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1. Summary 

1.1 The modulation of intracellular action of thyroid hormone 

in Squamous Cell Carcinomas (SCCs) 
Squamous cell carcinoma (SCC) is the second most frequent cancer worldwide and 

entails a substantial risk of metastasis. Thyroid hormone (TH) signalling regulates the 

metabolism, growth and differentiation of all cell types and tissues, and thus strongly 

impacts on cancer. However, our understanding of the effects exerted by TH on tumor 

formation and progression remains limited.  

Intracellular TH concentration is not simply the mirror of circulating TH levels but is 

regulated in the target tissues by a balance between the activating and inactivating 

deiodinases enzymes, D2 and D3 which provide the ability to fine-tune TH action at cell 

level. TH deregulation is frequent in human tumors, in particular type 3 iodothyronine 

deiodinase (D3), the thyroid hormone (TH)-inactivating enzyme, is overexpressed in 

hyper-proliferating contexts and in cancer. Studies from our group demonstrated that, by 

terminating TH action within the tumor microenvironment, D3 enhances cancer cell 

proliferation.  

The aim of my PhD thesis has been to understand how the TH regulation by the cell-

specific action of its inactivating enzyme, D3, regulates multiple aspects of 

tumorigenesis, ranging from cancer formation to progression. Epithelial tumors arise 

through a multistep process in which invasion and metastasis often depend on the cancer 

cell epithelial-mesenchymal transition (EMT). We observed that the D3-mediated 

activation of the intracellular thyroid hormone (TH) signal promotes the EMT and 

malignant evolution of squamous cell carcinoma (SCC) cells. TH induces the EMT by 

transcriptionally up-regulating ZEB-1, mesenchymal genes and metalloproteases and 

suppresses E-cadherin expression. Our study establishes a new role for TH in the 

tumorigenic process and describes a novel connection between a metabolic hormone and 

the invasive proclivity of SCC. Moreover, our data indicate that tumor progression 

depends on precise T3 availability and provide the rationale for the concept that 

pharmacological inactivation of TH signal reduces the progression and invasiveness of 

SCC, and probably of other hormone-sensitive carcinomas. 
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2. Introduction 
2.1 Squamous Cell Carcinoma (SCCs) 
Nonmelanoma skin cancer (NMSC), comprising squamous cell carcinomas (SCCs) and 

basal cell carcinoma (BCCs), is by far the most common cancer among Caucasian people, 

with a recorded incidence in 2006 of more than 3 million in the U.S. alone [1] .  
 

 
 

Figure 1 

Types of skin cancer 

The difference between BCC, SCC, and melanoma is the type of cell from which each arises and how far they penetrate 

the skin. BCC is thought to derive from skin stem cells within the hair follicle. SCC is a cancer of the keratinocyte (the 

most common cell in the epidermis, the outermost layer of the skin), and melanoma forms from melanocytes (skin cells 

in the bottom layer of the epidermis). 

 
Basal cell carcinoma (BCC) accounts for 75% of cases and is a slow-growing, locally 

invasive epidermal tumour with a metastatic rate of <0.1% [2]. Squamous cell carcinoma 

(SCC) accounts for the majority of the remainder of cases of NMSC and arises from 

dysplastic epidermal keratinocytes [3]. In contrast to BCC, SCC has a significant 

recognised rate of metastasis (0.3–3.7%), the majority of which occurs within a subgroup 

of high-risk SCC.  

The incidence of SCCs is sharply rising owing to increased exposure to carcinogens, such 

as ultraviolet radiation related to sun exposure, smoking, alcohol consumption or human 

papilloma virus (HPV) infection. SCCs are classified according to the location where they 
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appear, being frequently found in skin, head and neck, oesophagus, lung and cervix and 

more rarely in pancreas, thyroid, bladder and prostate. 

Cutaneous squamous cell carcinoma (cSCC) is the second most common malignancy in 

fair-skinned individuals behind BCC [4]. cSCC rarely metastasize (5%), but metastasis 

is associated with a poor prognosis, with only a 10–20% survival rate over 10 years [5].  

Although most nonmelanoma skin cancer can be successfully treated with surgery and/or 

chemotherapy, metastatic SCC is correlated with an extremely poor long-term prognosis 

[6]. 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 cSCC, crucial for understanding 

the molecular pathogenesis of these tumors.  

 

 
 

Figure 2 
Sequence of Events Thought to Occur after Ultraviolet (UV) Irradiation of the Skin. 
Probability that human cutaneous neoplastic lesions will progress to invasive carcinoma. 
 

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) [7]. 

Approximately 26% of AK/SCCis spontaneously regress in 1 year however in patients 

with greater than 20 lesions, approximately 20% develop invasive histologic features and 

become SCC (Figure 2) [8, 9]. Mutations in p53, an important tumor suppressor whose 

inactivation has been implicated in a variety of tumors, have been identified in UV 

exposed skin as well as the majority of AK/SCCis [10-12]. Inactivating mutations in this 
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tumor suppressor can lead to genomic instability and loss of cell cycle regulation resulting 

in a greater propensity for development of additional mutations in oncogenes that drive 

carcinogenesis [13, 14]. Characterization of p53 null mice (p53−/−) demonstrated an 

increased propensity for lymphoma and sarcoma but not primary cutaneous tumors [15, 

16]. However, in the presence of chronic UV exposure, p53−/− mice form AK and SCC-

like tumors supporting the role of UV in the pathogenesis of cSCC (Figure 3) [16]. 

 

 
Figure 3 

Sequence of Events Thought to Occur after Ultraviolet (UV) Irradiation of the Skin. 

Ultraviolet radiation generates specific mutations (the formation of thymidine dimers) in the p53 tumor-suppressor 

gene. C-to-T transitional changes at pyrimidine sites, including CC-to-TT double-base changes, are the most frequent 

form of nucleotide-base substitution in ultraviolet-B–damaged DNA sequences. Keratinocytes with one mutation in 

p53 after ultraviolet irradiation undergo apoptosis. In contrast, keratinocytes with dysfunctional p53 and an additional 

p53 mutation as a result of irradiation cannot undergo apoptosis and instead undergo clonal expansion, which is 

manifested clinically as the development of an actinic keratosis. Uncontrolled proliferation of abnormal cells leads to 

squamous-cell carcinoma in situ and invasive squamous cell carcinoma. 
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Mouse models of SCC tumor formation through chemical carcinogenesis resemble 

human skin cancers and offer an ideal model to study cancer initiation and growth [17]. 

The most extensively used mouse cancer model is the multi-stage chemically induced 

skin tumours [18], which represents one of the best-established in vivo models for the 

study of the sequential and stepwise development of tumors (Figure 4). 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. 

 

 
Figure 4  

Two-stage model of skin carcinogenesis in mice. 

During initiation, topical application of a sub-carcinogenic dose of a mutagenic agent induces mutations in target genes 

in keratinocyte stem cells. Repeated topical application of a promoting agent begins 2 weeks after initiation and 

continues for the duration of the study. Papillomas begin to arise after 6–12 weeks of promotion and a fraction begin 

to convert to squamous cell carcinoma (SCC) after 20 weeks. Representative H&E stained sections of normal skin, 

hyperplastic skin, a papilloma and a SCC are presented. All mice were handled in accordance with institutional and 

national regulations. 

 

In the first step of multi-stage chemical carcinogenesis (called ‘initiation’), mice are 

treated with a low dose of the mutagen 9,10-dimethyl-1,2-benzanthracene (DMBA). In 
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the second step (called ‘promotion’), mice are treated with 12-O-tetradecanoyl phorbol-

13-acetate (TPA), a drug that stimulates epidermal proliferation. During promotion, 

benign tumors (papillomas) arise, probably as a consequence of additional mutations, 

some of which will progress into invasive SCC. Interestingly, papillomas often contain 

activating mutations in HRas gene, suggesting that this mutation confers a selective 

advantage to epithelial cells [19]. However, not all papillomas contain mutations in the 

HRas gene, and some papillomas and SCC in both mouse and human present mutations 

in the KRas gene instead [20, 21]. Whereas Ras mutations seem to be an early step in skin 

cancer initiation, p53 mutations are associated with malignant progression [17, 22]. 

The first links between chemical exposure and the development of skin cancers prompted 

early attempts to develop tractable models for the study of chemically induced skin 

cancers. Chemical carcinogenesis of the skin has since emerged as the workhorse model 

of SCC, having been used to test hundreds of individual hypotheses across a wide range 

of topics in cancer biology. It played a pivotal role in the evolution of the concept of 

multi-stage carcinogenesis, as commonly applied to both human and mouse cancers, and 

has given rise to the operational definitions of the key tumor processes of initiation, 

promotion and malignant progression [23]. 
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2.2 Molecular mechanisms of Epithelial–Mesenchymal 

Transition (EMT). 
The idea that epithelial cells can downregulate epithelial characteristics and acquire 

mesenchymal characteristics arose in the early 1980s from observations made by 

Elizabeth Hay [24], who described epithelial to mesenchymal phenotype changes in the 

primitive streak of chick embryos. Initially described as ‘epithelial to mesenchymal 

transformation’, this differentiation process is now commonly known as epithelial–

mesenchymal transition (EMT) to emphasize its transient nature; mesenchymal–

epithelial transition (MET) describes the reverse process. The ability of epithelial cells to 

transition into mesenchymal cells and back, either partially or fully, illustrates an inherent 

plasticity of the epithelial phenotype. During EMT, epithelial cells lose their junctions 

and apical–basal polarity, reorganize their cytoskeleton, undergo a change in the 

signalling programmes that define cell shape and they reprogramme gene expression; this 

increases the motility of individual cells and enables the development of an invasive 

phenotype [25, 26].  

A hallmark of EMT is the downregulation of E-cadherin to reinforce the destabilization 

of adherens junctions. Additionally, the repression of genes encoding claudins and 

occludin, and desmoplakin and plakophilin, stabilizes the dissolution of apical tight 

junctions and desmosomes, respectively [27]. These changes in gene expression prevent 

the de novo formation of epithelial cell–cell junctions and result in the loss of the 

epithelial barrier function [28]. The repression of genes encoding epithelial junction 

proteins is accompanied by the activation of genes, which promote mesenchymal 

adhesion. Specifically, the downregulation of E-cadherin is balanced by the increased 

expression of mesenchymal neural cadherin (N-cadherin), which results in a ‘cadherin 

switch’ that alters cell adhesion [25, 29]. 

Remodelling of the ECM and changes to cell interactions with the ECM are essential in 

the initiation and progression of EMT. Integrin complexes enable cells to receive signals 

from ECM proteins through interactions with signalling mediators, such as integrin-

linked kinase (ILK), particularly interesting new Cys–His protein 1 (PINCH; also known 

as LIMS1) and parvin [29, 30]. As epithelial cells differentiate into mesenchymal cells, 

they do not interact with a basement membrane and communicate with a different ECM. 

Therefore, the cells downregulate some epithelial integrins, but activate the expression of 
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others; some of these newly expressed integrins have key roles in EMT progression. 

Changes to the integrin repertoire during EMT correlate with the increased expression of 

proteases, such as the matrix metalloproteinases MMP2 and MMP9, thus enhancing ECM 

protein degradation and enabling invasion [31]. MMPs additionally target some 

transmembrane proteins, which results in, for example, the release of the extracellular 

domain of E-cadherin, hence contributing to the loss of adherens junctions [31]. Some 

proteases that mediate invasion and some integrins, such as αvβ6, activate the 

differentiation factor TGFβ that is stored in a latent form in the ECM [32]. This exposes 

the cells to increased TGFβ signalling, which promotes EMT and stimulates the 

expression of some ECM proteins, such as collagens and fibronectin, enhancing the 

remodelling of the ECM into a matrix with a different composition and properties  [25, 

26]. 

The changes in gene expression that contribute to the repression of the epithelial 

phenotype and activation of the mesenchymal phenotype involve master regulators, 

including SNAIL, TWIST and zinc-finger E-box binding (ZEB) transcription factors. 

Their expression is activated early in EMT, and they thus have central roles in 

development, fibrosis and cancer. As these transcription factors have distinct expression 

profiles, their contributions to EMT depend on the cell or tissue type involved and the 

signalling pathways that initiate EMT. They often control the expression of each other 

and functionally cooperate at target genes [28], and additional transcription factors further 

define the EMT transcription programme and drive EMT progression. 

Together, the EMT transcription factors coordinate the repression of epithelial genes and 

the induction of mesenchymal genes, and often the same transcription factors direct both 

repression and activation [33]. 
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2.3 ZEB transcription factors.  
Zinc finger E-box binding homeobox 1 (ZEB1) is a transcription factor that promotes 

tumor invasion and metastasis by inducing epithelial-mesenchymal transition (EMT) in 

carcinoma cells [34].  

The mechanism of ZEB1-induced EMT mediation is that it is linked to the promoter 

region of the epithelial cell marker protein E-cadherin, inhibiting its transcriptional 

expression, causing the cells to lose epithelial properties. 

ZEB1-induced EMT enhanced the loss of epithelial cell adhesion and polarity, induces 

drives growth and cytoskeleton remodeling, migration, metastasis and invasion [34]. 

ZEB1 is expressed at a strong intensity in the malignant cells at the edge of the tumor in 

most of invasive area and this expression is accompanied by a decreased membranous 

expression of E-cadherin. 

Expression of ZEB1 (also named TCF8 or DeltaEF1) is regulated by multiple signaling 

pathways, such as WNT [35], NF-KB [36], TGF-β [37], COX2 [38], HIF signaling [39] 

and microRNAs [40, 41]. ZEB1 belongs to the ZEB family of transcription factors 

characterized by the presence of 2 zinc finger clusters, which are responsible for DNA 

binding, and a centrally located homeodomain. In addition, ZEB1 contains other protein-

binding domains including the Smad interaction domain (SID), CtBP interaction domain 

(CID) and p300-P/CAF binding domain (CBD) [28, 42]. Through zinc finger clusters, 

ZEB1 can bind to specific DNA sequences named E-boxes [28]. By recruiting co-

suppressors or co-activators through CID, SID or CBD, ZEB1 can either downregulate 

or upregulate the expression of its target genes [42]. For instance, ZEB1 directly binds to 

the E-box located in the promoter of CDH1, the gene encoding E-cadherin  [43] and 

recruits the CtBP transcriptional co-repressors [44] and/or the SWI/SNF chromatin-

remodeling protein BRG1 [45], leading to repression of CDH1 transcription and 

induction of EMT. On the other hand, by recruiting p300-P/CAF and Smad proteins, 

ZEB1 can activate the transcription of TGF-β-responsive genes and promote osteoblastic 

differentiation [42, 46]. 
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Figure 5. 

The process of ZEB1 in tumor invasion and metastasis.  
In response to EMT stimulating signal, ZEB1 level rises briefly to initiate EMT in cancer cells near or at the invasive, 

leading to edge of a primary tumor, loss of cell adhesion, degradation of ECM and formation of VM. As metastatic 

cells migrate away from the primary tumor, they lose ZEB1 expression. 
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2.4 Thyroid hormone action and deiodinases 
Thyroid hormones (THs), triiodothyronine (T3), and thyroxine (T4), are involved in 

different biological processes as cell growth, development, differentiation, and the 

regulation of metabolism and homeostasis [47]. 

In the bloodstream, the steady-state level of TH concentration is regulated by the 

hypothalamic-pituitary-thyroid (HPT) axis. Hypothalamic thyroid releasing-hormone 

(TRH) stimulates thyrotrophic cells in the anterior pituitary to produce thyroid 

stimulating-hormone (TSH). In turn, TSH induces the production of pro-hormone 

thyroxine (T4) and-to a lesser extent-the active form triiodothyronine (T3) by the thyroid 

gland [48].  Secreted THs are released into the circulation and carried bound to proteins 

such as thyroxin binding globulin, transthyretin or serum albumin [49].  

Besides systemic regulation, the TH concentration in target tissues can differ remarkably 

depending on local TH metabolism, which ultimately regulates target gene expression.  

To exert its functions, TH must overcome several check-points, namely TH transporters, 

TH-metabolizing enzymes (deiodinases), TH receptors (TRs), and their interactions with 

co-repressors and co-activators [50]. Once TH enters the bloodstream, a low amount of 

TH, not bound to circulating transport proteins, is free to act on target cells.  

The access of TH 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 [51-53].	 	These transporters are differentially 

expressed in tissues in a developmental and cell-type-specific fashion and, while most of 

them accept a variety of ligands, others have elevated substrate specificity [51, 54]. 	

Among the most important thyroid hormone transporters are MCT8 and MCT10. The 

monocarboxylate 8 (MCT8) is probably the most relevant transporter as mutations in the 

MCT8 protein have been associated with variable levels of mental retardation in humans 

combined with lack of speech development, muscle hypotonia and endocrine 

dysfunctions [51, 55].  

MCT8 transports both T4 and T3 and is expressed in liver, muscle, kidney and in many 

brain areas [56, 57], whereas the monocarboxylate 10 (MCT10) preferentially transports 

T3 instead of T4 and is expressed in kidney, liver and muscle [51]. Once transported into 

the cell, thyroid hormones can be metabolised by outer or inner ring deiodination through 
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the iodothyronine deiodinases, a selenocysteine-containing enzyme family consisting of 

three types: type 1 (DIO1), type 2 (DIO2) and type 3 (DIO3) (Figure 6) [58].  

 
Figure 6 

Deiodinase thyroid hormone action.  

The pro-hormone T4 is activated by monodeiodination of the phenolic thyronine ring consequent to the action of DIO1 

or DIO2 to form T3. Deiodination of the tyrosyl ring by DIO1 or DIO3 inactivates T4 and T3. Additional 

monodeiodination reactions generate reverse T3 (through DIO3-mediated T4 deiodination) and T2 (through DIO1-

mediated and DIO2-mediated T3 deiodination). Reverse T3 cannot bind to the receptor and is thus considered an 

inactive metabolite. T2 is not involved in the genomic action of T3, but it might exert various metabolic effects. 

 

All deiodinases 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 [59]. All the three deiodinases are 

homodimers whose dimerization is required for full catalytic activity [60, 61]. 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. Iodinated contrast agents such as 

iopanoic acid inhibit all three deiodinases, while propylthiouracil is a relatively specific 

inhibitor for DIO1 [59]. 
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DIO1 is localized in the plasma membrane and is able to exert both activating and 

inactivating functions. DIO2 is localized in the endoplasmic reticulum and the DIO2 

enzyme is considerably more efficient than DIO1: it catalyses the removal of an outer 

ring iodine atom from the pro-hormone T4 to generate the physiologically active product 

T3 [62, 63]. DIO1 is expressed in the thyroid, liver and kidneys, whereas DIO2 

contributes to T3 production in the central nervous system, thyroid, skeletal muscle and 

brown adipose tissue [64]. 

DIO3 is localized in the plasma membrane and is the terminating enzyme, which 

irreversibly inactivates T3 and prevents T4 activation by catalysing the removal of an 

inner ring iodine atom, generating inactive metabolites that do not interact with T3 

receptors, reverse triiodothyronine (rT3) and 3,3’-diiodothyronine (T2), respectively [65, 

66] (Figure 7).  

 

 

 

 

Figure 7 

Types 1, 2, and 3 iodothyronine selenodeiodinases. 

DIO1 is localized in the plasma membrane and is able to exert both activating and inactivating functions of TH. 

DIO2 is localized is localized in the endoplasmic reticulum and contributes to T3 production from the pro-hormone 

T4. DIO3, the TH-inactivating enzyme, is localized in the plasma membrane. 

 

DIO3 is highly expressed in placenta and plays an important role during embryonic 

development protecting the fetus from excessive exposure to active thyroid hormone. 

DIO3 is also expressed in the brain and skin, but in adult healthy tissues expression levels 

are very low. 
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However, under specific pathophysiological conditions, its expression can be induced in 

other tissues [67] and is correlated with hyperproliferation conditions as cancer. 

Therefore, depending on whether the deiodination occurs on the inner (IDR) or outer ring 

(ODR) of the iodothyronine substrate, the deiodination results in activating pathway or 

inactivating pathway. 

Currently, tissue thyroid hormone concentrations are thought to be determined by the 

balance between deiodinases present in the tissue rather than by serum TH concentrations 

alone. Thus, the TH-inactivating enzyme impedes thyroid hormone access to specific 

tissues at critical times and prevents TH receptor saturation [68].  

Once the active hormone T3 is present inside the cells, the classical mechanism of action 

of THs is mediated by the binding of T3 to nuclear receptors (TRs), a family of ligand-

dependent transcription factors that enhance or inhibit the expression of target genes by 

binding to specific DNA sequences, known as TH response elements (TREs).  

Thyroid hormone receptors exist in two isoforms, TRα and TRβ, which are encoded by 

the THRA and THRB genes, respectively [50]. 

The binding of T3 to TRs promotes a conformational change that induces the exchange 

of corepressors for coactivators, thus leading to gene transcription on responsive genes, 

a process known as the genomic effect of thyroid hormones [69, 70].  

Besides the genomic action of THs, a second mechanism of TH actions is constituted by 

the non-genomic effects of thyroid hormones, which involves the binding of T3 or T4 to 

cellular proteins and interactions of thyroid hormone receptor with cellular partners [50]. 

Importantly, although these cytosolic interactions of thyroid hormone or thyroid hormone 

receptor are collectively called non-genomic actions, they might culminate in 

transcriptional activation of target genes [71]. 
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2.5 The relationship between thyroid hormone and skin 
The skin, as the primary interface between the body and the environment, provides a first 

line of defence against microbial pathogens and physical and chemical insults.  

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 [72].  

Human skin has two main compartments: the epidermis and the dermis (Figure 8).  

 
 

Figure 8 

Skin anatomy and cellular effectors.  

The structure of the skin reflects the complexity of its functions as a protective barrier: the epidermis contains the 

stratum basale, the stratum spinosum, the stratum granulosum and the outermost layer, the stratum corneum, which is 

responsible for the vital barrier function of the skin. Specialized cells in the epidermis include melanocytes, which 

produce pigment (melanin), and Langerhans cells. Rare T cells, mainly CD8+ cytotoxic T cells, can be found in the 

stratum basale and stratum spinosum. The dermis is composed of collagen, elastic tissue and reticular fibers. It contains 

many specialized cells, such as dendritic cell (DC) subsets, including dermal DCs and plasmacytoid DCs (pDCs), and 

T cell subsets, including CD4+ T helper 1 (TH1), TH2 and TH17 cells, γδ T cells and natural killer T (NKT) cells. In 

addition, macrophages, mast cells and fibroblasts are present. Blood and lymphatic vessels and nerves (not shown) are 

also present throughout the dermis. 

 
The epidermis is the outer compartment and contains four strata. The stratum basale is 

the bottom layer of the epidermis and is responsible for the constantly renewing of the 

epidermal cells. This layer contains just one row of undifferentiated epidermal cells, 
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known as basal keratinocytes, that divide frequently. Basal keratinocytes differentiate and 

move to the next layer (the stratum spinosum; also known as the prickle cell layer) to 

begin a maturation process, but also divide to replenish the basal layer. Cells that move 

into the stratum spinosum change from being columnar to being polygonal in shape and 

start to synthesize keratins that are distinct from the basal-layer keratins. Keratinocytes 

in the stratum granulosum are characterized by dark clumps of cytoplasmic material and 

these cells actively produce keratin proteins and lipids. The stratum corneum, as the 

ultimate product of maturing keratinocytes, is the outermost of the four strata of the 

epidermis and is largely responsible for the barrier function of the skin. Cells in this layer, 

known as corneocytes, are dead keratinocyte-derived cells that are devoid of organelles.  

Keratinocytes of the basal layers express basal keratins K5 and K14; as cells exit from 

the basal layer and begin their journey towards the skin surface, they switch from the 

expression of keratins K14 and K5 to K1 and K10 [73]. The first suprabasal cells are 

known as spinous cells, reflecting their cytoskeleton of K1/K10 filament bundles 

connected to robust cell–cell junctions known as desmosomes. K6, K16 and K17 are also 

expressed suprabasally, but only in hyperproliferative situations such as wound healing 

(Figure 9) [73]. 

 

 

 
 

 

 

 

 

 

 

 

 
Figure 9 

Skin structure 

The epidermis is constituted by an undifferentiated basal layer (BL) of cells that progressively differentiate in the 

spinous layer (SL), granular layer (GL), and the cornified layer (CL). The HF consists of an outer root sheath (ORS), 

an inner root sheath (IRS), and a hairs haft (HS). The lower part of the follicle, the hair bulb, is characterized by 

proliferating matrix cells (M) and by the dermal papilla (DP), which is the dermal component of the HF. The major 

keratins expressed in different compartments are indicated.  
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Terminal differentiation within the interfollicular epidermis ultimately leads to the 

formation of a functional skin barrier that protects organisms from water loss, infections, 

and various insults. During the whole process, distinct signalling patterns specify 

different developmental stages and these stage-specifically regulated signalling events 

ensure the correct morphogenesis of skin epidermis and its appendages [72, 74]. 

Hair follicles (HF) and sebaceous glands, two epidermal appendages, are embedded in 

the dermis and are separated from the dermis by the basement membrane, whose 

components are secreted by epidermal keratinocytes and dermal fibroblasts. The 

epidermal stem cell compartment resides in the basal layer of the epidermis and in a 

specific region of the outer root sheath, named bulge. 

Specialized cells of the epidermis include melanocytes, which produce the pigment 

melanin, and Langerhans cells, which are the main skin-resident immune cell. In addition, 

T cells, mainly CD8+ T cells, can be found in the stratum basale and stratum spinosum 

[75].  

The skin is a well-recognized target of thyroid hormone, which is an important regulator 

of epidermal homeostasis [76]. The effects of TH on keratinocyte dynamics are mostly 

exerted through transcriptional regulation mediated by the genomic action of the two TH 

nuclear receptors, TRα and TRβ, which act both as positive or negative regulators of 

transcription on different promoters and in different pathophysiological conditions [77]. 

A striking example is given by the amphibian metamorphosis, when TH governs various 

differentiation programs comprising the switch from a bilayer non-keratinized epithelium 

into a stratified, keratinized epidermis [78]. 

Especially, TH in skin exerts profound effects on fetal epidermal differentiation, barrier 

formation, hair growth, wound healing, keratinocyte proliferation, and keratin gene 

expression [79]. 

Indeed, TH action is crucial for the balance between proliferation and differentiation in 

normal and pathological conditions, including epidermal regeneration [80] and cutaneous 

cancer [81]. 

Many keratins have been identified as TH-responsive genes [82]. In amphibian 

metamorphosis, TH is required for skin changes and correlates with the expression of 

adult keratins and the loss of embryonic keratins [83]. In mammalian epidermis and in 

the HF, TH regulates a number of keratins, including K5, K14, K6, K16, and K17 [80, 
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84-87]. Similarly, TRα and TRβ can regulate either positively or negatively the 

expression of selected keratins in cultured cells [82, 88-90].  

In humans, thyroid dysfunction is associated with alterations in skin architecture and 

homeostasis [91]. 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 [92]. 

In hypothyroid subjects, the skin is dry, cold, and rough. The epidermis is hyperkeratotic, 

alopecia may develop, and there is diffuse myxedema [92].  

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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2.6 Type 3 deiodinase and cancer 

The Dio3 gene is localized in the imprinted Dlk-Dio3 region of human chromosome 14 

and mouse chromosome 12 and is expressed predominantly by the paternal allele [93]. 

The human and mouse Dio3 genes have various unique features:  

1) they are devoid of introns; 2) they contain a UGA codon located in the open reading 

frame and a stem-loop mRNA structure (SECIS) in the 3’-UTR of the mRNA that is 

essential for selenocysteine (Sec) incorporation at the UGA codon [94] and 3) the Dio3 

locus contains an overlapping, long-non-coding antisense-transcript (lncRNA) named 

Dio3-os, which is a common feature of various imprinted genes [95].  

In vertebrates, D3 is highly expressed during development and, although its expression 

decreases in most tissues in adult life, it persists in few organs, as brain, skin, placenta, 

pregnant uterus and pancreatic b-cells [96-98].  

Being the principal physiological inactivator of TH, D3’s main function is to protect 

tissues from an excess of active hormone. Thyroid hormone excess is among the more 

potent inducers of D3. It represents a homeostatic negative feedback loop by which TH 

accelerates its D3-mediated degradation. The widespread D3 expression during 

development in different species and its dynamic and coordinated expression with the 

TH-activating enzyme D2, reflects the critical importance of the strict regulation of TH 

levels during development [99].  

In mammals, D3 expression at maternal-fetal interfaces is required to constitute a barrier 

to the maternal-to-fetal transfer of T4, thus maintaining the relatively low TH levels in 

the fetus since embryonic exposure to excessive levels of maternal TH was found to be 

highly detrimental [100], while its expression in endometrium suggests that local 

regulation of thyroid status is important in implantation [81, 98, 100].  

The TH inactivation pathway via D3 has recently been implicated in the post-embryonic 

regulation of proliferation in a number of cell types including keratinocytes and brown 

adipocyte precursors [81, 101]. 

Indeed, D3-mediated local hypothyroidism promotes cellular proliferation by regulating 

the nuclear T3 availability. 

Of note, several studies have revealed the re-expression of D3 in different 

pathophysiological conditions associated with enhanced proliferation, as cardiac 
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hypertrophy, myocardial infarction (MI), chronic inflammation, critical illness and 

including cancer [48]. 

Given its activity in regulating several cell functions, it is not surprising that TH has been 

involved in the formation and maintenance of neoplastic processes [67].  

This finding suggests a link between deiodinase-mediated TH metabolism and 

carcinogenesis. Because of its presence in fetal and in malignant tissues, D3 is referred 

to as an ‘oncofetal enzyme’. 

Thyroid hormone metabolism as well as D3 overexpression have been shown to play a 

major role on the growth of various tumors (for example, colon cancer [102, 103] and 

basal cell carcinoma (BCC) [81, 104] ). Interestingly, a common feature of TH in cancer 

regulation is that TH establishes a feedback loop with most of the oncogenic signal factors 

that regulate tumorigenesis, such as the sonic hedgehog [104], WNT [103], bone 

morphogenetic protein [103], Notch [105], phosphoinositide 3-kinase [106] and RAS 

pathways [107]. 

The picture that emerges is that thyroid hormone affects various oncogenic and tumor 

suppressor pathways that in turn alter the balanced expression of Dio2 and/or Dio3, thus 

resulting in a fine circular loop that amplifies or attenuates tumor growth[103, 104].  

BCCs are clear-cut examples of how DIO3-induced attenuation of thyroid hormone 

signalling promotes and sustains cancer cell proliferation and progression (Figure 10) [81, 

102, 108].  
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Figure 10 

The tumorigenesis of basal cell carcinoma is highly sensitive to thyroid hormone action.  

DIO3 is expressed in the basal layers of normal skin and its expression gradually decreases in the upper layers. In many 

tumorigenic contexts, particularly in basal cell carcinoma (BCC) tumours, DIO3 expression is potently upregulated. In 

BCC tumours, DIO3 inactivates thyroid hormones and enhances proliferation of BCC cells. Depletion of DIO3 or 

thyroid hormone treatment with liothyronine drastically reduces BCC growth by inducing BCC cell apoptosis. 
 

Proliferation and survival of BCC cells is physiologically regulated by the Hedgehog 

(Hh) pathway, which plays a pivotal role in embryogenic development and tumorigenesis 

[109-112]. 

Vertebrates possess 3 Hedgehog (Hh) proteins, Sonic Hh (Shh), Indian hedgehog (Ihh), 

and Desert hedgehog, all of which bind to the receptor patched homolog (Ptch)-1. Upon 

Hh binding, the signal is transduced to the ultimate effectors of the pathway, namely, the 

zinc-finger transcription factors glioma associated oncogene Gli1, Gli2, and Gli3 [104]. 

Aberrant activation of the Hh signalling pathway is involved in several malignancies, and 

the signalling pathway is inappropriately activated in up to 25% of human tumors [113]. 

Proliferative effects have been associated with activation of the Hh pathway in several 

systems [114, 115]. In skin, constitutively active Shh signalling causes formation of hair 

follicle-derived tumors, of which BCC represents the most common cancer in humans 

[113, 116]. Mutations in the patched receptor (PTCH), which is an inhibitory component 

of the Hh pathway, have been identified in patients with Gorlin’s syndrome [117, 118] 

that is associated with high rates of BCC and medulloblastoma. Besides misexpression 

of Hh molecules, ligand-independent signaling, such as amplification of Gli1 or Gli2, 

mutations in PTCH or Smoothened (SMO), are correlated with several types of human 

cancers [119, 120].  
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Therapeutics strategies targeting Sonic hedgehog (Shh) signalling are currently used in 

different clinical trials for the treatment of cancer patients and represent an important 

nonsurgical approach to interfere with BCC occurrence and growth [121]. D3 is 

overexpressed in BCCs of both mouse and human origin, and is under the control of Shh, 

which increases Dio3 expression by acting via a conserved Gli2 binding site on the human 

Dio3 promoter [81]. By decreasing TH action in the BCC microenvironment, D3 

promotes BCC tumorigenesis. In addition, Gli2 and the Shh pathway are negative targets 

of TH, which thus attenuates cancer formation [104].  

Interestingly, a recent study of my group has shed light on a reciprocal regulation between 

TH action and the cancer-associated microRNA-21 (miR21) in basal cell carcinoma 

(BCC) skin tumors [122]. miR21 has been related to the pathogenesis of various 

malignant tumors, including prostate, gastric, colon, breast, and lung cancer [47, 113-

120, 123]. 

Apart from being involved in carcinogenesis, miR21 plays a crucial role in a plethora of 

biological functions and diseases, namely development, cardiovascular diseases, and 

inflammation [124]. miR21 is also expressed in skin [125-127], and its potential role as 

a regulator of skin homeostasis is demonstrated by its upregulation in such diseases as 

psoriasis, atopic dermatitis [128, 129], melanoma, and squamous cell carcinoma (SCC) 

[130-132].  

Interestingly, miR21 is a negative TH target and also modulates TH metabolism by 

inducing D3 expression. Moreover, a new miR21 target gene, GRHL3 (Grainyhead Like 

Transcription Factor 3), which is a transcription factor expressed in the skin essential for 

keratinocyte differentiation [133-136], is a novel suppressor of D3 and accounts for the 

positive regulation of miR21 on D3 levels (Figure 11).  
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Figure 11 

BCC tumorigenesis requires an intact miR21/GRHL3/D3 axis. 

Schematic representation of the mutual, negative-feedback loop by which TH regulates miR21 and miR21 controls 

intracellular TH through GRHL3. 

 

These data demonstrate the existence of a miR21/GRHL3/D3 regulatory circuit that leads 

to a reduction of the TH signal in the tumor microenvironment. Disruption of this 

regulation in vivo drastically attenuates the oncogenic potential of BCC cells [122].  

Importantly, genetic skin specific Dio3 depletion in a mouse model with spontaneously 

forming BCC tumors, drastically reduces tumor occurrence and prevents miR21 

overexpression in these tumors. 

Therefore, TH functions as a suppressor of BCC tumors by regulating multiple pathways, 

irrespective of miR21, and identify the TH-inactivating enzyme D3 as a potential target 

of anticancer therapy able to attenuate BCC growth [81, 122]. 

Although D3 is the deiodinase most involved in cancer formation, my group recently 

found that also the type 2 deiodinase, D2, is expressed in tumor cells and in BCC [108].  

The expression of both, D2 and D3 in BCC suggests that their action fine-tunes the TH 

signal in this cellular context. Indeed, we observed that manipulation of D2 or D3 

dramatically affects the proliferative potential of BCC cells [108]. These results are 

compatible with the recent finding that precise regulation of the TH-dependent landscape 

of gene expression is essential in a vast range of biological processes, namely, embryonic 

development, tissue repair, and tumorigenesis [66].  

From a broad perspective, these novel concepts expand the use of deiodinases as a tool 

with which to interfere in diverse pathophysiological contexts in order to adapt the TH 

signal in a tissue-specific fashion. 
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3. Aim of the project 
Thyroid hormones (TH) T3 and T4 regulate the metabolism and growth of all cell types, 

and thus strongly impact on cancer [48]. Intracellular TH signaling is adapted within 

target cells via the action of the deiodinase enzymes D2 and D3. In detail, D2 confers on 

cells the capacity to produce extra amounts of T3 thereby enhancing TH signaling, 

whereas D3 has the opposite effect [66].  

The deiodinase system is often altered in such pathological conditions as cancer. In fact, 

the type III deiodinase (D3), rarely expressed in adult life, results re-activated in various 

types of human cancers where plays a critical role in the regulation of cell proliferation. 

Several studies have demonstrated that D3 is overexpressed also in Basal Cell Carcinoma 

(BCC), the most frequent skin cancer and that this event is under the control of the Shh 

pathway [81]. Attenuation of TH by D3 in BCC cells is sufficient to enhance 

susceptibility to cancer formation [81].  

The anti-tumorigenic action of TH in BCC can be attributed to its ability to reduce tumor 

cell proliferation, and increase the apoptotic rate [108, 137]. Accordingly, TH treatment 

reduces tumor growth by attenuating the oncogenic potential of the BCC tumor drivers 

Shh and miR21 [104, 122]. 

Is D3 expression limited to BCC or do other skin tumoral lesions express D3? 

However, how TH impacts on the progression, invasiveness and metastasis of skin 

cancers is largely unknown. 

My PhD project aimed to understand the effects of TH signaling and D3 

overexpression in a different model of skin cancer, the SCC, which provides a better 

model to assess the role of TH metabolism not only in a context of relative benign 

tumorigenesis, but also to evaluate  during the different stages of the neoplastic 

process. 

Since BCCs are benign and not prone to progress, we studied the more aggressive 

Squamous Cell Carcinoma (SCC) tumors. In detail, we investigated how type III 

deiodinase is regulated during cSCC progression and evaluated whether and how 

perturbation of the deiodinase-driven regulation of TH metabolism functionally impacts 

on the behavior of cSCC.  
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4. Results 
4.1 TH signalling is dynamically regulated during 

tumorigenesis.  
To investigate the role of TH and its metabolism in the progression, invasiveness, and 

metastasis of skin cancers, we studied the expression of D2 and D3 in different stages of 

SCC using the two-step chemically induced carcinogenesis model [138]. In the first, 

initiation step, mice were treated with the mutagen DMBA; in the second promoting step, 

mice were treated with 12-O-tetradecanoyl-phorbol-13-acetate (TPA), a drug that 

stimulates epidermal proliferation and inflammation (Fig. 12A). Because of the lack of 

functional D2 antibodies in commerce, carcinogenesis experiments were performed in 

the knock-in D2-Flag mouse [139] in which the endogenous Dio2 gene is fused to the 

Flag tag. As shown in Figure 12B, D3 rapidly increased during the initial tumorigenic 

step and peaked at the hyperplastic epidermis stage. D3 was highly expressed up to the 

formation of papillomas, which are benign intermediate lesions in the multistage 

progression to skin carcinoma [140] (Fig. 12B). 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 (Figure 12B, C). D2 

was closely associated with the expression of K8, which is a simple epithelial keratin 

absent in normal epidermis but often detected in advanced SCCs [141]. mRNA analysis 

confirmed the sequential expression of D3 and D2 at 15 and 30 weeks after DMBA/TPA 

treatment (Fig. 12C). Notably, the dynamic expression of D2 and D3 is consistent with 

lower intra-tumoral T3 levels in the papillomas then in the more advanced SCCs (Fig. 

12D). Co-expression of D2 and D3 with markers of specific stages of tumorigenesis was 

confirmed by western blot and immunofluorescence analysis (Fig. 12B, E and F). In 

detail, D2 expression was associated with reduced E-cadherin and enhanced vimentin 

expression, which is a sign of the EMT typical of advanced SCCs (Fig. 12F).  
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Figure 12 
 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 μm. (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) Intracellular T3 was measured as indicated in 
the “Methods” section in dorsal skin tissues from mice treated with DMBA-TPA for 15 (PAP) and 30 (SCC). (   E) Western blot analysis 
of D2-Flag and D3 expression from skin lesions of D2-3xFlag mice treated with DMBA-TPA for the indicated times (n = 8). 
HEK293 cells transfected with D2-Flag or D3 served as D2 and D3 controls, respectively. Arrows indicate the papillomas (PAP) and 
SCC tumors. (F) Western blot analysis of E-cadherin, vimentin, and tubulin in the same samples as in e. Quantification of the single 
protein levels versus tubulin levels and the E-cadherin/vimentin ratio is represented by histograms. 
 

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. 
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4.2 Sustained TH signaling accelerates tumor invasion 
To gain insight into the role of TH during the early stage of chemical tumorigenesis, we 

disrupted the TH signal by depleting D3 in the epidermal compartment. To this end, we 

crossed the D3fl/fl [142] mice with the K14CreERT mice [143], thus generating the 

K14CreERT+/-, D3fl/fl (skin D3KO, sD3KO) and K14CreERT-/-, D3fl/fl (CTR) mice. D3 wad 

depleted by tamoxifen treatment, and DMBA/TPA was applied to the dorsal skin one 

week later (Figure 14 A). Effective D3-depletion from the epidermal compartment was 

confirmed by PCR and immunofluorescence (Figure 13 A, B).  

 
Figure 13 
D3-depletion in the epidermal compartment. 
(A) D3 depletion in sD3KO mice was confirmed by immunofluorescence analysis of dorsal skin of sD3KO and control mice. Scale 
bars represented 100 μm. (B) D3 depletion in sD3KO mice was confirmed by PCR analysis of the same dorsal skin as in A. 

 

Dorsal skin and skin lesions were collected 8 and 15 weeks after treatment. Eight weeks 

after DMBA treatment, the analysis of skin morphology and of the markers of epidermal 

hyperplasia, i.e., K14 and K6, showed that tumor formation was much lower in sD3KO 

mice than in controls (Figure 14 B). Accordingly, tumor formation was attenuated in 

sD3KO mice 15 weeks after DMBA treatment. D3-depletion reduced the frequency 

(number of tumors at each time point) and the incidence (time of lesion appearance) of 

cancers (Figure 14 C).  
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Figure 14 
Increased thyroid hormone action in epidermal-specific D3KO mice reduced the frequency and incidence of SCC tumor 
formation.  
(A) Schematic representation of D3-depletion and the two-step carcinogenesis experiment in 12 CTR and 12 sD3KO samples (n = 
12). b Representative H&E and K6 staining of DMBA-TPA-treated CTR (n = 8) and sD3KO (n = 8) skins for 8 weeks. Scale bar 
represents 200 μm (top). mRNA levels of K6 and K14 were measured by real-time PCR analysis in 16 lesions from CTR mice and 
16 lesions from sD3KO mice (bottom). (C) The number of skin lesions was counted during the two-step carcinogenesis experiment 
as indicated in A (ii). Tumor incidence is expressed as the number of tumors per mouse. 
 

Strikingly, based on morphological features, the few skin lesions observed in the sD3KO 

mice were more advanced lesions then those in control mice (Figure 15 A). Accordingly, 

K8 expression was higher in D3KO mice than in control mice, which suggests that D3-

depletion accelerates SCC formation (Figure 15B). The E-cadherin/N-cadherin ratio was 

lower in D3KO lesions than in control lesions, which confirms the more advanced stage 

of these lesions in D3KO mice (Figure 15 C, D). These results indicate that TH plays an 

unexpected stage-specific role in SCC development, i.e., T3 slows the early stages of 

tumorigenesis, but induces SCC progression (Figure 15 E).  

 



 32 

 
Figure 15 
Increased thyroid hormone action in epidermal-specific D3KO mice enhanced the migration and invasion potential of SCC.  
(A) Representative images of the dorsal skin from CTR and sD3KO mice treated with DMBA-TPA for 15 weeks (n = 12). H&E of 
the skin lesions from CTR (n = 6) and sD3KO (n = 6) mice treated with DMBA-TPA for 15 weeks. Scale bar represents 200 μm. 
(B) mRNA levels of K8 in the dorsal skin of CTR (n = 15) and sD3KO (n =15) mice. (C) mRNA levels of E-cadherin/N-cadherin 
in skin lesions of CTR (n = 15) and sD3KO (n = 15) mice measured by real-time PCR analysis. (D) Western blot analysis of E-
cadherin, N-cadherin, and vimentin expression in skin lesions of CTR (n = 10) and sD3KO mice (n = 10). Quantification of the 
single protein levels versus tubulin levels and the E-cadherin/N-cadherin ratio is represented by histograms. *P< 0.05, **P< 0.01. 
(E) Schematic representation of the effects of D3-depletion on SCC tumor growth and progression. 
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4.3 Intracellular T3 induces Epithelial-Mesenchymal 
Transition (EMT) of SCC cells.  
Given the effects of D3-depletion in SCC progression, we investigated whether the 
TH signal is a positive regulator of the invasive conversion of cancer cells. 
Consequently, we evaluated the contribution of the TH signal to the promotion of the 
Epithelial-mesenchymal transition (EMT) in the human skin squamous cell 
carcinoma SCC 13 cells. As shown in Figure 16 A, T3 treatment increased N-cadherin 
expression and slightly reduced E-cadherin expression, thereby resulting in a net 
attenuation of the E-cadherin/N-cadherin ratio, which indicates an increased EMT 
profile. We also measured the expression of two other EMT markers namely, 
vimentin and Twist, and found that both were positively regulated by T3 (Figure 16 
B). These results were confirmed in two other SCC cell lines (the head and neck SCC 
cells SCC 011 and SCC 022). Indeed, T3 treatment reduced the E-cadherin/N-
cadherin mRNA ratio and increased the mRNA expression of vimentin and Twist 
(Figures 16 C, D, E). 
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Figure 16 
Thyroid hormone activation induces the epithelial–mesenchymal transition of SCC13 cells.  
(A) SCC cells were treated with 30 nM T3 for different time points or with 5 ng/μl TGFβ for 48 h. Total protein lysates were used 
for western blot analysis of E-cadherin and N- cadherin expressions. Tubulin expression was measured as loading control. One 
representative immunoblot of seven is shown (top). Quantification of the E-cadherin/N-cadherin ratio in the western blot is 
represented by histograms. (B) Vimentin and Twist mRNA expression in SCC13 cells treated with 30 nM of T3 for 48h. (C-D) E-
cadherin/N-cadherin mRNA expression and their ratio were measured by Real Time PCR in SCC011 and SCC022 cells treated with 
30 nM of T3 for 24 e 48h. (E-F) Vimentin and Twist mRNA expression in SCC011 e SCC022 cells treated with 30 nM of T3 for 
48h. 

 
To explore the role of the intracellular control of TH action in EMT, we suppressed 
D2 or D3 expression in SCC 13 cells using CRISPR/Cas9 technology. D2-depletion 
and D3-depletion were verified by gene sequencing and PCR analysis (Figure 17 A-
B). Western blot revealed that D3-depletion (which increases intracellular T3) 
phenocopied the effects exerted by T3 on the EMT. Indeed, the E-cadherin/N- cadherin 
ratio at mRNA and protein level was reduced in D3KO cells and in T3-treated cells 
(Figures 17 B, C). Accordingly, the E-cadherin/N-cadherin ratio was elevated in 
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D2KO cells versus control cells (Figure 17 E). The expression of the EMT markers 
vimentin and Twist was also inversely regulated in D2KO cells versus D3KO cells 
(Figure 17 E).  

 
Figure 17 
Markers of EMT are inversely regulated in D2KO cells versus D3KO cells. 
(A) Schematic representation of Dio3 locus; mutagenesis of Dio3 was assessed by PCR analysis. The green arrows indicate the 
mutated DIO3 products. (B) Schematic representation of Dio2 locus; mutagenesis of Dio2 was assessed by genomic DNA 
sequencing of exon 1. (C) Western blot analysis of E-cadherin and N-cadherin expressions in SCC-D3KO cells. (D) Western blot 
analysis of E-cadherin and N-cadherin expressions in SCC-D2KO cells. (E) E-Cadherin/N-Cadherin ratio, Vimentin and Twist 
mRNA expression level was evaluated by Real Time PCR in D3KO cells and in D2KO cells compared to the control, CRISP-CTR 
SCC cells. 
 

However, D3-depletion and T3 treatment of SCC cells caused a morphological shift, 
namely, delocalization of phalloidin from the membrane to the cytoskeleton, an increase 
of vimentin expression and a decrease of E-cadherin expression (Figure 18 A, B). 
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Notably, T3 reduced SCC cells proliferation (Figure 18 C), which confirms its effects as 
an anti-proliferative agent in SCC, but contextually, it enhanced the migration of SCC 
cells (Figure 18 D). Accordingly, D3-depletion in D3KO cells caused growth attenuation, 
but enhanced migration (Figure 18 E, G), whereas D2KO cells had the opposite profile, 
increased proliferation and reduced migration (Figure 18 F, G). 
 
 

 
 
 
Figure 18 
Thyroid hormone activation induces the epithelial–mesenchymal transition and migration and invasion ability of SCC cells.  
(A) Representative phase contrast of CTR and D3KO cells. Scale bars represent 50 μm. (B) Phalloidin (red), Vimentin (red), and E-
cadherin staining (green) of untreated and T3-treated SCC cells, SCC-CTR cells, and SCC-D3KO cells. One representative 
experiment of 5 is shown. Scale bars represent 50 μm. *P < 0.05, **P < 0.01. (C) Cell proliferation was assessed by colony assay 
of SCC cells treated or not with 30 nM T3 (top). The number of colonies formed 8 days after plating shown by scale bars (Bottom). 
One representative assay of five is shown. (D) Wound scratch assay was performed in SCC cells after treatment with T3 (30 nM) 
for 0, 6, and 24 h. Cell migration was measured as described in the “Methods” section. Scale bars represent 200 μm. (E) Clonogenic 
assay of CTR and D3KO cells; representative images of petri dishes are shown. (F) Clonogenic assay of CTR and D2KO cells; 
representative images of petri dishes are shown. (G) Wound scratch assay was performed in in D3KO cells and in D2KO cells 
compared to the control, CRISP-CTR SCC cells. 
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To assess whether T3 induced invasiveness as well as migration, we performed a 
transwell invasion assay and found that T3 significantly increased the invasiveness of 
SCC cells (Figure 19 A), and, similarly, D3KO cells invaded the matrix more efficiently 
than did control cells (Figure 19 B).  
 

 
 

Figure 19 

Thyroid hormone treatment or D3-depletion increases invasiveness of SCC cells. 

(A) Invasion assay performed on SCC cells treated or not with 30 nM T3 for 5 days. (b) Represents cells that invaded 

on the receiver plate and the area covered by invaded cells is indicated. The percentage of cells that migrated and 

invaded are represented by histograms. (B) Invasion assay performed on SCC CTR and D3KO cells. The percentage 

of cells that migrated and invaded are represented by histograms. 

 

Since T3 induced matrix degradation (Figure 19 A, B), we extended the analysis to 
metalloproteases, which are important inducers of invasiveness and of the EMT. We 
analyzed the expression patterns of a panel of seven metalloproteases (MMP 2, 3, 7, 8, 9, 
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10, and 13) in D3KO and D2KO cells versus control cells. Real-time PCR analysis 
revealed that the expression of MMP 2, 3, 7, and 13 was higher in D3KO cells and lower 
in D2KO cells than in controls (Figure 20 A). Accordingly, secretion in the culture 
medium and the enzymatic activity of metalloproteases 2, 3, 7, and 13 were robustly 
increased in D3KO and reduced in D2KO cells (Figure 20 B, C). These results show that 
TH acts as an up-stream regulator of cell matrix degradation and of the cell invasion 
process. 

 
Figure 20 

D3 depletion increases the activity of metalloproteases. 

(A) Metalloproteases 2, 3, 7 and 13 mRNA expression were analyzed by real time PCR in D3KO, D2KO and CTR 

cells. (B) Rate of secretion of Metalloproteases was measured in the culture medium. (C) Enzymatic activity of 

Metalloproteases was measured by Elisa. 
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4.4 Evidence of a T3-ZEB-1 functional network.  
We next investigated the molecular mechanisms by which T3 induces the EMT and 

invasiveness of SCC cells. We profiled the expression of 84 genes whose expression is 

related to the EMT using the human EMT RT² Profiler™ PCR Array (Qiagen). 

Interestingly, most of the EMT genes were modified by D3-depletion (Figure 21 A). In 

particular, 22 EMT-positive regulators, among which vimentin, N-cadherin, ZEB-1, and 

Col1a2, were up-regulated in D3KO cells, while 13 genes were down-regulated, among 

which, the epidermal markers keratin 14 and E-cadherin, which indicates massive 

induction of the EMT-mediating cascade (Figure 21 B-C). We validated the expression 

profile of these genes in control and D3KO cells by real-time PCR (Figure 21 D). To 

identify the EMT genes that mediate TH-dependent invasiveness, we first assessed the 

possibility that ZEB-1, a prime transcriptional factor in the EMT cascade [144], and an 

up-stream regulator of many EMT-related genes [145], could be a direct target of TH. 

Interestingly, in silico analysis of the ZEB-1 promoter region (comprising the 5′-flanking 

region, 2 kb-up and 2 kb-down the TSS, Figure 22 A) revealed the presence of several 

thyroid hormone responsive elements (TREs)-binding sites. Chromatin IP (ChIP) 

confirmed that the thyroid receptor (TRα) physically binds the identified TRE regions 

(Figure 22 B).  
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Figure 21 

D3 depletion increases the expression of EMT genes. 

(A) Vulcano plot of differentially expressed EMT genes measured by real-time PCR in the EMT RT² Profiler™ PCR 

array (Qiagen). (B) Heat map of gene expression of EMT markers in normal SCC cells versus D3-depleted SCC cells 

selected by thresholds of p value < 0.05 and log 2-fold changes >1.3 between visits. (C) Expression levels of up- and 

down-regulated EMT markers in the EMT RT2 profilerTM PCR Array. (C) T3-target genes in the EMT RT2 profilerTM 

PCR Array were validated by using Real Time PCR analysis in CTR and D3KO cells. 
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To assess whether ZEB-1 is a molecular determinant of the T3-dependent EMT, we 

down-regulated ZEB-1 in SCC cells. Importantly, a scratch assay in SCC cells indicated 

that ZEB-1 down-regulation (obtained using two different shRNA for ZEB-1 silencing, 

shZEB-1) completely rescued T3-dependent enhanced migration (Figure 22 C, D). PCR 

and Western blot analysis of the EMT genes confirmed that ZEB-1 depletion blocks the 

T3-dependent EMT cascade (Figure 22 E, F).  The in vitro and in vivo relevance of the 

T3-ZEB-1-E cadherin axis was confirmed by measuring ZEB-1 and E-cadherin 

expression in T3-treated SCC cells or D3-depleted cells compared to control (Figure 22 

G, H) and in vivo tumors from DMBA/TPA-treated D3KO mice (Figure 22 I). According 

to our model, E-cadherin expression was low and ZEB-1 expression was high in sD3KO 

mice compared to control mice (Figure 22 I). 

Taken together, the above-reported results point to a pivotal role of T3 in promoting the 

EMT in SCC cells, and indicate that T3 induces EMT of SCC cells by promoting Zeb-1 

transcription and activating a Zeb-1 dependent EMT program. 
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Figure 22 

T3 promotes the EMT of SCC by inducing ZEB-1 transcription  
(A) Schematic representation of human ZEB-1 5’-Flanking region that contains multiple T3-bindig sites. (B) Chromatin 

immunoprecipitation (ChIP) of TR binding to the ZEB-1 promoter (region amplified by PCR is indicated by red arrows 

in A). (C, D) Wound scratch assay of SCC cells after treatment with 30 nM T3 or T3 + ZEB-1 shRNA. Scale bars 

represent 200 μm. (E) Western blot analysis and the relative quantification of E-cadherin and N-cadherin expressions 

in SCC cells treated or not with 30 nM T3 and transfected with shCTR or shZEB-1 as indicated. (F) mRNA levels of 

MMP9 in SCC cells treated or not with 30 nM T3 and transfected with shZEB-1 or shCTR as indicated. (G) mRNA 

levels of ZEB-1 and E-cadherin in T3-treated versus non-treated cells and in D3KO versus CTR SCC cells. (H) ZEB-

1 (green) and E-cadherin staining (red) of untreated and T3-treated SCC cells. One representative experiment of 4 is 

shown. Scale bars represent 50 μm. (I) ZEB-1 (green) and E-cadherin staining (red) of skin lesions from sD3KO, and 

CTR mice. One representative experiment of 4 is shown. Scale bars represent 200 μm. *P < 0.05, **P < 0.01. 
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5. Discussion 
Interest in thyroid hormone (TH) in cancer was first aroused by the demonstration, over 

a century ago, that breast cancer responded to thyroid extract treatment. This suggested 

that TH is a key regulator of tumorigenesis. However, the role of TH in the whole 

neoplastic process long remained obscure. The link between TH and cancer was renewed 

when it became clear that TH receptors and modulators are often altered in cancerous 

tissues and that modulation of TH might foster cancer cell expansion.  

Studies in two different epithelial cancers, namely the basal cell carcinoma and the colon 

cancer have underlined that the modulation of the intracellular TH levels affects tumor 

formation, thus prompting interest in tissue-specific TH modulation as an anti-tumoral 

agent.  

Since then a large body of data has accumulated on this topic, pointing to a general 

mechanism by which TH interferes with oncogenic pathways, thus affecting tumoral 

formation. 

In this study, we demonstrate that during SCC progression a switch occurs in intra-

tumoral TH consequent to time-specific action of the TH-inactivating (D3) and TH-

activating (D2) enzymes, which affects the behaviour of SCC cells in an in vivo model 
of chemical carcinogenesis. 
Our data show that high-TH tumors (D3KO) grow slowly but metastasize rapidly. 
These conclusions are based on the following results: (1) TH treatment of SCC cells 
reduced cell proliferation whereas it increased cell migration; (2) TH treatment of 
SCC cells also accelerated the metastatic conversion of SCC; and lastly, (3) TH-
activation (D3KO mice) in vivo attenuated tumor formation but increased 
invasiveness and the development of metastatic tumors compared with wild-type 
littermates. 
These effects were mediated by a cell-autonomous mechanism of TH 
activation/inactivation catalysed by the TH-modulating enzymes, D2 and D3, that 
turn TH on and off in target cells. During chemically induced tumorigenesis, 
sequential expression of D3 and D2 fine- tunes TH signalling to enable tumor growth 
during the early stages of tumorigenesis, and invasive transformation at later stages 
(Figure 12). 

Over recent years, our understanding of TH action in cancer has evolved from being 
a repressor of tumor formation and growth [81, 103, 146] to a factor that induces most 
of the hallmarks that cancer cells acquire during the later stages of tumorigenesis. 
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Indeed, our in vitro and in vivo observations demonstrate that while T3 reduced the 
proliferation of SCC cells, T3 treatment or D3-depletion accelerated cell migration 
and invasion.  

 
Figure 23 
Increased thyroid hormone action by D3-depletion drastically attenuates the growth of a variety of tumor. 
Schematic representation of the effects of D3-depletion on SCC tumor growth and progression. 

 
Our finding that D3-depletion reduced SCC formation (Figures 14-15, 23) confirms 
our previous report that the oncofetal protein D3 is an essential component of the 
oncogenic route leading to tumor formation. Although D3 is not a canonical oncogene 
per se and D3 overexpression is not sufficient for tumor initiation, D3-depletion 
drastically attenuates the growth of a variety of tumors [81, 102, 122]. 
Furthermore, D3 is positively regulated by the oncogenic pathways Shh [81], miR21 

[122], and Wnt [102]. Our data show that, in SCC in vivo, D3 is potently expressed 
in the early phases of tumorigenesis and its expression coincides with the expression 
of keratin K6, which is a marker of hyperplastic epidermis (Figures 12, 13). D3 
expression declines as tumorigenesis proceeds to more invasive phenotypes. This 
finding is in line with our previous report that in human colon cancer, D3, which is 
up-regulated in carcinomas, inversely correlates with the histologic grade of lesions, 
and decreases as the histologic grade progress from G2 to G3 [102]. 
How can T3 promote migration and invasion?  
For a transformed cell to metastasize to a distant site in the body, it must first lose 
adhesion, and then penetrate and invade the surrounding extracellular matrix (ECM), 
enter the vascular system, and adhere to distant organs [147]. We found that TH 
modulates each of these key steps, and thus facilitates metastatic invasion of 
secondary sites. Indeed, the increased tumor metastatic conversion induced by T3 
was not due to increased tumor cell proliferation but was correlated with (i) increased 
expression of mesenchymal markers, (ii) condensation of the ECM by MMP proteins, 
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and (iii) modification of the shape and stiffness of cells.  

 
Figure 24 
T3 promotes EMT of SCC by inducing ZEB-1 transcription. 
Schematic representation of the strategy used to identify the genes regulated by T3 and involved in EMT promotion. 
 

To identify the TH-dependent signature responsible for EMT induction, we used the 
human EMT RT² ProfilerTM PCR array. The TH-positively regulated genes found 
included the mesenchymal markers vimentin, ZEB-1, Snail, and Col1a2. The 
negatively regulated genes included the epithelial-specific adhesion molecules K14 
and E-cadherin. Chromatin immunoprecipitation assays revealed that among various 
EMT-related genes, ZEB-1 is physically bound by T3 in SCC cells and that inhibition 
of ZEB-1 drastically reduced the TH-dependent EMT (Figure 22 C-F). This finding 
indicates that ZEB-1 is a molecular determinant that lies downstream of TH, and 
hierarchically mediates the TH-dependent EMT cascade. The E-box-binding 
transcription factor ZEB-1 is the master regulator of the EMT that acts by enhancing 
the migratory and invasive capacity of cancer cells by down-regulating epithelial 
markers [144], thereby promoting invasion and metastasis [145]. The transcriptional 
level, E-cadherin is the best-known negative target of ZEB-1 [148].  
Moreover, ZEB-1 activates mesenchymal and stemness markers [144] thereby 
promoting tumorigenesis and metastasis in various human cancers [149-151]. As a 
repressor of E-cadherin, ZEB-1 is highly expressed in invasive carcinomas, at the 
invasive front of tumors in dedifferentiated cancer cells [151]. Here, we report that 
ZEB-1 is a downstream target of TH. This is in line with the finding that TH activation 
is a critical step towards invasiveness and metastatic conversion of SCC. 
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Accordingly, D3KO tumors have a high ZEB-1/E-cadherin ratio and are highly 
invasive (Figure 22 I). 
In conclusion, in this study we addressed the central question of how TH influences 
different phases of tumorigenesis. Our data for the first time link in vitro mechanistic 
studies with a model of in vivo carcinogenesis in mice. By altering the TH signal via 
cell-specific deiodinase knock-down, we demonstrate that modulation of TH 
concentration can delay tumor cell growth and invasion depending on tumor stage 
and can affect the malignant epithelial tumor phenotype.  
These findings not only transform our understanding of how T3 influences tumor 
progression, but also provides the rationale for the concept that pharmacologically 
induced TH inactivation could be a strategy with which to attenuate metastatic 
formations. 
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6. Materials and Methods 
6.1 Cell cultures and transfections.  
SCC-13 cells (Cellosaurus:RRID:CVCL_4029) were derived from skin squamous 
cell carcinoma (NCIt: C4819), SCC 011 (Cellosaurus: RRID:CVCL_5986) were 
derived from laryngeal squamous cell carcinoma (NCIt: C4044) and SCC 022 
(Cellosaurus: RRID:CVCL_5991) were derived from laryngeal squamous cell 
carcinoma (NCIt: C4044). All the cells were myco- plasma free. SCC-13 and SCC 
D2KO cells were cultured in keratinocyte-SFM (KSFM 1×) serum-free medium [+] 
L-Glu (Gibco Life Technologies) with bovine pituitary extract (30 μg/ml) and human 
recombinant epidermal growth factor (EGF) protein (0.24 ng/ml). SCC D3KO cells 

were cultured in KSFM with 4% Ca2+-chelated charcoal-stripped fetal bovine serum 
(FBS) and EGF human recombinant (Gibco Life Technologies). All transient 
transfections were performed using Lipofectamine 2000 (Life Technologies) 
according to the manufacturer’s instructions. 
 
6.2 Dio2 and Dio3 targeted mutagenesis.  
Targeted mutagenesis of Dio3 and Dio2 in SCC was achieved by using the 
CRISPR/Cas9 system from Santa Cruz Bio- technology. Control SCC cells were 
stably transfected with the CRISPR/Cas9 control plasmid10. Three days after 
transfection with CRISPR/Cas9 plasmids, the cells were sorted using fluorescence-
activated cell sorting (FACS) for green fluorescent protein expression. Single clones 
were analyzed by PCR to identify alterations in coding regions, and Dio2 exon 1 was 
sequenced to identify the inserted mutations. All the experiments in D2- and D3KO 
cells were repeated in three different D3KO and three different D2KO clones to avoid 
off-target effects. 
 
 
6.3 Short hairpin RNA-mediated knockdown of ZEB-1.  
SCC 13 cells were grown in p60 plates until they reached 60% confluence and then 
transfected with shRNA (targeting endogenous ZEB-1 or a non-targeting negative 
control using lipofectamine (Invitrogen). All the shRNA constructs were obtained 
from Thermo Fisher Scientific. Forty-eight hours after transfection, total protein 
lysate was collected and analyzed by Western blotting or total RNA was extracted 
and analyzed by real-time PCR. In parallel experiments, 24 h post-transfection, 
shRNA-transfected cells were used for scratch wound assays. 
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6.4 Real-time PCR.  
Cells and tissues were lysed in Trizol (Life Technologies Ltd.) according to the 
manufacturer’s protocol. 1 μg of total RNA was used to reverse transcribe cDNA 
using Vilo reverse transcriptase (Life Technologies Ltd.), followed by real-time 
qPCR using iQ5 Multicolor Real Time Detector System (BioRad) with the 
fluorescent double-stranded DNA-binding dye SYBR Green (Biorad). 
Specific primers for each gene were designed to generate products of comparable 
sizes (about 200 bp for each amplification). For each reaction, standard curves for 
reference genes were constructed based on six four-fold serial dilutions of cDNA. All 
experiments were run in triplicate. 
The gene expression levels were normalized to cyclophilin A and calculated as 
follows: N *target = 2(DCt sample−DCt calibrator). Primer sequences are indicated 
in the Table 3. 
 
6.5 Protein extraction from skin and western blot analysis.  
Dorsal skin was removed from mice and immediately snap-frozen in liquid N2. 800 
μl of lysis buffer (0.125 M Tris pH 8.6; 3% SDS, protease inhibitors including PMSF 
1 mM and phosphatase inhibitors) were added to all dorsal skin samples, which were 
then homogenized with Tissue Lyser (Qiagen). 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 anti-E-cadherin, anti-N- 
cadherin, anti-αFlag M2, anti-vimentin, anti-D3, and anti-tubulin antibodies (loading 
as control) overnight at 4 °C, washed, and incubated with horseradish peroxidase-
conjugated anti-mouse immunoglobulin G secondary antibody (1:3000). Band 
detection was performed using an ECL kit (Millipore, cat. WBKLS0500). The gel 
images were analyzed using ImageJ software and all Western blot were run in 
triplicate. Antibodies are indicated in the Table 1. 
 
6.6 Wound scratch assay.  
SCC CTR, D2KO, and D3KO cells were seeded in p60 plates until they reached 
100% confluence. Cells were then treated with mitomycin C from Streptomyces 
caespitotus (0.5 mg/ml). At time T0, a cross-shaped scratch was made on the cell 
monolayer with the tip of a sterile 2 μl micropipette. The FBS- free culture medium 
was then replaced with fresh medium to wash out released cells. Cell migration was 
measured by comparing pictures taken at the beginning and the end of the experiment 
at the times indicated in each experiment using ×10 magnification with a IX51 
Olympus microscope and the Cell*F Olympus Imaging Software. ImageJ software 
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was used to draw the cell-free region limits in each case. The initial cell-free surface 
was subtracted from the endpoint cell-free surface and plotted in a graph as shown in 
Figures 17, 21. 
 
6.7 Colony formation assay.  
To evaluate colony formation, cells were seeded out in appropriate dilutions to form 
colonies. Five days after plating, cells were washed with PBS and stained with 1% 
crystal violet in 20% ethanol for 10 min at room temperature. Cells were washed 
twice with PBS and colonies were counted. 
 
6.8 Invasion assay.  
Matrigel chambers (Corning) were used to determine the effect of D3 depletion on 
invasiveness as per the manufacturer’s protocol. In brief, SCC CTR, D2KO, and 
D3KO cells treated with T3 (30 nM) were harvested, re- suspended in serum-free 
medium, and then transferred to the hydrated Matrigel chambers (200,000 cells per 
well). The chambers were then incubated for 5 days in culture medium. The cells on 
the upper surface were scraped off and washed away, whereas the invaded cells on 
the lower surface were fixed and stained with 1% crystal violet in 20% ethanol for 10 
min at room temperature. Finally, invaded cells and migrated cells were counted 
under a microscope and the relative number was calculated. 
 
6.9 Matrix metalloproteinase (MMP) assays.  
The concentrations of MMP-2, MMP- 3, MMP-7, and MMP-13 in the supernatant of 
SCC-CTR, SCC-CRISPD2, and SCC-CRISPD3 cells were detected via enzyme-
linked assays (ELISA) according to the manufacturer’s instructions (Cat. nos. 
ab100603; ab100606; ab100607; ab100608; ab100605). The absorbance at 450 nm 
was recorded using the VICTOR Multilabel Plate Reader. The general activity of the 
MMP enzyme was determined using an assay kit purchased from Abcam (Cat. no. 
ab112146) according to the manufacturer’s protocol. In brief, SCC-CTR, SCC-
CRISPD2, and SCC-CRISPD3 were seeded into triplicate wells of six-well plates 
and allowed to attach overnight and then starved with serum-free media for another 
18 h. MMP activity was assayed in the media; 25 μl of medium was removed and 
added to 25 μl of 2 mM APMA working solution and incubated for 15 min at 20 °C 
after which 50 μl of the green substrate solution was added. An end-point 
measurement was then per- formed for the MMP activity using a microplate reader 
with a filter set of Ex/Em = 490/ 525 nm. 
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6.10 Chromatin immunoprecipitation (ChIP) assay.  
ChIP Assays were performed in SCC13 cells after treatment with T3 and T4 (30 nM) 
for 48 h. Briefly, the cells were fixed with 1% formaldehyde for 10 min at 37 °C. The 
reaction was quenched by the addition of glycine to a final concentration of 0.125 M. 
After, cells were resus- pended in 1 ml of lysis buffer containing protease inhibitors 
(200 mM phenylmethylsulfony fluoride (PMSF), 1 μg/ml aprotinin) and sonicated to 
generate chromatin fragments of 200–1000 bp. An aliquot (1/10) of sheared 
chromatin was treated as Input DNA. Then, the sonicated chromatin was pre-cleared 
for 2 h with 1 μg of non-immune IgG (Calbiochem) and 30 μl of Protein G Plus/ 
Protein A Agarose suspension (Calbiochem) saturated with salmon sperm (1 mg/ml). 
After precleared chromatin was incubated at 4 °C for 16 h with 1 μg of anti-TRα. 
Protein/ DNA cross-links were reversed by incubation in 200 mM NaCl at 65 °C. 
Finally, DNA extraction was performed with phenol–chloroform and precipitated 
with ethanol. DNA fragments were used for real-time PCRs. 
 
6.11 Tissue thyroid hormone levels.  
Tumors T3 concentration was determined in frozen tissue with an LC–MS/MS 
method. The iodothyronines were measured with reversed phase chromatography 
(Waters BEH C18 column: 130 Å, 1.7 μm, 
2.1 mm × 50 mm) on an Acquity UPLC-Xevo TQ-S tandem mass spectrometer 
system (Waters, Milford, MA, USA). Mobile phase A was acetonitrile:H2O:acetic 
acid 5:95:0.1, mobile phase B was acetonitrile:H2O:acetic acid 95:5:0.1. A gradient 
was applied with initial percentage B of 10%, which was increased linearly after 2.7 
min to 40% in 5.6 min. Total runtime was 12 min. TH and internal standards were 
quantified using specific MRM transitions. All aspects of system operation and data 
acquisition were controlled using MassLynx, version 4.1 software with automated 
data processing using the TargetLynx Application Manager (Waters). 
 
6.12 Animals, histology, and immunostaining.  
sD3KO (K14CreERT-D3fl/fl) mice were obtained by crossing the keratinocyte- 
specific conditional K14CreERT mouse [143] with D3fl/fl. Depletion was induced by 
treatment with 10 mg of tamoxifen at different time points as indicated in each 
experiment. The generation of D2-3xFlag is described else- where15. Skin lesions 
were harvested at different time points after tamoxifen administration and DMBA-
TPA treatment. For immunofluorescence and histology, dorsal skin from sD3KO, 
D2-3xFlag, and control mice was embedded in paraffin, cut into 7-μm sections, and 
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H&E-stained. Slides were baked at 37 °C, deparaffinized by xylenes, dehydrated with 
ethanol, rehydrated in 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 min. Sections were blocked in 1% 
BSA/0.02% Tween/PBS for 1 h 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 h and washed in 0.2% 
Tween/PBS. Images were acquired with an IX51 Olympus microscope and the 
Cell*F Olympus Imaging Software. 
 
6.13 DMBA/TPA carcinogenesis.  
The dorsal skin of 2 months old mice was treated with a single dose (100 μl, 1 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 μl, 100 μM) in the two-stage protocol. 
Experiments in D3Fl/Fl mice were performed using 12 CTR mice and 12 sD3KO 
mice. Experiments in D2-Flag mice were performed using eight mice. In all the 
cohorts there were approximately as many females as male mice.  
 
 
6.14 Animal study approval.  
All animal studies were conducted in accordance with the guidelines of the Ministero 
della Salute and were approved by the Institutional Animal Care and Use Committee 
(IACUC, nos. 167/2015-PR and 354/2019-PR). 
 
6.15 Statistics.  
The data are expressed as means ± standard deviation (SD) of three independent 
experiments. Statistical differences and significance between samples were 
determined using the Student’s two-tailed t test. 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. A P value < 0.05 
was considered statistically significant. Asterisks indicate significance at *P < 0.05, 
**P < 0.01, and ***P < 0.001 throughout. 
 

 

 

 



 52 

6.16 TABLE 1 

 
 

 

 

 

 

 

 



 53 
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6.18 TABLE 3 
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