and cuSCC (Figure 28).
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Figure 27. Non-negative matrix factorization-derived orthogonal mutational profiles. Our

strategy employed non-smooth NMF, a variant which approximates the data using the basis and
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coefficient matrices as above with the addition of a third smoothing matrix which serves to absorb
noise within the data driving the coefficient and basis matrices to increase sparseness. The
resulting basis matrix generated with k=21 signatures from a diverse set of over 6000 cancers

(data from Alexandrov, et al. Nature 2013).

01 02 03 04
Value

Liver Carcinogen/
Toxin

uvB

Temozolomide

Figure 28. Enrichment for specific NMF-derived orthogonal mutational profiles derived from
over 6,000 human cancers confirm a strong enrichment for CpG-associated C>T transitions
classically associated with UVB-exposure, particularly for AK and cuSCC. Two other profiles
dominated by C>T transitions are significantly represented in the mutational data and selectively

enriched in NS, including one first described in the context of temozolamide exposure.
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To identify significantly mutated genes (SMG), we identified those that were recurrently
mutated in at least 7 pairings and that were either previously implicated in cuSCC or have
COSMIC frequencies over 400 (Figure 29, Appendix 1). Given the exceptionally high mutational
load, we were not able to identify new SMGs based upon recurrence with statistical confidence.

There is substantial overlap, as expected, with genes also mutated in cuSCC, including
metastatic and aggressive cuSCC (Figure 29) [123, 124], most prominently, TP53, NOTCH1-2,
FATI, and MLL2. We identified a non-silent KNSTRN missense mutation (resulting in p.P28S)
in one cuSCC and one AK from our cohort. Although this is not the previously reported hotspot
change at p.S25F [125], it appears to be within the same functional domain. Importantly, AKs not
only have mutations in all of the known SMGs, but AKs have the greatest proportion of SMGs

represented.
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Figure 29. Significantly mutated genes (SMG) from this cohort, match those identified
previously studied cohorts of cuSCC.

This is consistent not only with the notion that AKs have acquired the mutational events
necessary for cuSCC formation, but that AKs may harbor multiple clones that have the capacity
to ultimately give rise to cuSCC (Figure 30). Given the knowledge that mutations exist in many
hundreds of clones within normal, UV-exposed skin54 (Figure 24), our data further suggest that
dominant clones may be emerging only in the context of AK and cuSCC, particularly in the latter

(Figure 30 and Figure 31).

Proportion of Variants

1 1
01 0.5 10
Tumor Variant Allele Fraction

Figure 30. Significant mutational heterogeneity and overlap exists between AK and cuSCC.

Histograms of variant allele frequencies in NS, AK, and cuSCC, show that NS have a large
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number of low-frequency variants. AK and cuSCC have a more heterogeneous distribution of
variant frequencies, with a higher frequency variants, indicative of a trend towards the emergence

of dominant clones.

Patient Identifier
10

SampleType
AK

SCC
Skin

A

1 1 1 1 1 1 1 1
0.1 0.51.0 01 051.0 01 0.51.0
Tumor Variant Allele Fraction

Figure 31. Histograms of variant allele frequencies of samples grouped by patient.

We then probed whether these specific SMGs (Figure 29) overlapped between the three
groups of samples. Globally, this was rare, and the number of overlaps between AK and cuSCC
far exceeded those between NS and AK or NS and cuSCC, by over 19 and 5-fold, respectively
(Figure 32). When viewed within patients, functionally significant genes were mutated in multiple

samples, including TP53 (4 patients), FATI1 (3 patients), and MLL3 (3 patients) (Figuer 33 and
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Appendix 2). Surprisingly, these overlaps occurred regardless of spatial proximity (Figure 21), as
overlaps in AK-cuSCC were the most common even among these genes (Figure 32 and

Figure,33), suggesting that they are specifically targeted in the development of cuSCC.

Figure 32. Significant mutational heterogeneity and overlap exists between AK and cuSCC.
The overlap of genes that were mutated in NS, AK, cuSCC shows that the greatest amount of
overlap, by far, occurs between AK and cuSCC. This overlap is 5-fold lower in the NS/cuSCC
comparison and 19-fold lower in the NS/AK comparison, consistent with the concept that the
relevant variants for forming cuSCC are likely to have been acquired early in the transition from

NS to AK.
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Figure 33. Enumeration of overlaps between mutated genes and variant positions within
mutated genes within samples. Overlaps in non-silent SNVs at the gene and position level are
enumerated here.
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