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1. Summary



1.1 Thyroid hormone orchestrates the epithelial carcinogenesis
through the NANOG-D2-T3-ZEB1 axis

Keratinocyte carcinomas (KCs), also known as non-melanocytic skin cancers (NMSCs),
are the most common cutaneous malignancies diagnosed in fair-skinned populations.
Molecular, epidemiologic, and clinical studies have led to understanding of the cellular
events that occur during skin tumorigenesis and have provided new strategies for
treatment and prevention of KCs. Genomic analyses have uncovered high-risk
susceptibility genes, and somatic events that underlie common pathways important in KC
tumorigenesis. Moreover, an emerging role for the endocrine therapy in the treatment of
skin cancer has also been recognized in recent years. In this context, thyroid hormones
(THs) are key endocrine regulators, whose action is critical both in physiological and
pathological conditions, as in the case of the two most common subtypes of NMSC, basal
cell carcinoma (BCC) and cutaneous squamous cell carcinoma (cSCC).

In the target tissues THs availability is regulated by the concerted actions of the TH-
activating and inactivating enzymes, namely type 2 and type 3 deiodinases (D2 and D3),
which act as a cell-specific pre-receptor mechanisms to control TH signaling
independently of circulating levels of THs.

In the last decade, our group provided the evidence of a functional link between TH, its
activating/inactivating enzymes, D2 and D3, and cancer formation. In particular, we
demonstrated that: i) type 3 deiodinase (D3) enhances the proliferation of normal and
malignant keratinocytes (1); ii) in the basal cell carcinoma (BCC) D3 is under the control
of sonic hedgehog and is highly expressed in the early phases of tumorigenesis (2); iii)
the microRNA-21 up-regulates D3 thereby reducing the TH level in BCC (3); iv) the
concerted action of type 2 and type 3 deiodinases regulates the cell cycle and survival of
basal cell carcinoma cells (4).

While the role of D3 has been investigated in the growth and differentiation of
keratinocytes, both in pathological and in cancerous skin contexts, the effective role of
TH D2-produced in the cancer progression was never been clarified. In this PhD program,
we investigated the functional implication of D2 in KCs, identifying a comprehensive
mechanistic insights into the regulation of D2 in cutaneous tumors (4). Elucidating the
functional role of THs and tissue-specific modulation of deiodinases in tumorigenesis is

crucial for the use of hormonal regulation as a new tool in a therapeutic context.



2. Introduction



2.1 Thyroid hormone action and deiodinases

Thyroid hormones (THs), thyroxine (T4) and triiodothyronine (T3), are pleiotropic agents
that regulate the metabolism and homeostasis of many tissues in vertebrates (5). In the
bloodstream, the steady-state level of THs concentration is regulated by the
hypothalamus-pituitary-thyroid (HPT) axis, that determines the set point of TH
production. Hypothalamic thyrotropin-releasing hormone (TRH) stimulates the synthesis
and secretion of pituitary thyrotropin (thyroid-stimulating hormone, TSH), which acts at
the thyroid to stimulate all steps of THs biosynthesis and secretion. In turn, the THs
control the secretion of TRH and TSH by negative feedback to maintain physiological
levels of the main hormones of the HPT axis.

Due to their insoluble nature, more than 90% of total THs released by the thyroid are
reversibly bound to plasmatic proteins, such as thyroxine-binding globulin (TBQG),
transthyretin (TTR, previously known as T4-binding prealbumin) or serum albumin, that
maintain the bioavailability of THs and increase the half-life of both T3 and T4 (6,7).
Only a small percentage of the THs are free, around 0.04% for T4 (fT4) and 0.4% for T3
(fT3). Additionally, the bound and free thyroid hormones are in constant equilibrium and
it is assumed that to enter the cells, T3 must be in the free form.

Although T4 is produced by the thyroid gland, the major quote of T3 originates from the
extra-thyroidal metabolism of T4 into T3. In fact, while around 20% of T3 is directly
secreted by the thyroid gland, the residual percentage of T3 is derived from outer ring
deiodination of T4 in peripheral tissues, through a potent mechanism of pre-receptor
control of TH action at cellular level. This reaction, called 5'-deiodination, is catalyzed
by two selenoproteins, the type 1 or type 2 iodothyronine deiodinase (D1 or D2), which
act as TH-activating enzymes.

T4 can also be metabolized by conversion to reverse T3 (rT3), which is an inactive
metabolite due to its nearly complete inability to bind the thyroid hormone nuclear
receptors. r'T3 is generated by the removal of the inner ring (5) iodine from T4, through
an inactivation step catalyzed mostly by the type 3 iodothyronine deiodinase (D3), which
acts as TH-inactivating enzyme.

To exert its functions at cellular level, the TH access to the intracellular compartment is
mediated by four different families of TH-transporting proteins, that have been shown to

be involved in the traffic of iodothyronines across the cell membrane, with different



patterns of tissue expression (8-11); they are monocarboxylate transporter 8§ (MCTS),
monocarboxylate transporter 10 (MCT10), transporters of organic anions (OATPs), and
L-amino acid transporters (LATS) (12,13). MCTS8 is probably the most relevant
transporter that transports both T4 and T3 and is expressed in liver, muscle, kidney and
in many brain areas (14-16). MCTI10, instead, preferentially transports T3 and is
expressed in kidney, liver and muscle (11).

Once transported inside cells, the THs levels can be regulated by the activity of
deiodinases, that are responsible, in part, for the regulation of intracellular TH action
because they can activate (types 1 and 2) or inactivate (types 1 and 3) THs depending on
the type of deiodinase expressed and how active the enzyme is in each tissue.

The selenodeiodinases are membrane-anchored proteins of 29-33 kDa that share
substantial sequence homology, catalytic properties and contain the selenocysteine (Sec)
aminoacid as the key residue within their catalytic center. All the three deiodinases are
homodimers whose dimerization is required for full catalytic activity (17,18). The unique
feature of selenoproteins in general, and deiodinases in particular, lies in the recoding of
the UGA codon from a stop codon to Sec-insertion codon by the presence of the SECIS
element in the 3-UTR of the respective mRNAs. lodinated contrast agents such as
iopanoic acid inhibit all three deiodinases, while propylthiouracil is a relatively specific
inhibitor for DIO1.

Type 1 iodothyronine deiodinase (D1) is localized in the plasma membrane and is present
in almost all human cells, but the highest concentrations were found in the thyroid, liver
and kidneys (19). D1 is able to exert both activating and inactivating functions.

Type 2 iodothyronine deiodinase (D2) is localized in the endoplasmic reticulum (ER),
with a half-life of ~ 45 minutes. Its relatively short half-life is due to ubiquitination and
proteasome uptake, a feature that is accelerated by interaction with its natural substrate,
T4 (20). D2 is expressed in thyroid, skeletal muscle, brown adipose tissue and brain (19),
where it is essential for providing the appropriate levels of T3 during the critical period
of development of the central nervous system. Responsible for the specific deiodination
of T4 into T3, D2 enzyme is considerably more efficient than D1 in the removal of an
outer ring iodine atom from the pro-hormone T4 to generate the physiologically active

product T3 (21,22).



Type 3 iodothyronine deiodinase (D3) is localized in the plasma membrane and is highly
expressed in pregnant uterus, placenta, fetal and neonatal tissues, playing an important
role during embryonic development protecting the fetus from excessive exposure to
active thyroid hormone. It is also expressed in the brain and skin, but in adult healthy
tissues expression levels are very low (23). Recent studies have revealed reactivation of
D3 expression in specific pathophysiological contexts correlated with hyperproliferation
conditions as cancer.

Inside the cells, the effects of THs are mediated mostly by genetic alterations mainly
through the T3 binding to thyroid hormone receptors (THRs, TRa and TR, which are
encoded by THRA1, THRBI1, and THRB2 genes, respectively) (24,25), a family of
ligand-dependent transcription factors that modify gene expression by enhancing or
inhibiting the expression of target genes by binding to specific DNA sequences, known
as TH response elements (TREs). T3 is the preferred ligand of THRs therefore, since the
serum concentration of T4 is 100-fold higher than that of T3, this undergoes extra-
thyroidal conversion to T3. The importance of T3 generation is that the affinity of THRs

for T4 is 10-fold lower than that for T3, and thus the conversion activates T4.

2.2 The relationship between thyroid hormone and skin

The skin, the outermost layer of the body with a very extensive surface area, provides the
first line of defence against microbial pathogens and contributes to barrier immunity
against external physical or chemical insults. The skin also has important homeostatic
functions such as reducing water loss and contributing to thermoregulation of the body.
In mammals, epidermal development is a multistage process consisting of epidermal
specification, commitment, stratification and terminal differentiation, as well as
morphogenesis of its derivatives. To accomplish these feats, the epidermis constantly
replenishes itself, thanks to the presence of stem cells that are capable of self-renewal and
of producing transiently amplifying progenitor cells (26).

The skin consists of three layers, in order epidermis, dermis and subcutaneous layer. The
epidermis is the top layer of the skin and consists of a thin layer of stratified squamous
epithelium, composed of different strata of keratinocytes in progressive stages of
differentiation, as well as melanocytes, which provide a barrier from ultraviolet (UV)
radiation through expression of melanin. From deep to superficial, the epidermis is

organized in five layers, that are the stratum basale, stratum spinosum, stratum



granulosum, stratum lucidum and stratum corneum. The stratum basale is the bottom
layer and is responsible for the constantly renewing of the epidermal cells, through an
epidermal stem cell compartment residing non only in the basal layer of the epidermis but
also in a specific region of the outer root sheath, named bulge. This layer contains just
one row of undifferentiated epidermal cells, known as basal keratinocytes, that express
basal keratins K5 and K14 and divide frequently to replenish the basal layer (27,28). Basal
keratinocytes that move into the stratum spinosum differentiate, changing from being
columnar to polygonal in shape and begin the synthesis of keratins that are distinct from
the basal-layer keratins and release a water-repelling glycolipid that helps prevent water
loss from the body, making the skin relatively waterproof. Under physiological
conditions, as cells exit from the basal layer and begin their journey towards the skin
surface, they switch from the expression of keratins K5/K14 to K1/K10 (27,28). As new
keratinocytes are produced at the top the stratum basale, the keratinocytes of the stratum
spinosum are pushed into the stratum granulosum, consisting of three to five layers deep
of cells that become flatter and generate large amounts of the proteins keratin and
keratohyalin, that make up the bulk of the keratinocyte mass in the stratum granulosum
and give the layer its grainy appearance. The stratum lucidum is a smooth, seemingly
translucent layer of the epidermis located just above the stratum granulosum and below
the stratum corneum. The keratinocytes that compose the stratum lucidum are flattened
and densely packed with eleiden, a clear protein rich in lipids, derived from keratohyalin,
which gives these cells their transparent appearance and provides a barrier to water. The
stratum corneum, as the ultimate product of maturing keratinocytes, is so called due to
increased keratinization (or cornification) of the cells in this layer. This dry layer helps
prevent the penetration of microbes and the dehydration of underlying tissues and
provides a mechanical protection against abrasion for the more delicate, underlying
layers. Cells in this layer, known as corneocytes, are shed periodically and are replaced
by cells pushed up from the stratum granulosum or lucidum.

The dermis, the second thicker layer, has a relatively low cell volume compared with the
epidermis and predominantly consists of the extracellular matrix, such as collagen, and
contains structures such as blood vessels, lymphatics, nerves, sweat glands and
pilosebaceous units. The deepest layer of the skin is the subcutaneous layer, which

consists of subcutaneous fat and connective tissue.



The thyroid-skin connection has become a hot frontier in dermatoendocrinology (29-31).
In this context, the pituitary hormone that controls thyroid hormone production,
thyrotropin (TSH), caught the attention of skin researchers only after it was reported that
the receptor for TSH (TSH-R) is transcribed and translated by selected cultured human
skin cell populations and in normal human scalp skin in situ, introducing skin as a non-
conventional, peripheral target organ for regulation by TSH (32-34).

The importance of hormonal regulation in the skin is illustrated by the existence of
numerous endocrine abnormalities that are associated with disorders of the epidermal
barrier, skin pigmentation, and the growth or and development of hairs. Human skin and
its appendages are known to express thyroid hormone receptors, TRa and TR (35-37),
and THs are known to alter either positively or negatively the expression of selected
keratins in different pathophysiological conditions (38-42).

Clinical evidence as well as studies in hypothyroid mice models (43-45) also suggest that
THs could be involved in epidermal proliferation and differentiation, hair growth, and
wound healing besides affecting the function of dermal fibroblasts (46,47). Indeed, TH
action is crucial for the balance between proliferation and differentiation in normal and
pathological conditions, including epidermal regeneration (44) and cutaneous cancer (1).
Keratin genes are known to be affected by triiodothyronine (T3), and this regulation is
critical during development. The endocrine controls of keratin expression/synthesis
through the modulation of keratinocyte proliferation and differentiation, activates distinct
programs for the coordinated expression of proliferation/differentiation-related keratins
(42). Hypothyroid states result in poorer wound healing, suggesting a therapeutic role for
TH in wound healing, mediated in part by affecting the keratins taking part in epidermal
cell proliferation (43,44,48). Hyperthyroidism in humans leads to alterations in the skin
homeostasis and increases perspiration, heat, pruritus, itching, urticaria, vitiligo, and
enhanced pigmentation. In addition, the epidermis is usually thinner than normal. In
hypothyroid subjects, the skin is dry, cold, and rough. The epidermis is hyperkeratotic,
alopecia may develop, and there is diffuse myxedema (49).

The concept that a finely tuned TH concentration is essential in the control of proliferation
versus differentiation raises the possibility of interfering with such mechanisms for

therapeutic purposes.
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2.3 Keratinocyte Carcinomas (KCs)

Keratinocyte carcinoma (KC), comprised of cutaneous squamous cell carcinoma (cSCC)
and basal cell carcinoma (BCC), are the most frequently diagnosed cancers in the Western
world (50,51). Although the exact worldwide incidence of KC is unknown, KC represents
a significant health burden in many countries. ¢cSCC comprise about 20% of KC
diagnoses. An estimated 3-7% of patients develop metastasis, of whom more than 70%
will die from disease (52,53). BCC comprises about 80% of all KC. Despite population
studies indicating that the BCC-associated mortality rate is negligible (54), BCC can in
rare cases metastasize and lead to death (55).

KC also show a high mutational burden, far exceeding that of other cancers, although the
genes mutated vary between BCCs and ¢SCCs (56-59). Exome sequencing of ¢SCC
shows highest levels of TP53 mutations and loss of function CDKN2A mutations.
Commonly mutated genes in BCC include those in the sonic hedgehog (SHH) signaling
pathway (PTCH1, SUFU, SMO) as well as TP53 (60).

Several treatment methods are available to treat KC. Surgery and/or chemotherapy
remain the mainstay of treatment for invasive KC, instead non-surgical destructive
options, that include cryosurgery, electrodessication and curettage (EDC), are indicated
for low-risk primary KCs (61). Since delaying detection or treatment of KC can have
serious consequences and metastatic SCCs are correlated with an extremely poor long-
term prognosis (62), to develop better clinical treatments and chemoprevention strategies
for SCC, there is a need to achieve a better understanding of the biology of the disease
through the development of animal models that recapitulate human ¢SCC, crucial for
understanding the molecular pathogenesis of these tumors.

SCC development through the canonical carcinogenesis model in mice comprises a
multistep progression process starting from the precancerous actinic keratosis (AK) in
which keratinocyte atypia is confined to only a portion of the epidermis leading to
abnormal differentiation and stratum corneum thickening with retained nuclei. When
keratinocyte atypia progresses to include the entire epidermis, the lesion is defined as
SCC in situ (SCCis) (63). Mouse models of SCC tumor formation through chemical
carcinogenesis resemble human skin cancers and offer an ideal model to study cancer
initiation and growth (64). The most extensively used mouse cancer model is the multi-

stage chemically induced skin tumours (65), which represents one of the best-established
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in vivo models for the study of the sequential and stepwise development of tumors. In
addition, this model can be used to evaluate both novel skin cancer prevention strategies,
and the impact of genetic background and genetic manipulation on tumor initiation,
promotion and progression.

In the first step of multi-stage chemical carcinogenesis (initiation), mice are treated with
a low dose of the mutagen 9,10-dimethyl-1,2-benzanthracene (DMBA). In the second
step (promotion), mice are treated with 12-O-tetradecanoyl phorbol-13-acetate (TPA), a
drug that stimulates epidermal proliferation. During promotion, benign tumors, defined
papillomas, arise, probably as a consequence of additional mutations, some of which will
progress into invasive SCC. Interestingly, papillomas often contain activating mutations
in H-Ras gene, suggesting that this mutation confers a selective advantage to epithelial
cells (66). However, not all papillomas contain mutations in the H-Ras gene, and some
papillomas and SCC in both mouse and human present mutations in the K-Ras gene
instead (67,68). Whereas Ras mutations seem to be an early step in skin cancer initiation,
pS3 mutations are associated with malignant progression (64,69). Transcriptional
profiling of the different tumor cell populations arising in SCCs presenting EMT revealed
that some markers traditionally used to define epithelial state such as Cdhl or EPCAM
were lost in the early step of EMT, while others such as Krt14, Krt5, or Krt8 were
completely lost in the late stages of EMT (70). Similarly, mesenchymal markers exhibited
different patterns of expression: some known EMT genes and TFs, such as Cdh2, Vim,
Snail, Twistl/2, and Zebl/2 were highly upregulated in early hybrid states and were
maintained at the same level in the more mesenchymal populations, while the expression
of Cdhl1, Pdgfra, Pdgfrb, Fap, Loxl1, Col24al, Mmp19, or Prrx1 increased in late stages
of EMT. EMT has been also associated with tumor stemness by their increased tumor
propagating potential following their transplantation into immunodeficient mice. Forced
expression of TFs that promote EMT such as Twistl or Snaill in mammary epithelial
cells increase their ability to give rise to secondary tumors upon transplantation (71,72).
Although transgenic mice are a strong in vivo model for studying cSCC formation, the
inherent differences in skin structure between mice and humans limits direct correlation

of murine models with human disease.
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2.4 Stem cells in skin cancer

The remarkable regenerative capacity of skin is related to several different kinds of stem
cells (SCs) that, as in many other adult tissues, are responsible for tissue homeostasis and
regeneration (73,74). Epithelial skin stem cells (ESSCs) are thought to reside in a
specialized area of the hair follicle called bulge. Cells in this compartment possess the
ability to differentiate into different cell lineages to regenerate not only the hair follicle
but also the sebaceous gland and the epidermis. However, more recent studies presented
compelling evidence for the existence of independent IFE (interfollicular epidermis) stem
cells, as well as for isthmus stem cells, sebaceous gland stem cells and other epidermal
progenitors (75).

Unlike epidermal keratinocytes, which are committed to undergo terminal differentiation,
skin stem cells have a long-life span and this result in an ability to accumulate multiple
genetic mutations that are necessary to induce cancer formation (76). When stem cells
possess the ability to originate tumors they are called cancer stem cells (CSCs) (77).
These tumor-initiating cells (TICs) are defined as a subpopulation of cancer cells with
self-renewing capacity that possess high tumorigenic potential and can undergo
multilineage differentiation to give rise to all types of cells present within the
malignancies (78).

Many experimental evidence supports the essential role of CSCs in initiation and
progression of several range of solid tumors (79). In solid tumors only a fraction of cancer
cells present the capacity to reform secondary tumors following their transplantation into
immunodeficient mice (80) and different solid tumors, including pancreatic cancer (81),
squamous cell carcinomas (SCCs) (82), colon cancer (83), and melanoma (84), have been
shown to contain subpopulations of tumor cells with greater ability to propagate the
tumors in xenotransplantation assays. Recently, it was demonstrated that CD34-
expressing tumor propagating cells (TPCs) with increased clonogenic potential and the
ability to form secondary tumors upon transplantation into immune deficient mice have

been isolated from DMBA/TPA-induced skin SCC (85).
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2.5 Deiodinases and cancer

The first association between THs and malignancies was suggested more than a century
ago (86) and, thereafter, more clinical investigations demonstrated that dysthyroidism are
associated with tumor formation and progression. Several neoplasias are commonly
associated with changes in thyroid state, through modulation of THRs or deiodinases
expression (87-90).

How the changes in thyroid state might influence cancer formation was first described in
infantile liver hemangiomas (91), a most common tumors of infancy associated with a
severe hypothyroidism caused by high levels of type 3 deiodinase activity. Thereafter,
also pediatric and adult liver vascular tumors were associated with severe states of
hypothyroidism associated with increased expression and activity of D3 (92,93). Several
studies based on the molecular mechanisms associated with increased type 3 deiodinase
expression demonstrated that D3, which is an oncofetal protein, rarely expressed in adult
life, is re-activated in tumorigenic contexts and that its upregulation is induced by the Shh
pathway and the MAPK signaling cascade (94,95). Indeed, the anti-tumorigenic action of
TH in BCCs can be attributed to its ability to reduce tumor cells proliferation and promote
the apoptotic rate (94).

D2 and D3 mRNA transcripts, as well as D2 and D3 activities, are normally present in
epidermal keratinocytes, in according with their novel endocrine function in the skin
(96,97). Cutaneous BCC is an excellent model to study the effects and the role of THs in
epithelial neoplasias, since express high levels of D3 (1-3,98) and moderate levels of D2
(94).

Several studies based on the role of D2 in cancer revealed that D2 expression is much
higher in most brain tumors such as astrocytoma and glioblastoma, with the highest D2
activity in gliosarcomas and oligodendrogliomas (99-101). Furthermore, several
neoplastic cell lines exhibit high D2 expression as compared with their normal
counterparts, such as placenta and JEG3, a choriocarcinoma cell line (102). At the same
time, D2, which is expressed in mesothelial cells, has higher expression in the
mesothelioma cell line (MSTO-211H), with the highest levels of D2 ever seen in cultured
cells (103). The expression of D2 mRNA and the presence of D2 activity were detected
also in human osteoblast-like osteosarcoma (SaOS-2) cell line but this time in lower

amount compared with the normal human osteoblast (NHOst) cells (104).
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2.6 NANOG in cancer stem cells and tumor development

NANOG is a key transcription factor critical for the acquisition and maintenance of both
embryonic and induced pluripotency (105,106). In addition to its critical role during
embryogenesis (107,108), it has been recently demonstrated that NANOG exerts a
lineage-restricted mitogenic function in stratified epithelia in adult tissues (109).
Inducible ubiquitous overexpression of NANOG in mice selectively caused hyperplasia
in stratified epithelia, as well as increased proliferation and aneuploidy. In addition,
NANOG overexpression in mouse skin epithelia was found to favour malignant
transformation of skin papillomas induced by chemical carcinogenesis, thus providing an
in vivo evidence for the oncogenic role of NANOG in squamous cell carcinomas (110).
Furthermore, NANOG has been found frequently aberrantly expressed in a variety of
human cancers, including head and neck squamous cell carcinomas (HNSCC), oral
squamous cell carcinoma (OSCC) and cutaneous SCCs (cSCCs), and in early stages of
laryngeal carcinoma (110-113). The profound expression of NANOG in cancer cells
along with its capacity to promote mesenchymal traits, migration and invasion, and
chemoresistance together suggested that NANOG is a central determinant that drives
EMT-like programmes in several cancer cell lines (114). Nevertheless, the role of
NANOG in the early stages of tumourigenesis and its possible implication in malignant
transformation and acquisition of an invasive phenotype remains to be determined.

High levels of NANOG are associated with aggressive tumor phenotypes. In this regard,
it would be possible consider the great applicability potential of NANOG expression as
an early cancer risk biomarker, suggesting a novel role for NANOG as an early cancer

risk marker in patients with precancerous lesions.
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3. Aim of the project
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A precise regulation of the TH-dependent landscape of gene expression is essential in a
vast range of biological processes, both in physiological or in pathological conditions, in
particular in tumorigenesis. Dysregulation of the TH axis was shown to affect cancer
outcomes (115). Preclinical (116-121) and clinical (122-125) evidences indicate that the
hormonal context plays a crucial role in determining cancer outcome and several studies
have further shown promising outcomes following chemical reduction of THs. Since
endocrinological parameters such as THs modulate proliferative, metabolic, and cancer-
associated angiogenic pathways (126), it is surmised that their levels can be associated
with cancer development and progression.

The possibility of locally adjust the intracellular THs availability through the dynamic
expression of deiodinases might represent a valid therapeutic approach to identify several
new candidates for anti-cancer therapy and improve THs-mediated tumor control.

Based on above considerations, my PhD project aimed to expand the use of deiodinases
as a tool with which to locally modulate the TH action in different physiopathological
contexts, in order to assess the role of TH metabolism not only in a context of relative
benign tumorigenesis, as in the case of BCCs that are not prone to progress, but also
during the different stages of the neoplastic process of cutaneous SCCs. In detail, we
determined the effects of TH signaling and its regulators in neoplastic processes,
specifically investigating the functional implication of D2 in KCs and identifying a
comprehensive mechanistic insight into the regulation of type 2 deiodinase in skin cancer.
The functional interplay between TH and oncogenic pathways is likely to have broad
implications, not only for the role of TH action in skin, but also for the identification of
novel potential therapeutic and preventative strategies aimed at interfering with this

signaling in other pathological contexts and that may be ready for immediate application.
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4. Results

18



4.1 Type 2 deiodinase is dynamically regulated during
epithelial tumorigenesis

To investigate the role of TH in epithelial tumorigenesis, we studied the expression of
TH-modulating enzymes in different stages of SCC using the two-step chemically
induced carcinogenesis model (Figure 1A) (127). To overcome the lack of commercially
available functional D2 antibodies, carcinogenesis experiments were performed in D2-
FLAG mouse model (128), in which the endogenous Dio2 gene is fused to the FLAG tag.
As shown in Figure 1B, D2 and D3 are dynamically expressed during SCC tumor
initiation and progression: while D3 was highly expressed during the initial tumorigenic
step and peaked at the hyperplastic epidermis stage up to the formation of papillomas, D2
expression began at later time points and reached a nadir at the final phases of
tumorigenesis, when papillomas lose their differentiation potential, become more
invasive and turn into SCCs. D2 signal was closely associated with K8, which is a well-
differentiated squamous cell carcinoma marker and whose expression is absent in normal
epidermis (129). mRNA analysis confirmed the sequential expression of D3 and D2 at 15
and 30 weeks after DMBA/TPA treatment (Figure 1C). Co-expression of D2 and D3 with
markers of specific stages of tumorigenesis was confirmed by Western Blot analysis
(Figures 1D-E). D2 expression was associated with reduced E-cadherin and enhanced
vimentin expression, which is a sign of the EMT typical of advanced SCCs. Thus, our
results show that the EMT of SCC coincides with a switch in D3-D2 deiodinases.
Indeed, while D3 is a marker of the initial stages of tumorigenesis, D2 expression is

associated with cancer progression.

4.2 Sustained TH signaling induces epithelial-to-mesenchymal
transition (EMT) and fosters tumor invasion

To gain insight into the role of TH in tumor progression, we disrupted the TH signal
balance by depleting D2 in the epidermal compartment. To this end, we crossed the D2-
floxed mouse model (2) with the K14-Cre-ERT mouse model (130), in order to generate
a strain that may be useful for studying the keratinocyte-specific D2 depletion. To
evaluate tumor progression in an epidermal-specific D2KO background (sD2KO), we
depleted D2 from the epidermal compartment by administrating tamoxifen before the

DMBA/TPA treatment and analyzed the skin lesions 20 weeks later (Figure 2A). As
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shown in Figures 2B-C, D2-depletion increased the frequency of hyperplastic lesions and
papillomas, and increased the level of K6 in D2KO papillomas, which confirms that
lowering the level of T3 by D2-depletion accelerates tumor growth (Figures 2D-E).
Notably, the greater tumor growth in D2KO mice was not associated with greater tumor
progression and invasive conversion. Indeed, as shown in Figures 2D-E, K8 expression
was lower in sD2KO mice than in control mice, which indicates that D2KO papillomas
resist progression to SCC. The lower propensity of sD2KO tumors to acquire a more
invasive phenotype was confirmed by the higher E-cadherin/N-cadherin ratio in sD2KO
tumors (Figures 2D-E). This finding demonstrates that TH attenuation via D2-depletion
reduces the EMT, and that, while increasing tumor formation, it slows tumor progression.
Given the effects of D2-depletion in SCC progression and invasiveness, these results

suggest that TH D2-produced acts as an up-stream regulator of the cell invasion process.

4.3 The NANOG Transcription factor induces type 2
deiodinase expression and regulates the intracellular activation
of thyroid hormone in KCs

To investigate the molecular mechanisms that regulate D2 expression in skin
tumorigenesis, we analyzed a region of 1.3 kb upstream of the annotated transcription
start site of the Dio2 gene using the Matlnspector software (Precigen Bioinformatics,
Miinchen, Germany). The in silico analysis of the KEGG pathway revealed that 56 genes
were putative transcription factors that regulate D2 in cancer (Figure 3A) and, among
them, a NANOG binding site was present at position —249 to —231 bp, with a matrix
similarity of 0.94 (Figure 3B).

To investigate the mechanisms whereby NANOG regulates D2 expression, we
ectopically expressed NANOG in a murine BCC cell line, i.e., the G2N2C cell line (131).
NANOG induced the expression of D2 mRNA and the activity of the murine Dio2-LUC
promoter (Figures 3C-D). Importantly, a chromatin immunoprecipitation assay in BCC
cells confirmed that NANOG physically binds the Dio2 promoter (Figure 3E). Moreover,
overexpression of NANOG increased the expression of D2 protein measured by
immunofluorescence and Western Blot analysis in primary cultures of mouse
keratinocytes from a D2-FLAG mouse (Figures 3F-G).

Next, the core motif of NANOG was mutagenized within the Dio2 promoter region,

generating a Dio2-responsive promoter mutant for the NANOG binding site, namely, the
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Dio2mut-LUC promoter (Figure 4A, C). When we transfected the wild-type and the
mutant D2 promoters, we found that mutagenesis of the NANOG binding site strongly
reduced the basal Dio2 promoter activity (Figure 4B, left). Moreover, mutation of the
NANOG binding site on Dio2 promoter potently reduced the upregulation of D2 induced
by ectopic transfection of NANOG (Figure 4B, right). Finally, to further test the role of
NANOG in D2 upregulation, we inhibited NANOG in BCC cells by shRNA-mediated
NANOG silencing. In accordance with its role as an inducer of D2 expression, NANOG
downregulation resulted in a decrease of D2 expression at mRNA and promoter activity
levels (Figure 4D-F). Overall, these results indicate that NANOG positively regulates
Dio?2 gene expression.

Having established that NANOG regulates D2 expression in BCC cells in vitro, we asked
whether their expression correlated in genetically induced BCC tumors in vivo. To this
aim, we used an inducible mouse model that enables the expression of a constitutively
active Smoothened (SmoM2) in the adult epidermal compartment (132) and presents
BCC-like tumors, i.e., the K14-Cre-ERT/Rosa-SmoM2-YFP/D2-3xFLAG mouse model
(133-135) (herein referred to as K14Cre-SMO). In this mouse model BCCs are induced
by the activation of the Smo oncogene in the basal cells of the epidermis by tamoxifen
administration. We observed that while D2 was expressed at very low levels in normal
skin, its expression rapidly increased in the early stages of tumorigenesis (1-2 weeks after
tumor induction) and declined thereafter (Figure 5A). Staining with an anti-FLAG
antibody confirmed that D2 was specifically expressed in the early stages of BCC
formation, i.e., two weeks after tamoxifen-induced Smo expression (Figure 5B). Notably,
NANOG expression paralleled D2 expression. Indeed, NANOG was rapidly upregulated
during the early steps of BCC initiation and dramatically decreased some weeks later
(Figure 5C). Immunofluorescence analysis confirmed the transcriptional profile of D2
and NANOG during BCC tumorigenesis and revealed co-expression of D2 and NANOG
very early in tumorigenesis (Figure 5D). The latter results indicate that the NANOG-D2
axis plays a stage-specific role in BCC development, i.e., NANOG and D2 are required
for BCC initiation but not for BCC progression.

Since NANOG is a crucial regulator of stemness, we asked if D2/NANOG co-expression
targets both the bulk of tumor cells and the cancer stem cell (CSC) population. To this

aim, we isolated the CSCs by fluorescence-activated cell sorting from K14Cre-SMO mice
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(by isolating the triple-positive, SmoM2-YFP*/a6-integrin”/CD34" cells) at different time
points after tamoxifen administration (Figure SE). This strategy discriminates among the
total population of cancer cells (SmoM2-YFP*/a6-Integrin® cells), the CSCs (CD34*
cells), and the somatic cells of the bulk of the tumor (CD34" cells). Intriguingly, in the
CSCs (CD34" cells), D2 and NANOG were expressed at time 0 (normal skin), and their
expression drastically decreased upon tumorigenic induction (Figures 5F, H).

On the contrary, the non-CSC population (i.e., CD34" cells), which constitutes the bulk
of the tumor, confirmed a high D2 and NANOG expression level at the early stages of
tumorigenesis, one- and two-weeks following tumor induction (Figure 5G). Therefore,
we concluded that D2 and NANOG are specifically expressed in the tumor epithelium of
BCC and not in the CD34" population of CSCs and that the expression of D2 and NANOG
in CSCs drastically differs from that in the bulk of tumors.

4.4 The NANOG-D2 axis represents a forward loop that drives
the cancer cellular phenotype toward the mesenchymal state

To determine whether D2 and NANOG co-expression is BCC-specific or if it is present
in other KCs, we used an alternative model of KC, namely, SCCs (Figure 6A). In
agreement with our previous finding (4), we observed that D2 expression in SCCs is
activated during the late phase of tumorigenesis and peaks during the final phases of SCC
tumorigenesis (Figure 6B). Importantly, NANOG expression was also upregulated during
the late stages of tumor progression, when papillomas become more invasive and turn
into SCCs (Figure 6C).

Since our general hypothesis is that transformation of benign papillomas to invasive SCC
is causally linked to D2-mediated T3 activation, we evaluated the correlation of D2 and
NANOG expression also in human SCC tumors using the markers of EMT E-cadherin
and ZEB-1, a prime transcriptional factor in the EMT cascade (136), and an up-stream
regulator of many EMT-related genes (137), and the relative switch from papillomas to
SCC. We collected 72 samples of human tumors at different pathologic states and of
diverse tumor grade up to cSCC, to assess the clinical significance of D2-NANOG
correlation and the TH signal in human SCCs. The tumor stage of each tumor was
evaluated by assessing the expression of E-cadherin and ZEB-1 by immunoistochemical
assay (n=20) in formalin-fixed paraffin-embedded biopsies of the five stages of the

malignant evolution of keratinocytes towards cSCC: normal epidermis, actinic elastosis,
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advanced actinic keratosis, well-differentiated ¢cSCC and poorly differentiated SCC
(Figure 6D). We then measured the human D2 and NANOG (encoded by the NANOG1
gene) mRNA expression by Real-Time PCR from the 20 biopsies and found that they
were potently overexpressed in ¢cSCC compared to normal epidermis (Figures 6E-F),
consistently with their expression during mouse tumor progression. Pearson’s correlation
analysis revealed a direct significant correlation between D2 and NANOG in each human
SCC sample (Figure 6G: D2 versus NANOG R = 0.868, p = 0.000011), confirming the
close link between D2 and NANOG in human SCC tumors.

Using the X-Tile program (138), we also analyzed previous data from two collections of
tumors in which the gene expression signature of SCC was associated to the risk of
relapse, recurrence-free survival and overall survival of patients (139,140).
Kaplan-Meier plots from both data sets showed a striking significant correlation between
high D2 levels and risk of relapse, and an inverse correlation with the percent survival of
patients (Figures 6H-I). Taken together, the above results suggest that D2 levels are
correlated with a more advanced tumor stage and with a poorer prognosis of human
cancers, which suggests that D2 is critical in triggering invasiveness and metastatic

spreading of SCCs.
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5. Discussion
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Tumor plasticity is a key variable in the response to therapeutic intervention. Although
the classical view of the natural history of cancer is that tumor progression is a linear
process and that metastases appear in the late stages of carcinogenesis, many clinical
studies show that invasiveness can be acquired at an early stage, and result in metastasis
from early neoplasms (141,142). In this project, we demonstrated that D2-produced T3
promotes invasiveness and metastatic conversion of SCC cells in both mouse and human
tumors. These data show that in SCC, D2-produced T3 enhances tumor progression,
while D2 inhibition reduces the metastatic potential of SCCs. The molecular mode of T3-
mediated invasiveness primarily involves the transcription of the master regulator of
EMT, ZEB-1, and the induction of the downstream genes for vimentin, N-cadherin, and
several metalloproteases (4). However, while the molecular mechanism that controls D3
regulation in cancer is rather known (1-3), the regulation of D2 has not yet been
addressed.

It was recently reported that NANOG is frequently aberrantly expressed in squamous cell
carcinomas and, in addition, evidence was also provided to support that NANOG plays
an active role in vivo, promoting malignant conversion of skin papillomas into carcinomas
in transgenic mice (110,143). To further and significantly extend these data, this project
investigates for the first time the NANOG/D2 axis not only in early stages of KCs
tumourigenesis, but also in the late stages to uncover its role in malignant transformation
and potential clinical application as cancer risk marker. We describe a novel regulation
loop in which NANOG positively regulates the D2 enzyme and induces the upregulation
of thyroid hormone signaling in BCC and SCC cells. In this model, NANOG and D2 play
stage-specific roles in KCs. In the relatively benign BCC tumors, the two proteins are
expressed only in the early phases of tumorigenesis. In the more aggressive SCC tumors,
NANOG and D2 are expressed at the late stages of tumorigenesis, during which they
support invasiveness and EMT. Common downstream target genes code for ZEB-1,
vimentin, E-cadherin, and metalloproteases, thereby resulting in enhanced cell migration
and mesenchymal phenotype.

It is not known whether NANOG expression is restricted to CSCs or whether it is also
expressed in the tumoral mass of somatic cells (144). Unexpectedly, our data show that

D2 and NANOG are highly expressed in the cells of the tumoral bulk (CD34 cells), while

their expression is extremely low in the stem cell population (CD347L cells). This finding
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suggests that NANOG plays a specific cancer-related role in tumoral cells that is not
associated with its ability to induce stemness. Although this finding seems to be in
contrast with NANOG as a stem gene, it is in line with the finding that NANOG is
expressed in adult stratified epithelia, particularly, in the esophagus, forestomach, skin,
urothelium, and mucosal tissue (145), which indicates that this transcriptional factor plays
a more complex role in somatic cells than hitherto believed.

A novel finding of our study is that NANOG is a positive regulator of TH signaling.
Indeed, by inducing D2 expression, NANOG upregulates the production of the active TH
(T3) in the target cells. Our data indicate that in SCC cells, this represents a forward loop
that drives the cancer cellular phenotype toward the mesenchymal state (Figure 6J). Thus,
one effect of inducing NANOG expression is to activate the T4-to-T3 conversion by D2,
thereby activating a downstream EMT axis. This finding is consistent with the finding
that D2 and NANOG expression is associated with a worse SCC prognosis (4,110) and
may belong to the molecular machinery of tumor progression. However, many steps of
this mechanistic model still require experimental explanations. Moreover, it remains
unclear at present whether NANOG-D2 regulation is related only to epithelial cancer cells
or is effective in controlling TH signaling in many other pathophysiological contexts, but
our findings suggest an unprecedented clinical application of NANOG/D?2 as biomarkers

for cancer risk assessment.
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6. Materials and Methods
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6.1 Cell cultures and transfections

G2N2C cells were derived from transgenic mice expressing a constitutively active form
of Gli2 under the control of the keratin 5 promoter (131) and isolated from
trichoblastomas. The latter are BCC-like tumors, and are referred to as BCC cells
throughout this article. G2N2C cells were cultured in low-calcium medium, with 8%
Ca?"-chelated fetal bovine serum (FBS) and keratinocyte growth factor (KGF, 1.0 ng/mL)
(Sigma-Aldrich, St. Louis, MO, USA). Transient transfections were performed using
Lipofectamine-2000 (Invitrogen™, Carlsbad, CA, USA), according to the

manufacturer’s instructions.

6.2 Real-Time PCR

Messenger RNAs were extracted with TRIzol reagent (Invitrogen™). Complementary
DNAs were prepared with SuperScript™ VILO™ MasterMix (Invitrogen™) as indicated
by the manufacturer. The cDNAs were amplified by PCR in a CFX Connect Real-Time
PCR Detection System (BioRad, Hercules, California, USA) with the fluorescent double-
stranded DNA-binding dye SYBR Green (BioRad). Specific primers for each gene were
designed to work under the same cycling conditions (95°C for 10 min followed by 40
cycles at 95°C for 15 s and 60°C for 1 min), thereby generating products of comparable
sizes (about 200 bp for each amplification). Primer combinations were positioned
whenever possible to span an exon-exon junction and the RNA digested with DNAse to
avoid genomic DNA interference. Primer sequences are indicated in the Table 1. For each
reaction, standard curves for reference genes were constructed based on six four-fold
serial dilutions of cDNA. All samples were run in triplicate. The template concentration
was calculated from the cycle number when the amount of PCR product passed a
threshold established in the exponential phase of the PCR. The relative amounts of gene
expression were calculated with Cyclophilin-A expression as an internal standard
(calibrator). The results, expressed as N-fold differences in target gene expression, were

determined as follows: N*target = 2(ACt sample-ACt calibrator),

6.3 Protein extraction from skin and Western Blot analysis

Dorsal skin was removed from mice and immediately snap-frozen in liquid N»2. 800 puL
of Lysis Buffer (0.125 M Tris pH 8.6; 3% SDS, protease inhibitors including PMSF 1.0

mM and phosphatase inhibitors) were added to all dorsal skin samples, which were then
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homogenized with TissueLyser II (QIAGEN, Hilden, Germany). Total tissues protein or
cell protein was separated by 10% SDS—-PAGE followed by Western Blot. The membrane
was then blocked with 5% non-fat dry milk in PBS, probed with specific antibodies (listed
in Table 2) overnight at 4°C, washed, and incubated with horseradish peroxidase-
conjugated anti-mouse immunoglobulin G secondary antibody (1:3000). Anti-Tubulin
antibody was used as loading control. Band detection was performed using an ECL kit
(Millipore, Burlington, Massachusetts, USA). The gel images were analyzed using
Image]J software (NIH Image, Bethesda, Maryland) and all Western Blot were run in

triplicate.

6.4 Analysis of transcription factor binding sites (TFBSs)

We searched the murine Dio2 promoter for putative Transcription factor binding sites
(TFBSs) using Matlnspector (ver. 9.1). Binding sites were compared with database, in
terms of core and matrix similarity scores 0.90 (maximum 1.00). The position analyses
of common TFBSs were performed in Excel. Position analyses of common TFBSs were

performed in Excel and reported in Table 3.

6.5 Chromatin immunoprecipitation (ChIP) assay

SCC cells were transfected with p53-FLAG plasmid or a negative control plasmid, i.e.
CMV-FLAG, for 48 h. Approximately 2x10° cells were fixed for 10 minutes at 37°C by
adding 1% formaldehyde in growth medium. The reaction was quenched by the addition
of glycine to a final concentration of 0.125 M. Fixed cells were harvested and the pellet
was resuspended in 1.0 mL of lysis buffer containing protease inhibitors (200 mM
phenylmethylsulfony fluoride (PMSF), 1.0 pg/mL aprotinin). The lysates were sonicated
to obtain DNA fragments of 200-1000 bp. Sonicated samples were centrifuged, and the
soluble chromatin was diluted 10-fold in dilution buffer and used directly for ChIP assays.
An aliquot (1/10) of sheared chromatin was further treated with proteinase K, extracted
with phenol/chloroform and precipitated to determine DNA concentration and shearing
efficiency (“input DNA”). Briefly, the sheared chromatin was pre-cleared for 2 hours
with 1.0 pg of non-immune IgG (Calbiochem, Sigma-Aldrich) and 30 pL of Protein G
Plus/Protein A Agarose suspension (Calbiochem, Sigma-Aldrich) saturated with salmon
sperm (1.0 mg/mL). Precleared chromatin was divided in aliquots and incubated at 4°C

for 16 h with 1.0 pg of anti-FLAG. After five rounds of washing, bound DNA-protein
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complexes were eluted by incubation with 1% sodium dodecyl sulfate-0.1 M NaHCO3
elution buffer. Formaldehyde cross-links were reversed by incubation in 200 mM NaCl
at 65°C. Samples were extracted twice with phenol-chloroform and precipitated with

ethanol. DNA fragments were used for Real-Time PCRs.

6.6 Short Hairpin RNA-Mediated Knock-Down of NANOG

BCC cells were grown in p60 plates until they reached 60% confluence and then
transfected with shRNA targeting endogenous NANOG (shNANOG-1 and 2) or a
scramble shRNA (shCTR) as a negative control using Lipofectamine-2000
(InvitrogenTM). shRNA-targeted NANOG sequences were selected from the BLOCK-
iTTM RNAIi Designer (InvitrogenTM, Thermo Fisher Scientific). Oligos were designed
and ordered from Eurofins Genomics. shRNA oligos were cloned into the EcoRI and
Xhol sites of a pcRNAi plasmid. Forty-eight hours after transfection, total protein lysate
was collected and analyzed by Western Blot, and total RNA was extracted and analyzed
by Real-Time PCR. The sequences of oligonucleotides used for Real-Time PCR are

shown in Table 1. The list of the antibodies used is shown in Table 2.
6.7 Animals, histology and immuneostaining

sD2KO (K14-Cre-ERT-D2M) mice were obtained by crossing the keratinocyte-specific
conditional K14-Cre-ERT mouse (130) with D2-floxed mice (2). D2 depletion was
induced by treatment with 10.0 mg of tamoxifen at different time points as indicated in
each experiment. The generation of D2-3x-Flag is described elsewhere (128). Skin
lesions were harvested at different time points after tamoxifen administration and
DMBA-TPA treatment.

K14Cre"ERT/Rosa-SmoM2-YFP/D2-3X-Flag (K14Cre-SMO) mice were obtained by
crossing the keratinocyte-specific conditional K14Cre"~FRT/Rosa-SmoM2-YFP mice
with the D2-3X-Flag mice. The expression of a constitutively active Smoothened mutant
(SmoM?2) in the adult epidermal-specific compartment was induced by treatment with
10.0 mg tamoxifen. All animal experiments and mouse husbandry were carried out in the
animal facility of CEINGE — Biotecnologie Avanzate, Naples, Italy, in accordance with
institutional guidelines (Authorization n. 354/2019-PR by the Ministero della Salute).
For immunofluorescence and histology, ears from a K14Cre-SMO mouse were embedded

in paraffin, cut into 7.0 um sections, and H&E-stained. Slides were baked at 37°C,
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deparaffinized by xylene, dehydrated with ethanol, rehydrated in phosphate buffer
solution (PBS), and permeabilized by placing them in 0.2% Triton X-100 in PBS.
Antigens were retrieved by incubation in 0.1 M citrate buffer (pH 6.0) or 0.5 M Tris
buffer (pH 8.0) at 95°C for 5 minutes. Sections were blocked in 1% BSA/0.02%
Tween/PBS for 1 hour at room temperature. Primary antibodies were incubated overnight
at 4°C in blocking buffer and washed in 0.2% Tween/PBS. Secondary antibodies were
incubated at room temperature for 1 hour, and washed in 0.2% Tween/PBS. Images were
acquired with a Leica DMi8 microscope and the Leica Application Suite LAS X Imaging

Software.

6.8 DMBA/TPA carcinogenesis

The dorsal skin of 2 months old mice was treated with a single dose (100 pL, 1.0
mg/ml) of the carcinogen 7,12-dimethylbenz[a]anthracene (DMBA) resuspended in
propanone, followed by multiple applications of the tumor promoter 12-O-
tetradecanoylphorbol-13-acetate, TPA (150 pL, 100 uM) in the two-stage protocol.
Experiments in D2-floxed mice were performed using 30 CTR mice and 30 sD2KO
mice. Experiments in D2-Flag mice were performed using 8 mice. In all the cohorts

there were approximately as many females as male mice.

6.9 Isolation of CSCs

Dorsal and tail skins were separated from the dorsal and tail bone and incubated overnight
in 0.25X trypsin at 4°C. The next day the epidermis was separated from the dermis and
incubated for 15 minutes in 0.25X trypsin. Trypsinization was neutralized by adding
DMEM containing 10% FBS. The cell suspension was then passed twice through a
70.0um cell-strainer. Isolated keratinocytes were immunostained with APC anti-mouse
CD34 Antibody (code 119310, BioLegend, San Diego, CA, USA) and PE Rat Anti-
Human a6-integrin (CD49f; code 555736, BD Pharmingen™) by incubation for 45
minutes at room temperature. Fluorescence-activated cell sorting analysis was performed
using FACS Canto2 software (FACS Canto2, Becton Dickinson). Live SmoM2-
expressing epidermal cells were gated by forward scatter, by side by expression of
SmoM2-YFP. For RNA analysis, sorted cells were harvested directly into TRIzol reagent

(Invitrogen™).
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6.10 Patients and human tissue samples

Formalin-fixed, paraffin-embedded tissue blocks of 72 cutaneous squamous cell
carcinomas (cSCCs), diagnosed and excised from May 1993 to May 2018, were retrieved
from the archives of the Pathology Section of the Department of Advanced Biomedical
Sciences, “Federico II” University of Naples. Out of 72 cases, 50 males and 22 females,
the age at diagnosis ranged between 36 and 95 years (mean age 76, median 77). Tumor
staging (T1 to T4) according to the 8th AJCC classification was registered only for cSCCs
located on head and neck skin and lip. cSCCs developing on mucosal surfaces and less
than 1 cm in size were not included in this study. The clinical data and pathological
features of the tumors are reported in Table 4. The study design and procedures involving
tissue samples collection and handling were performed according to the Declaration of
Helsinki, in agreement with the current Italian law, and to the Institutional Ethical
Committee guidelines. For immunohistochemistry of human samples, we selected a block
of fixed tissue in each case, and one section of the block was stained with
hematoxylin/eosin to verify the initial diagnosis; the other sections were used for
immunohistochemical investigations. Immunohistochemical analysis was performed on
4-um thick serial sections mounted on poly-L-lysine-coated glass slides. The sections
were deparaffinized and subjected to antigen retrieval by microwave oven treatment (3
min x 4 times, in citrate buffer, pH 6); the backdrop (for blocking non-specific
background staining) was removed using the universal blocking serum (Dako
Diagnostics) for 15 min at room temperature. Endogenous alkaline phosphatase activity
was quenched by adding levamisole to buffer AP (substrate buffer); the slides were rinsed
with TRIS+Tween20 pH 7.4 buffer, and incubated in a humidified chamber with primary
antibodies anti-E-cadherin (mouse monoclonal antibody, diluted 1:300 1 h at room
temperature, BD Biosciences), anti-ZEB- 1 (rabbit polyclonal antibody, diluted 1:200 1
h at room temperature, NBP1-05987 Novus Biologicals, UK) and anti-D3. Then used a
biotinylated secondary antibody and streptavidin conjugated with alkaline phosphatase.
The reaction was visualized with chromogen fast red, which showed the presence of the
antigen that we sought in red (Dako REAL Detection System, Alkaline
Phosphatase/RED, Rabbit/Mouse). After weak nuclear counterstaining with hematoxylin,

the sections were mounted with a synthetic medium (Entellan, Merck). Positivity for E-
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cadherin and ZEB-1 was visualized as red nuclear staining and red membranous staining,

respectively. The level of immunostaining was scored semiquantitatively.

6.11 Statistical analyses

All results are reported as means + SD. Differences between samples were assessed with
the Student’s two-tailed t test for independent samples. Relative mRNA levels (in which
the control sample was arbitrarily set as 1) are reported as results of Real-Time PCR in
which the expression of Cyclophilin A served as housekeeping gene. In all experiments,
differences were considered significant when p was less than 0.05. Asterisks indicate

significance at *p<0.05, ** p<0.01, and *** p<(0.001 throughout.
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7. Figures and tables
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7.1 Figure 1. D2 and D3 are dynamically expressed during SCC tumor initiation and progression. (A) Schematic
representation of the two-step carcinogenesis experiment. (B) Representative H&E, D2/D3 co-staining, and K8 and
K14 staining of DMBA-TPA-treated skins for the indicated weeks. Images represent tumors of one of eight different
D2-Flag mice analyzed for each time point (n = 8). Scale bar represents 200 pm. (C) mRNA levels of D2 and D3 were
measured in progressive DMBA-TPA-treated skins as indicated in a and b, by Real-Time PCR analysis (n = 8). (D)
Western Blot analysis of D2-Flag and D3 expression from skin lesions of D2-3x-Flag mice treated with DMBA-TPA
for the indicated times (n = 8). (E) Western Blot analysis of E-cadherin, vimentin in the same samples as in (D).
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7.2 Figure 2. Attenuation of TH signaling in D2KO mice enhanced tumor growth and reduced the EMT. (A)
Schematic representation of D2-depletion and the two-step carcinogenesis experiment in 15 CTR and 15 sD2KO
samples (n = 15). (B) The number of skin lesions counted during DMBA/TPA treatment in sD2KO and CTR mice. (C)
Picture of the dorsal skin from CTR (n = 15) and sD2KO (n = 15) mice treated with DMBA/TPA for 20 weeks showing
papillomas and advanced SCC (top). H&E of the skin lesions from CTR (n = 8) and sD2KO (n = 12) mice (bottom).
Scale bars represent 200 pm. (D) The mRNA levels of K6, K8, and E-cadherin/N-cadherin ratio in skin lesions of CTR
(n =15) and sD2KO (n = 15) mice measured by Real-Time PCR analysis. (E) Immunostaining for K6, K8, vimentin,
and E-cadherin was performed on paraffin-embedded sections of dorsal skin lesions (n = 10 for both groups). Scale
bars represent 200 um.
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7.3 Figure 3. NANOG positively regulates type 2 deiodinase (D2) transcription. (A) KEGG pathway clusters
generated by the in silico analysis of the Dio2 promoter region. (B) Schematic localization of transcription factors and
of the NANOG binding site within the Dio2 promoter region; conservation and Logo representation of the NANOG
binding motif. (C) D2 mRNA expression was measured by Real-Time PCR in basal cell carcinoma (BCC) cells
transiently transfected with a NANOG-expressing vector or the CMV-FLAG plasmid (control). (D) BCC cells were
transiently transfected with the Dio2—LUC promoter and with increasing amounts of the NANOG plasmid. Cells were
harvested 48 h after transfection and analyzed for luciferase activity. CMV-Renilla was co-transfected as an internal
control. The results are shown as means = SD of the LUC/Renilla ratio from at least three separate experiments,
performed in triplicate; * p < 0.05, ** p <0.01. (E) Chromatin immunoprecipitation assay was performed in BCC cells.
Immunoprecipitation of chromatin using the anti-NANOG antibody revealed that the Dio2 gene is a direct target of
NANOG. (F) D2-FLAG expression levels were measured by immunofluorescence analysis of mouse primary
keratinocytes from D2-Flag mice transfected with the NANOG plasmid or the CMV-FLAG plasmid. Magnification
10X and 20X; scale bars represent 50 um. (G) Western Blot analysis of D2 expression in the same cells as in F.
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7.4 Figure 5. NANOG downregulation reduces the expression of D2 in BCC cells. (A) Schematic representation of
the NANOG binding site mutation within the Dio2 promoter region. (B) BCC cells were transiently transfected with
Dio2-LUC promoter or Dio2mut-LUC promoter and CMV-FLAG (left) or increasing amounts of NANOG plasmid
(right). Cells were harvested 48 h after transfection and analyzed for luciferase activity. CMV-Renilla was co-
transfected as an internal control. The results are shown as means + SD of the LUC/Renilla ratio from at least three
separate experiments, performed in triplicate; * p <0.05, ** p <0.01. (C) D2 mRNA expression was measured by real-
time PCR in BCC cells transfected with two different NANOG shRNAs, as single plasmids or in combination, or a
control (CTR) shRNA as indicated. (D) BCC cells were transiently transfected with Dio2-LUC promoter and with
NANOG shRNA as in C. Cells were harvested 48 h after transfection and analyzed for luciferase activity. CMV-Renilla
was co-transfected as an internal control. The results are shown as means =+ SD of the LUC/Renilla ratio from at least
three separate experiments, performed in triplicate; * p <0.05, ** p <0.01. (E) Validation of effective NANOG down-
modulation by two different NANOG shRNA vectors was assessed by Western Blot analysis of NANOG expression
in BCC cells.
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7.5 Figure 5. D2 expression correlates with NANOG expression during BCC tumor formation. (A) D2 expression
was assessed by Real-Time PCR at different stages of BCC tumorigenesis in the adult epidermis of K14Cre-SMO mice.
(B) D2 localization was assessed by immunofluorescence analysis two weeks after the induction of BCC tumorigenesis
in the adult epidermis of K14Cre-SMO mice. Magnification 20X and 63X; scale bars represent 100 um and 25 pum,
respectively. (C) Relative expression of NANOG mRNA at different stages of BCC tumorigenesis, as in A. (D)
Representative D2/NANOG co-staining was performed on paraffin-embedded skin sections at two weeks of BCC
tumorigenesis from the ear epidermis of K14Cre-SMO mice. Magnification 20X; scale bars represent 100 pm. Data
represent the mean of four independent experiments performed in triplicate. (E) Schematic representation of the
strategy used to isolate cancer stem cell (CSCs) from K14Cre-SMO. (F) Transcriptional profile of D2 and NANOG in
the CSCs population (CD34+ cells) during BCC tumorigenesis. (G) D2 and NANOG mRNA expression levels in
FACS-isolated CSCs (CD34+ cells) were measured by Real-Time PCR. (H) D2 and NANOG mRNA expression levels
in the FACS-isolated non-CSC population (CD34 cells) were measured by Real-Time PCR. Data represent the mean
of four independent experiments performed in triplicate; * p <0.05, ** p <0.01, *** p <0.001.
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7.6 Figure 6. D2 and NANOG are co-expressed in the late phases of squamous cell carcinoma (SCC) tumor
progression. (A) Schematic representation of the chemical cancerogenesis experiment for SCC tumor progression in
mice. (B-C) Expression profile of D2 mRNA and NANOG mRNA during mouse SCC tumorigenesis. Data represent
the mean of three independent experiments performed in triplicate. (D) Representative images showing
immunohistochemical (IHC) staining for ZEB-1, E-cadherin, and D3 proteins in cutaneous squamous cell carcinoma
(cSCC). Positive E-cadherin expression (a) and negative ZEB-1 expression (b) in normal tissue, and in G1 ¢SCC (d,
e). Moderate E-cadherin expression (g) and weak ZEB-1 expression (h) in G2 ¢SCC. Finally, negative E-cadherin
expression (j) and positive ZEB-1 expression (k) in G3 ¢cSCC. IHC staining of D3 expression revealed positive D3
expression in normal epidermis (c), a rise in D3 expression in G1 (f) and a drastic decrease of D3 expression at the later
stages G2 and G3 (i, ). IHC analysis was performed in 20 different tissues for each grading. (E-F) The expression of
D2 and NANOG mRNA was measured in human SCC tumors at different pathologic stages in comparison with normal
skin counterparts. All samples were runin triplicate and referred to normal skin set arbitrarily as 1. (G) Pearson’s
correlation analysis was performed for the same data as in E-F. PCR analysis was performed in 20 different tissues for
each grading. ** p < 0.01; *** p <0.001. (H-I) Kaplan—Meier plots from two independent data sets (GSE10300 and
GSE 686). Black indicates low and gray indicates high D2 expression. The number of tumors in each group is reported
in parentheses. (J) The NANOG-D2-T3—-ZEB-1 axis contributes to the EMT and to the progression to invasive stages
of carcinomas.
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7.7 Table 1: List of Oligonucleotides

Oligonucleotides used for Real-Time PCR

GENE Name/Gene ID

Cyclophilin A CypA Forward CGCCACTGTCGCTTTTCG
Reverse AACTTTGTCTGCAAACAGCTC

CYCLOPHILIN A CYPA Forward AGTCCATCTATGGGGAGAAATTTG
Reverse GCCTCCACAATATTCATGCCTTC

Dio2 Dio2 Forward CTTCCTCCTAGATGCCTACAAAC
Reverse GGCATAATTGTTACCTGATTCAGG

DIO2 DIO2 Forward CTCTATGACTCGGTCATTCTGC
Reverse TGTCACCTCCTTCTGTACTGG

Dio3 Dio3 Forward CCGCTCTCTGCTGCTTCAC
Reverse CGGATGCACAAGAAATCTAAAAGC

E-cadherin Cdhl Forward CGTCCTGCCAATCCTGATGA
Reverse ACCACTGCCCTCGTAATCGAAC

K6 Krt6 Forward TCGTGACCCTGAAGAAGGATGTA
Reverse CCTTGGCTTGCAGTTCAACTT

K8 Krt8 Forward ACAACAAGTTCGCCTCCTTC
Reverse TCTCCATCTCTGTACGCTTGT

N-cadherin Cdh2 Forward ACAGTGGAGCTCTACAAAGG
Reverse CTGAGATGGGGTTGATAATG

Nanog Nanog Forward AAGAACTCTCCTCCATTCTGAACCT
Reverse GCACTTCATCCTTTGGTTTTGAA

NANOG NANOG Forward CTGCTGAGATGCCTCACACG
Reverse CTTCCTTTTTTGCGACACTC

Oligonucleotides used for ChIP Analysis

NANOG-ChIP Forward GGTAAACTGGATTAGGGACTGGC
Reverse GAGGGAGAAAAGCTAAATTAG

7.8 Table 2: List of Antibodies

Antibodies Source Identifier Diluition
Anti-a-Tubulin antibody, Mouse monoclonal Sigma-Aldrich T8203 1:5000 WB
Anti-Cytokeratin 6, Rabbit polyclonal Covance® PRB-169P 1:1000 IF
Anti-Cytokeratin 8, Rat monoclonal (TROMA 1) Hybridoma bank AB 531826 1:300 IF
Anti-Cytokeratin 14, Rabbit polyclonal Covance® CLPRB-155P 1:2000 IF
Anti-D3 (717) Homemade Homemade 1:500 WB
Anti-D3 (718) Homemade Homemade 1:500 IF
1:500 IHC
Anti-FLAG® M2 antibody, Mouse monoclonal Sigma-Aldrich F3165 1:1000 IF
1:1000 WB
Anti-E-cadherin, Mouse monoclonal BD Biosciences 610181 1:1000 WB
Anti-N-cadherin, Rabbit polyclonal Elabscience® E-AB-32170 1:500 WB
Anti-Nanog antibody, Rabbit polyclonal abcam ab80892 1:1000 WB
Anti-Vimentin, Rabbit monoclonal abcam ab92547 1:2000 WB
1:1000 IF
Anti-ZEB1, Rabbit polyclonal Novus Bio NBP1-05987 1:250 IF
1:250 IHC
APC ANTI-MOUSE CD34 ANTIBODY 25 UG BIOLEGEND 119309 1:100 FACS
PE Rat Anti-Human CD49f Clone GoH3 (RUO)  BD Pharmingen™ 555736 1:100 FACS
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7.9 Table 3: In silico analysis of Transcription Factor Binding Sites (TFBS) upstream from the Transcription

Start Site (TSS) of Dio2 gene

DETAILED MATRIX INFORMATION START END ANCHOR STRAND MATRIX
POSITION POSITION POSITION SIMILARITY

Nascent polypeptide-associated complex subunit alpha 12 0 6 + 0,95
Pre-B-cell leukemia homeobox 3 28 12 20 0,957
Hypermethylated in cancer 1 (secondary DNA binding 35 23 29 0,957
preference)
Cysteine-serine-rich nuclear protein 1 (AXUDI, 36 30 33 + 1
AXINI up-regulated 1)
SPI-1 proto-oncogene; hematopoietic transcription 50 30 40 + 0,966
factor PU.1
Zinc finger protein insulinoma-associated 1 (IA-1) 49 37 43 + 0,949
functions as a transcriptional repressor
NMP4 (nuclear matrix protein 4) / CIZ (Cas-interacting 61 51 56 + 0,97
zinc finger protein)
CCAAT/enhancer binding protein (C/EBP), epsilon 66 52 59 - 0,993
Polyomavirus enhancer A binding protein 3, ETV4 (Ets 77 57 67 - 0,95
variant gene 4)
H6 homeodomain HMX3/Nkx5.1 transcription factor 92 74 83 - 0,921
Myeloid zinc finger protein MZF1 104 94 99 - 1
SPI-1 proto-oncogene; hematopoietic transcription 110 90 100 - 0,965
factor PU.1
5' half site of ZTRE motif 112 96 104 0,984
Zinc finger and BTB domain containing 7A, pokemon 118 96 107 0,941
Kruppel-like zinc finger protein 219 120 98 109 0,986
Collagen krox protein (zinc finger protein 67 - zfp67) 118 100 109 - 0,909
Kruppel-like factor 3 (basic) 119 101 110 - 0,99
Myc associated zinc finger protein (MAZ) 116 104 110 - 0,951
GLIS family zinc finger 3, Gli-similar 3 119 103 111 + 0,94
Zinc finger, BED-type containing 4; polyG binding 118 104 111 - 0,951
sites
Zinc finger protein insulinoma-associated 1 (IA-1) 117 105 111 - 0,911
functions as a transcriptional repressor
Zinc finger transcription factor ZBP-89 123 101 112 + 0,959
3' half site of ZTRE motif 120 104 112 - 0,982
Pleomorphic adenoma gene 1 130 108 119 - 1
Wilms Tumor Suppressor 131 113 122 - 0,951
Homeodomain transcription factor Gsh-2 148 130 139 + 0,966
Photoreceptor conserved element 1 147 131 139 + 0,914
Homeodomain proteins MSX-1 and MSX-2 149 131 140 + 0,989
Evi-1 zinc finger protein, carboxy-terminal zinc finger 173 157 165 + 0,909
domain
STATS: signal transducer and activator of transcription 178 160 169 - 0,94
5
TCF/LEF-1, involved in the Wnt signal transduction 177 161 169 + 0,967
pathway
SWI/SNF related, matrix associated, actin dependent 188 178 183 + 0,967
regulator of chromatin, subfamily a, member 3
Interferon regulatory factor 3 (IRF-3) 196 172 184 - 0,949
c-Rel 196 182 189 0,964
c-Myb, important in hematopoesis, cellular equivalent 230 210 220 0,92
to avian myoblastosis virus oncogene v-myb
Nuclear factor 1 236 216 226 + 0,91
Liver enriched Cut - Homeodomain transcription factor 241 225 233 - 0,913
HNF6 (ONECUTI)
HMG box-containing protein 1 249 227 238 0,987
Homeobox transcription factor Nanog 249 231 240 0,942
NMP4 (nuclear matrix protein 4) / CIZ (Cas-interacting 266 256 261 0,976

zinc finger protein)
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Signal transducer and activator of transcription 3 277 259 268 0,965
Abd-B-like homeodomain protein Hoxb-9 282 266 274 0,914
Transcription factor yin yang 2 286 264 275 0,961
Evi-1 zinc finger protein, carboxy-terminal zinc finger 285 269 277 - 0,901
domain

Ribonucleoprotein associated zinc finger protein 312 292 302 + 0,992
MOK-2 (human)

Regulatory factor X, 5 (influences HLA class II 318 300 309 - 0,981
expression)

Fetal Alz-50 clone 1 (FACI) 321 311 316 - 0,965
Sites bound by FOXP1 and an alternative splicing 325 309 317 - 1
variant FOXP1 ES, activated in ESCs

Fetal Alz-50 clone 1 (FACI) 324 314 319 - 0,97
Sites bound by FOXP1 and an alternative splicing 328 312 320 - 1
variant FOXP1_ES, activated in ESCs

Fetal Alz-50 clone 1 (FACI) 327 317 322 - 0,983
Sites bound by FOXP1 and an alternative splicing 331 315 323 - 1
variant FOXP1_ES, activated in ESCs

DRE (dioxin response elements), XRE (xenobiotic 349 325 337 - 0,962
response  elements) bound by AHR/ARNT

heterodimers

Myelin regulatory factor 347 335 341 - 0,958
GTF2I-like repeat 4 of GTF3 355 345 350 + 0,979
Cone-rod homeobox-containing transcription factor 359 343 351 - 0,981
Phox2a (ARIX) and Phox2b 363 343 353 - 0,949
Zinc finger protein insulinoma-associated 1 (IA-1) 368 356 362 + 0,968
functions as a transcriptional repressor

TG-interacting factor belonging to TALE class of 372 356 364 - 1
homeodomain factors

v-Myb, AMV v-myb 387 367 377 + 0,993
Ets variant 1 397 377 387 - 0,994
Interferon regulatory factor (IRF)-related protein (NF- 413 389 401 + 0,974
EMS, PIP, LSIRF, ICSAT)

Signal transducer and activator of transcription 3 416 398 407 - 0,974
Signal transducers and activators of transcription 470 452 461 + 0,914
Hmx3/Nkx5-1 homeodomain transcription factor 471 453 462 0,923
Gut-enriched Krueppel-like factor 472 454 463 0,976
Hmx3/Nkx5-1 homeodomain transcription factor 476 458 467 0,921
Sma- and Mad-related proteins 479 469 474 - 1
Thing1/E47 heterodimer, TH1 bHLH member specific 486 466 476 + 0,94
expression in a variety of embryonic tissues

CCAAT/enhancer binding protein beta 505 491 498 0,958
Ras-responsive element binding protein 1 540 526 533 0,94
Zinc finger protein insulinoma-associated 1 (IA-1) 544 532 538 - 0,921
functions as a transcriptional repressor

v-Myb 609 589 599 + 0,97
Forkhead box P1 611 595 603 - 0,985
Androgene receptor binding site, IR3 sites 621 603 612 - 0,982
Myc associated zinc finger protein (MAZ) 627 615 621 + 0,91
Zinc finger protein 263, ZKSCANI12 (zinc finger 629 615 622 - 0,949
protein with KRAB and SCAN domains 12)

Zinc finger protein 263, ZKSCANI12 (zinc finger 632 618 625 - 0,97
protein with KRAB and SCAN domains 12)

Peroxisome proliferator-activated receptor gamma 666 644 655 + 0,91
Repressive binding sites for glucocorticoid receptor 675 661 668 + 0,978
(IR1)

Pleomorphic adenoma gene 1 692 670 681 + 1

3' half site of ZTRE motif 696 680 688 + 0,984
Kruppel-like factor 3 (basic) 699 681 690 + 0,992
Zinc finger, BED-type containing 4; polyG binding 697 683 690 + 0,922

sites
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MYC-associated zinc finger protein related 696 684 690 + 0,901
transcription factor

Collagen krox protein (zinc finger protein 67 - zfp67) 700 682 691 + 0,973
Zinc finger protein 263, ZKSCANI12 (zinc finger 698 684 691 - 0,935
protein with KRAB and SCAN domains 12)

Zinc finger and BTB domain containing 7A, pokemon 704 682 693 - 0,949
5' half site of ZTRE motif 704 688 696 - 0,988
c-Rel 709 695 702 0,957
GATA-binding factor 2 722 710 716 0,905
Zinc finger and BTB domain containing 3 738 728 733 0,997
Cysteine-serine-rich nuclear protein 1 (AXUDI, 744 738 741 - 1
AXINI up-regulated 1)

Calcium-reponse factor 752 742 747 0,979
Cellular and viral TATA box elements 787 771 779 1
Pitl, GHF-1 pituitary specific pou domain transcription 789 775 782 - 0,965
factor

TEA domain family member 4, TEF-3 794 782 788 - 0,942
Distal-less 3 homeodomain transcription factor 805 787 796 - 0,994
Homeobox containing germ cell-specific transcription 807 789 798 - 0,991
factor NOBOX

Homeodomain transcription factor Gsh-2 808 790 799 - 0,975
Brain specific homeobox 808 790 799 + 0,974
Photoreceptor conserved element 1 807 791 799 - 0,96
NK1 homeobox 2, Sax1-like 807 791 799 - 0,916
Binding site for S8 type homeodomains 811 791 801 - 0,995
Distal-less homeobox 2 810 792 801 + 0,929
Interferon regulatory factor (IRF)-related protein (NF- 827 803 815 - 0,954
EMS, PIP, LSIRF, ICSAT)

Cone-rod homeobox-containing transcription factor / 835 819 827 - 0,971
otx-like homeobox gene

CCAAT/enhancer binding protein beta 840 826 833 + 0,945
cAMP-responsive element binding protein 853 833 843 - 0,926
GLI-Krueppel-related transcription factor, regulator of 850 838 844 + 0,921
adenovirus E4 promoter

cAMP-responsive element binding protein 1 855 835 845 + 1
cAMP-responsive element binding protein 1 856 836 846 1
cAMP-responsive element binding protein 858 838 848 0,927
MyT1 zinc finger transcription factor involved in 915 903 909 0,9
primary neurogenesis

Gut-enriched Krueppel-like factor 928 910 919 - 0,965
Zinc finger with KRAB and SCAN domains 3 937 915 926 + 1
Zinc finger, BED-type containing 4; polyG binding 936 922 929 - 0,951
sites

Zinc finger transcription factor ZBP-89 941 919 930 + 0,935
Wilms Tumor Suppressor 941 923 932 - 0,938
Wilms Tumor Suppressor 943 925 934 - 0,961
SRY (sex determining region Y)-box 6 960 938 949 + 0,984
Jumonji, AT rich interactive domain 1B 957 949 953 + 0,961
Muscle TATA box 966 950 958 + 0,901
Gut-enriched Krueppel-like factor 971 953 962 - 0,976
Homeobox and leucine zipper encoding transcription 989 975 982 + 0,963
factor

Gut-enriched Krueppel-like factor 1001 983 992 0,966
Peroxisome proliferator-activated receptor gamma, 1005 983 994 0,913
DR1 sites

TG-interacting factor belonging to TALE class of 1005 989 997 + 1
homeodomain factors

SWI/SNF related, matrix associated, actin dependent 1036 1026 1031 + 0,986

regulator of chromatin, subfamily a, member 3
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BARX homeobox 1 1043 1025 1034 - 0,917
Homeodomain transcription factor Gsh-2 1044 1026 1035 - 0,952
Muscle-segment homeobox 1, msh homeobox 1 1044 1026 1035 + 0,907
Special AT-rich sequence-binding protein 1, 1056 1042 1049 - 0,967
predominantly expressed in thymocytes, binds to

matrix attachment regions (MARs)

Zinc finger protein 652 (ZNF652) 1063 1049 1056 0,909
Nuclear factor of activated T-cells 1068 1050 1059 0,965
Cone-rod homeobox-containing transcription factor / 1075 1059 1067 0,945
otx-like homeobox gene

GATA-binding factor 2 1076 1064 1070 0,922
Spalt-like transcription factor 1 1082 1070 1076 + 0,961
Intestine specific homeodomain factor CDX-1 1087 1069 1078 - 0,961
Homeobox D10 1087 1071 1079 + 0,956
NK6 homeobox 1 1087 1073 1080 + 0,915
LIM-homeodomain transcription factor 1095 1073 1084 + 0,923
Muscle-specific Mt binding site 1095 1087 1091 - 0,902
THAP domain containing, apoptosis associated protein 1100 1090 1095 - 0,924
CCAAT/enhancer binding protein (C/EBP), epsilon 1103 1089 1096 - 0,974
Ets variant 1 1118 1098 1108 + 0,99
Signal transducer and activator of transcription 3 1121 1103 1112 0,959
Non-palindromic nuclear factor I binding sites 1127 1107 1117 0,995
AREBG (Atplal regulatory element binding factor 6) 1127 1115 1121 0,938
Interferon regulatory factor 1 1141 1117 1129 - 0,952
Barx2, homeobox transcription factor that 1171 1153 1162 + 0,973
preferentially binds to paired TAAT motifs

Homeodomain transcription factor HOXC13 1170 1154 1162 - 0,922
Hematopoietically expressed homeobox, proline-rich 1175 1157 1166 + 0,969
homeodomain protein

Interferon regulatory factor (IRF)-related protein (NF- 1179 1155 1167 - 0,958
EMS, PIP, LSIRF, ICSAT)

NMP4 (nuclear matrix protein 4) / CIZ (Cas-interacting 1178 1168 1173 - 0,972
zinc finger protein)

Special AT-rich sequence-binding protein 1, 1188 1174 1181 + 0,955
predominantly expressed in thymocytes, binds to

matrix attachment regions (MARs)

Barx2, homeobox transcription factor that 1193 1175 1184 + 0,953
preferentially binds to paired TAAT motifs

NK6 homeobox 1 1191 1177 1184 + 0,925
Kruppel-like factor 7 (ubiquitous, UKLF) (secondary 1212 1194 1203 - 0,9
DNA binding preference)

v-Myb, AMV v-myb 1215 1195 1205 0,907
T-Box factor 5 site (TBXS5), mutations related to Holt- 1220 1192 1206 0,99
Oram syndrome

AREBG (Atplal regulatory element binding factor 6) 1215 1203 1209 0,978
CCAAT/enhancer binding protein beta 1223 1209 1216 0,929
Nuclear factor Y (Y-box binding factor) 1229 1215 1222 0,923
TEA domain family member 4, TEF-3 1254 1242 1248 - 0,983
SRY (sex determining region Y)-box 1, dimeric 1280 1258 1269 - 0,901
binding sites

Cytoplasmic polyadenylated homeobox 1290 1268 1279 0,95
GATA binding factor 1291 1279 1285 0,998
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7.10 Table 4: Clinicopathological characteristics of the study population

N° Sex Age Tumorsite Grading T N M Stage Recurrance Perineural
invasion

1 M 76 scalp Gl Tl Nx MO I yes ND
2 M 73 ear Gl Tl Nx MO 1 no ND
3 F 86 cheek ND T2 Nx MO II no ND
4 M 68 ND Gl T2 Nx MO I no ND
5 M 72 hand Gl - - - no staging yes ND
6 F 85 hand G3 - - - no staging no ND
7 M 67 hand G2-G3 - - - no staging yes ND
8 F 67 neck G2 T3 Nx MO I no ND
9 F 71 ND ND Tl Nx MO I no ND
10 M 36 leg Gl - - - no staging no ND
1 M 49 leg G2 - - - no staging no ND
12 F 76 ND G3 T2 Nx MO I no ND
13 F 76 lip G2 Tl Nx MO I no ND
14 M 70 ear G2 Tl Nx MO | yes ND
15 M 60 ND G2 T2 Nx MO I no ND
16 M 67 cheek G2-G3 T2 Nx MO 11 no ND
17 F 95 cheek G2 T3 Nx MO I no ND
18 F 83 cheek G2 Tl Nx MO I no ND
19 F 68 lip G2 Tl Nx MO I no ND
20 M 79 scalp G2 T3 Nx MO 11 no ND
21 F 51 arm G2 - - - no staging no ND
22 F 73 trunk G3 - - - no staging no yes
23 M 75 cheek G2 T3 NX MO 111 yes no
24 M 77 forehead G2-G3 T4 NX MO v no no
25 M 77 scalp ND Tl NX MO I yes no
26 M 68 temple G2 T3 NX MO 11 no yes
27 M 81 scalp G2-G3 T2 NX MO II yes no
28 M 82 scalp G2-G3 T3 NX MO 11 yes no
29 M 73 neck G2 T3 NX MO 11T yes no
30 F 76 cheek Gl T2 NX MO 11 no no
31 F 79 nose Gl T1 NX MO 1 no no
32 M 69 cheek Gl T1 NX MO 1 yes no
33. M 73 ear Gl Tl NX MO I no no
34 M 81 scalp G3 T3 NX MO 11 no no
35 M 71 scalp G3 T3 N2 MO v no no
36 M 83 scalp Gl T2 NX MO II yes no
37 M 67 ear G3 T2 N2 MO v yes no
38 M 79 scalp Gl Tl NX MO I no no
39 M 51 ear Gl T2 NX MO II no no
40 M 86 forehead G3 T2 NX MO II yes no
41 F 84 temple G2-G3 T3 NX MO 11 yes no
42 F 82 temple G2-G3 T3 NX MO 11 no no
43 M 75 neck G3 T3 N1 MO 111 yes yes
4 M 80 scalp G2-G3  T1 Nx MO I yes no
45 M 77 ear G2 T2 NX MO II no no
46 M 74 scalp G2 T2 NX MO II no no
47 F 76 chin Gl T3 NX MO 11T no no
48 M 83 forehead G2 T3 NX MO 11T yes yes
49 M 61 scalp ND T2 NX MO II yes no
50 M 79 temple G2 T3 NX MO 11 yes no
51 F 74 temple Gl Tl NX MO I no no
52 M 68 scalp Gl-G2 T1 NX MO I no no
53 M 67 forehead G3 T3 NX MO 111 yes yes
54 F 75 cheek GI-G2 T2 NX MO 11 no no
55 M 75 scalp G1-G2 T3 NX MO I yes no
56 M 85 scalp G3 T3 NX MO I yes no
57 M 78 scalp G3 T3 NO MO I no yes
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58 M 86 cheek G3 T3 NX MO 11T no yes
59 M 59 temple G1-G2 T2 NX MO II no no
60 M 87 scalp Gl T2 NX MO II no no
61 F 65 cheek G3 T3 NX MO 111 yes yes
62 M 69 scalp Gl-G2 T1 NX MO I no no
63 M 78 ear Gl Tl NX MO I no no
64 F 82 nose Gl Tl NX MO 1 no no
65 M 86 scalp G3 T3 NX MO 11 no yes
66 M 70 scalp Gl T2 NX MO I no no
67 M 85 scalp G3 T3 NX MO 11 no no
68 M 86 scalp G3 T3 NX MO 11 no no
69 M 63 eyelid Gl Tl NX MO I no no
70 F 86 nose Gl T1 NX MO 1 no no
71 M 83 scalp G2-G3 T3 NX MO 11 no no
72 F 87 forehead G2 T3 NI Ml v no no
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