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Thyroid hormone inactivation sustains cancer
stem cell maintenance and tumorigenesis in
basal cell carcinoma
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A hierarchical organization within a tumor underlies the varying capacities of cancer cells to proliferate,
metastasize, and drive relapse. Cancer stem cells (CSCs) are resistant to conventional therapies, making them
critical targets for cancer treatment. Thyroid hormone (TH), a key regulator of proliferation and differentiation,
is tightly controlled by the deiodinase enzymes. By integrating in vivo animal studies in a genetic mouse model
of basal cell carcinoma (BCC) with analyses of human BCC specimens, we demonstrate that deiodinase type 3
(D3), the TH-inactivating enzyme, is expressed in the most tumorigenic CSC subpopulation. D3 genetic ablation
significantly reduces the CSC population within protumorigenic niches and downregulates key stemness
markers, including the transcription factor Sox9. Similarly, systemic induction of hyperthyroidism leads to a
reduction of the CSC pool. Importantly, analysis of human BCC specimens revealed that D3 is highly enriched
in the CSC niche. Mechanistically, we found that TH treatment suppresses Sox9 expression. These findings
demonstrate that D3 sustains the tumorigenic potential of BCC CSCs by protecting them from TH-induced
apoptosis and differentiation. Targeting the D3/TH axis may represent a promising therapeutic strategy to

reduce the ability to self-renew of CSCs and inhibit tumor progression in BCC.
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INTRODUCTION

Basal cell carcinoma (BCC) accounts for ~80% of non-
melanoma skin cancers and is the most common human
malignancy worldwide (Rogers et al, 2015). UV-driven
sequence alterations trigger and sustain the dysregulation of
the Hedgehog pathway, through loss-of-function sequence
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variants in Ptch1, gain-of-function sequence variants in Smo,
or overexpression of Gli1/2, playing a pivotal role in BCC
development (Athar et al, 2006; Aszterbaum et al, 1999).
Mouse models expressing oncogenic SmoM?2 in the epidermis
closely mimic human BCC and offer a valuable platform to
investigate tumor initiation and progression (Blanpain and
Simons, 2013; Mao et al, 2006; Youssef et al, 2010). Despite
extensive insights into Hedgehog signaling, the cellular origin
for BCC remains controversial. As for many other tissues, skin
homeostasis and repair after injury are guaranteed by different
types of stem cells (SCs) present in the epidermis (Blanpain and
Fuchs, 2014). Owing to their long-term self-renewal ability,
SCs have been hypothesized to serve as potential cells of origin
for cancer. According to the hierarchical model, tumor growth
is sustained by a minority population of highly tumorigenic
cells, termed cancer SCs (CSCs) or tumor-initiating cells.
Tumor-initiating cells possess stem-like self-renewal properties
and upon cell division can give rise to both tumor-initiating
cells and committed cells undergoing differentiation. This
double program supports continued tumor expansion while
preserving the ability to regenerate the full spectrum of tumor
cell states (Pardal et al, 2003). However, identifying the spe-
cific SC populations responsible for initiating BCC has proven
to be challenging, with several studies showing conflicting
results (Youssef et al, 2012, 2010).

In mice, BCC preferentially arises from epidermal SCs in
the interfollicular epidermis and infundibulum (Dlugosz,
1999; Youssef et al, 2012, 2010). Peterson et al (2015)
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demonstrated that BCC arises preferentially from SCs within
hair follicle and mechanosensory niches. Oncogenic
Hedgehog pathway activation through SmoM2 expression or
Ptch1 deletion driven by K14-CreERT in SCs but not in
committed progenitors targeted by Inv-CreERT induces BCC
formation (Sanchez-Danés et al, 2016). Other studies suggest
that BCCs can also originate from keratin (K)15"-bulge SCs,
particularly in Ptch1*/ mice (Wang et al, 2011) or from both
epidermal and bulge SCs upon Gli2 activation (Grachtchouk
et al, 2011). These discrepancies likely reflect differences in
genetic models and tumor subtypes because superficial and
nodular BCCs may derive from distinct epidermal
compartments.

Regardless of tumor origin, CSCs act as principal drivers of
tumor growth, resistance, and metastasis. In BCC, the SC
master regulator SOX9 is aberrantly reactivated, where it
promotes cellular proliferation and suppresses keratinocyte
differentiation (Larsimont et al, 2015). This reactivation or-
chestrates a gene network specific to cancer that bolsters
stemness and cytoskeletal remodeling and reduces epidermal
differentiation (Larsimont et al, 2015).

Thyroid hormone (TH) is an essential regulator of cellular
proliferation, differentiation, and metabolism across diverse
physiological contexts (Cicatiello et al, 2018; Miro et al,
2025b). Its precise intracellular availability is modulated by
a family of iodothyronine deiodinases, which locally activate
or inactivate TH (Gereben et al, 2008). In particular, type 3
iodothyronine deiodinase (D3) is the primary TH-inactivating
enzyme, converting triiodothyronine (T3) into inactive me-
tabolites and thereby terminating TH signaling. D3 is highly
expressed during embryonic development (Dentice and
Salvatore, 2011) but is largely absent in adult tissues,
except for distinct sites such as the skin (Mancino et al, 2020).
Loss of D3 in the adult epidermis resulted in significant tissue
hypoplasia and increased differentiation of keratinocytes,
indicating that D3 activity is required to maintain a prolifer-
ative, undifferentiated state in the epidermis (Mancino et al,
2020). Moreover, D3-deficient skin exhibited delayed
wound healing and disrupted hair follicle cycling (Mancino
et al, 2020). Notably, D3 is reactivated in pathological
states characterized by heightened proliferation, including
tissue regeneration and tumorigenesis (Dentice et al, 2012,
2009, 2007; Huang et al, 2000). In BCC, D3 is aberrantly
expressed, resulting in localized TH inactivation in the tumor
microenvironment. This creates a low-TH niche that pro-
motes proliferation and impedes differentiation and apoptosis
(Dentice et al, 2007; Luongo et al, 2014; Miro et al, 2017).
Furthermore, keratinocyte-specific D3 ablation in a BCC
mouse model sharply suppresses tumor growth, underscoring
the pathological relevance of a regulatory axis involving the
cancer-associated microRNA-21, the tumor suppressor gene
GRHL3, and D3 (Di Girolamo et al, 2016).

In this study, we determined the role of D3 in the main-
tenance of the CSC pool of BCC. Using a mouse model of
BCC, we found that D3 is expressed not only within the
primary tumor but also in a specific CSC subpopulation with
high CD34 expression (CD34"™) and robust tumor-forming
ability. Importantly, D3 depletion led to a marked reduction
in the CSC pool accompanied by downregulation of core
stemness markers such as Sox9. Conversely, TH treatment, to
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mimic a hyperthyroid state, hindered CSC colony-forming
ability and similarly diminished Sox9 expression. Impor-
tantly, analysis of human BCC samples revealed a significant
enrichment of D3 within the SOX9-positive tumor niche.
These results suggest that D3 supports the tumor-forming
ability of BCC CSCs by shielding them from TH-induced
differentiation, underscoring the therapeutic potential of tar-
geting the D3/TH axis in BCC.

RESULTS

D3 maintains CSC identity and promotes BCC tumorigenesis
We previously demonstrated that D3 is essential for the
maintenance of epidermal SCs by preserving their prolifera-
tive capacity and preventing premature differentiation
(Mancino et al, 2020). In addition, we have shown that D3 is
overexpressed in BCC under the regulation of the Shh
signaling in a genetic mouse model in which BCC formation
is driven by the overexpression of the oncogenic mutant
SmoM2 specifically in the epidermis under the control of the
K14-CreERT system (Canato et al, 2025; Dentice et al, 2007;
Di Girolamo et al, 2016; Epstein, 2008; Luongo et al, 2014;
Youssef et al, 2010). Overexpression of the Smo oncogene
was induced by tamoxifen administration, and skin analysis
was performed 8 weeks after induction. Consistent with our
previous findings, we observed that D3 expression strongly
correlates with BCC tumor formation in the tail, dorsal skin,
and ear epidermis (Supplementary Figure STa—d).

To assess whether D3 is expressed in CSCs, we used FACS
to isolate the oncogene-expressing (SMoM2-YFP™) basal cells
(alpha-6-Integrin™) CSCs (CD34") 8 weeks after tamoxifen
administration in  K14-CreERT/SmoM2-YFP mice (Smo-
D3WT) (Figure T1a and b). Because CD34 expression is crit-
ical for identifying the most protumorigenic niche of CSC in
skin cancer (Canato et al, 2025; Lapouge et al, 2012;
Malanchi et al, 2008), we measured D3 expression in
FACS-isolated CD34'"" cells, which exhibit high CD34
expression and a greater capacity to initiate tumors (Lapouge
et al, 2012), and in CD34° cells, characterized by an
attenuated  protumorigenic  potential  (Supplementary
Figure S2a). Interestingly, D3 expression correlates with the
CD34™ subpopulation, whereas type 2 iodothyronine deio-
dinase (D2), the TH-activating enzyme, is highly expressed in
the CD34"° subpopulation (Figure 1c). These results show
that the TH metabolism is finely regulated in CSCs, with a
shift favoring inactivating deiodinase over activating one. This
imbalance suggests that a hypothyroid-like state within the
CSC niche may be essential for sustaining their protumori-
genic and proliferative properties. Moreover, D3 did not
colocalize with LGR5, thus pointing at D3 as a marker of the
subpopulation of CD34", LGR5~ CSCs in BCC
(Supplementary Figure S2b). In addition, we measured the
expression of the TH receptor isoforms a and b (TRa and TR,
encoded by the THRA and THRB genes) (Miro et al, 2023).
When compared with the BCC tumor bulk, CSCs were
characterized by a slightly lower expression of TRa and TR,
thus confirming that CSCs are characterized by attenuated TH
signal (high D3 and low D2, TRa, and TRp) (Supplementary
Figure S2¢).

To further define the role of D3 in the CSC niche, we
depleted D3 in the epidermal compartment concomitantly
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Figure 1. D3 regulates CSC identity and BCC tumor progression in mice. (a) Experimental workflow of BCC induction in mice; created with BioRender.com.
(b) Single-cell suspensions were prepared from tail BCC-like lesions of Smo-D3WT (K14-CreERT; Smo-M2) mice, analyzed, and collected using a BD FACS Aria
system. Cells were first gated for viability and singlets, followed by selection of YFP-positive (denoted as YFP") epithelial tumor cells. Within the YFP"

population, CSC-enriched cells were identified on the basis of high expression of alpha-6-integrin (denoted as a:6-INT) and CD34. Representative FACS plots
show distinct separation of CD34 high (CD34™, green) and CD34 low (CD34"°, blue) subpopulations within the ¢:6-INT* compartment. The YFP*/a:6-INT*/
CD34" cells represent the CSC-like fraction and were used for downstream analyses; n = 4 mice. (c) RT-qPCR analysis of Dio3 and Dio2 expression in FACS-
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with the induction of BCC formation driven by Smo over-
expression. To this end, we crossed D3"" mice (Dentice et al,
2014) with K14-CreERT/SmoM2 (Youssef et al, 2010) to
specifically obtain D3 depletion and contextual Smo
expression in the same cells (Smo-D3KO) after tamoxifen
administration (Figure 1d). Efficient D3 depletion and Smo
induction were confirmed by western blot and RT-PCR
(Supplementary Figure S3a—c).

Compared with K14-CreERT/SmoM2; D3YWT™™WT mice (Smo-
D3WT), K14-CreERT/SmoM2; D3"" mice (Smo-D3KO)
showed a reduced BCC formation (Figure 1e), number of tu-
mors (Figure 1), and a decreased expression of K5, typically
overexpressed in tumor tissues (Aszterbaum et al, 1999;
Markey et al, 1992) (Figure 1g and Supplementary
Figure S4a). Conversely, the expression of K10, which has
been reported to suppress tumor formation (Reichelt et al,
2004), was upregulated in Smo-D3KO mice (Supplementary
Figure S4a). To assess whether D3 loss affects the stemness
properties of SmoM2-expressing cells, we analyzed Sox9
expression, a key factor in maintaining the tumorigenic and
proliferative potential of Smo-driven tumors (Kim et al, 2018;
Lapouge et al, 2012; Larsimont et al, 2015). We found that
Sox9-positive cells were significantly reduced in Smo-D3KO
mice compared with those in Smo-D3WT mice (Figure 1h).
Accordingly, Smo-D3KO BCC-like lesions were characterized
by a global reduction of the expression of Shh signaling
pathway compared with Smo-D3WT lesions, as demonstrated
by the reduced mRNA levels of Gli1, Gli2, Gli3, Patch1,
Ptch2, Nmycl, and Dsvl2 (Supplementary Figure S4b).
Immunofluorescence for CD34 further demonstrated that D3
depletion markedly diminished the number of CD34" cells
(Figure Th). Moreover, the remaining CD34" cells in Smo-
D3KO mice displayed reduced fluorescence intensity
compared with those in their Smo-D3WT mice counterparts
(Figure 1h), indicating a loss of the CD34™ CSC niche.
Concurrently, RT-qPCR analysis demonstrated a significant
downregulation of key stemness- and tumor cell
plasticity—associated genes, including Sox2, Nrgl, Lgr5,
Stmni, and Sox9 (Canato et al, 2025; Liao et al, 2022), in
Smo-D3KO mice compared with those in Smo-D3WT controls
(Figure 1i). Collectively, these findings demonstrate that D3 is

A

essential for maintaining the self-renewal properties of the CSC
niche in BCC.

TH regulates the abundance and phenotype of CD34* CSCs

in BCC

To further assess the role of D3 in maintaining the CSC
compartment in BCC, we performed FACS analysis to quan-
tify CD34™" cells within the SmoM2-YFP*/alpha-6-Integrin*
CSC population in Smo-D3WT and Smo-D3KO mice
(Figure 2a). In Smo-D3WT mice, approximately 40% of
SmoM2-YFP*/alpha-6-Integrin™  cells expressed CD34,
whereas this percentage dropped to 10% in Smo-D3KO mice
(Figure 2b and c). To clarify how D3 loss impacts the tumor-
propagating potential of CSCs, we evaluated the distribution
of CD34" and CD34"° cells within the SmoM2-YFP*/alpha-
6-Integrin®™ population. Strikingly, Smo-D3KO mice showed
a significant reduction in CD34™" cells (from ~85% to
~60%) and a corresponding slight increase in CD34" cells,
indicating that D3 is critical for sustaining the CD34™ CSC
niche (Figure 2d). Moreover, to investigate the role of TH
signaling in this context, we treated Smo-D3KO mice with
0.1% methimazole, a compound that inhibits TH synthesis
and reduces systemic TH levels (Azizi et al, 2019; Cooper,
1984), and 1% potassium perchlorate, which inhibits TH
production by acting as a competitive inhibitor of iodine
uptake in the thyroid gland, both administered through
drinking water for 4 weeks after tamoxifen-induced tumor
initiation (Figure 2e). Notably, methimazole treatment
enhanced the tumor growth in Smo-D3KO mice, with a
consequent increase in K17 and decrease in K10 (Figure 2f
and g) and a partial restoration of CD34" cells compared
with untreated Smo-D3KO controls and rescued the expres-
sion of Sox9 mMRNA, indicating that systemic hypothyroidism
promotes the expansion of protumorigenic CSCs (Figure 2h
and Supplementary Figure S4c—e). Consistently with these
data, administration of exogenous TH in Smo-D3WT mice, to
mimic the hyperthyroid state resulting from D3 depletion
(Figure 2i), led to a reduction of tumor growth (Figure 2j and k)
and a significant reduction in the CD34"" CSC population
(Figure 2l and Supplementary Figure S4f and g), similarly to the
upregulation of classical positive TH-target genes in the

isolated CD34™ and CD34° CSC populations from mouse BCC-like lesions. Cells were isolated from the tail as described before. RT-qPCR was performed on
RNA extracted from sorted CD34"" and CD34“° populations. Gene expression levels are shown as absolute values normalized to cyclophilin. n = 8 mice, with
each data point representing a pool of cells from 2 mice. Data are presented as mean £ SD. Two-tailed unpaired t-test was performed. (d) Schematic
representation of BCC induction in Smo-D3WT or Smo-D3KO mice and experimental workflow. (e) Representative images of mouse ears showing BCC lesions
in Smo-D3WT (left) and Smo-D3KO (right) mice. The D3WT mouse displays a visibly greater tumor burden than the D3KO mice. Lesions are visible as raised,
nodular lesions along the ear margin (area within the white line). Images are representative of at least n = 10 animals per genotype. (f) Quantification of BCC
lesion number in Smo-D3WT versus Smo-D3KO mice. Scatter plots show the number of BCC clones per mouse in the ear and tail skin of Smo-D3WT (blue) and
Smo-D3KO (red) mice. Each dot represents 1 mouse; data are presented as mean + SD. Statistical significance was determined using an unpaired 2-tailed t-test.
(g) Representative histological (H&E, top) and immunofluorescence (bottom) images of BCC-like lesions from Smo-D3WT and Smo-D3KO mice. H&E staining
reveals extensive epithelial proliferation and dermal invasion in Smo-D3WT samples, whereas Smo-D3KO lesions exhibit reduced epithelial thickness and
minimal invasion. Immunofluorescence staining for K17 (green), a marker of proliferating BCC epithelium, and DAPI (blue) highlights the diminished tumor
architecture and epithelial outgrowths in D3-deficient tumors. Dashed lines delineate the epithelial—stromal boundary. Bar = 100 pm. (h) Representative
immunofluorescence images of BCC-like lesions from Smo-D3WT and Smo-D3KO mice stained with anti-Sox9 and anti-K5 antibodies (left panels) or anti-CD34
and anti-K5 antibodies (right panels). Magnifications are indicated on the side of each image. Quantification includes the percentage of Sox9™ cells per field, the
percentage of CD34™ cells per field, and the fluorescence intensity of CD34 staining per field, comparing Smo-D3WT with Smo-D3KO samples. Each data point
represents 1 independent microscopic field. Quantification was performed using n = 4 mice per genotype. Data points shown represent pooled fields derived
from all 4 mice within each genotype. (i) RT-qPCR analysis of the indicated stemness genes in SMO-D3 WT versus SMO-D3KO mice. Gene expression levels
are shown as absolute values normalized to cyclophilin (n = 6 mice D3WT; n = 8 mice D3KO); each data point represents a pool of cells from 2 mice. Data are
presented as mean + SD. Two-tailed unpaired t-test was performed. BCC, basal cell carcinoma; CSC, cancer stem cell; D3, type 3 iodothyronine deiodinase;
K17, keratin 17; K5, keratin 5.
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Figure 2. TH regulates CD34 CSCs population in BCC lesions. (a) Experimental workflow of BCC induction in Smo-D3WT or Smo-D3KO mice, created with
BioRender.com. (b) Representative FACS plots showing the distinct separation of CD34"" (green) and CD34" (blue) populations within the YFP™ and a6-

integrin™ epithelial tumor cells, gated as described in Figure 1b, from tail lesions of Smo-D3WT versus Smo-D3KO mice. Plots are representative of at least 3
independent experiments. (c) Quantification of the percentage of CD34-positive (CD34™) cells analyzed with FACS analysis of tail lesions of Smo-D3WT versus
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epidermis (Krt T and Krt 10) and classical TH-negative target
genes (Krt5, Krt6, and Krt14) (Mancino et al, 2021, 2020)
(Supplementary Figure S5a). Altogether, these data support the
conclusion that elevated TH levels impair CSCs self-renewal
and niche maintenance.

TH suppresses BCC stemness by direct repression of Sox9

To investigate the direct effects of TH on BCC CSCs, we
isolated the SmoM2-YFP*/alpha-6-Integrin®/CD34" CSC
population from Smo-D3WT mice by FACS. CD34*% CSCs
were cultured in vitro in the presence or absence of exoge-
nous TH (Figure 3a).

As shown in Figure 3b—d, in vitro exposure of Smo-D3WT
CSCs to TH resulted in a strong reduction of their clonogenic
potential. Specifically, TH treatment decreased colony-
forming efficiency (CFE), the population-doubling capacity,
and clone size compared with the control group, indicating a
diminished self-renewal/proliferative capacity of CSCs upon
TH exposure (Figure 3b—d). To determine whether this effect
was also maintained in vivo, CSCs were isolated from Smo-
D3WT mice treated systemically with TH and subsequently
analyzed ex vivo (Figure 3e). Consistent with the in vitro data,
CSCs from TH-treated Smo-D3WT mice displayed a drastic
reduction in CFE compared with CSCs from untreated Smo-
D3WT mice. Notably, CSCs isolated from Smo-D3KO mice
exhibited a similarly low clonogenic capacity (Figure 3f). To
further elucidate the underlying mechanisms, we examined
the expression of Sox9 in the CSC colonies after TH treat-
ment. Immunofluorescence analysis revealed a marked
decrease in the number of Sox9-positive cells in the TH-
treated group compared with that in the control group
(Figure 3g [left panel]l and h). In addition, the number of
CD34" cells within the same CSCs population treated with
TH showed a reduction upon TH treatment (Figure 3g [right
panel] and h.), suggesting that TH primarily impacts key SC
markers in this short-term in vitro assay.

Because the main mode of action of TH is through the
transcriptional regulation of target genes (Brent, 2012), we
asked whether TH might inhibit Sox9 expression. To this aim,

A

we analyzed the Sox9 regulatory region. In silico analysis
revealed several conserved TH-responsive element binding
sites within the mouse Sox9 5'-flanking regions (Figure 3i).
We cloned 1241 bp of the 5'-flanking regions within the
pGL3-basic vector to perform functional studies in mouse
BCC cells.

As shown in Figure 3j, TH treatment significantly reduced
the Sox9 promoter activity in the presence of TH receptors
(TRa), compared with either the untreated condition (only
TRa) or a generic promoter control (denoted as CMV).
Chromatin immunoprecipitation assays on BCC cells treated
with or without TH confirmed that TH treatment led to a
significant decrease in TRa occupancy at the Sox9 promoter,
suggesting a direct transcriptional repression of Sox9 by TH
(Figure 3k). We also investigated whether, beside Sox9, genes
belonging to the Shh signaling cascade might be regulated by
TH in cultured CSCs. The expressions of Gli1, Gli2, and Sox9
were repressed by 24 hours and 48 hours of TH treatment
(Supplementary Figure S5b).

Collectively, these in vitro findings demonstrate that TH
directly regulates BCC CSCs, at least partially, by binding to
the Sox9 promoter and reducing its expression and by
reducing the Shh signal pathway.

D3 is enriched in the CSCs of human BCC

To attest that our results are translatable to human disease, we
analyzed tissue specimens from patients with BCC
(Figure 4a). We first confirmed the characteristic morphology
of BCC in patient samples through histological analysis
(Supplementary Figure S6a). To evaluate whether D3 con-
tributes to the maintenance of the CSCs pool in human BCC
lesions, we measured the expression levels of DIO3 and
several CSCs markers, including SOX9, SOX2, and LGR5, in
BCC tissues compared with those in matched flanking skin
from the same patients (normal skin) (Figure 4b). As expected,
both DIO3 and CSCs marker expressions were elevated in
BCC relative to those in adjacent nontumoral skin (Figure 4b).
We next performed immunofluorescence staining to assess
the expression of D3 alongside key stemness markers within

“Smo-D3KO mice. n = 6 mice per group, with each data point representing a pool of cells from 2 mice. Data are presented as mean =+ SD. Unpaired t-test with
Welch’s correction was performed. (d) Quantification of the percentage of CD34"" (green) and CD34"° (blue) populations analyzed with FACS analysis of tail
lesions of Smo-D3WT versus Smo-D3KO mice. n = 6 mice per group, with each data point representing a pool of cells from 2 mice. Data are presented as mean
+ SD. Two-way ANOVA with uncorrected Fisher’s LSD multiple comparison test was performed. (e) Experimental workflow of BCC induction in Smo-D3WT
and Smo-D3KO mice, followed by treatment with 0.1% MMI and 1% KCIO,4 administered for 4 weeks in drinking water to induce systemic hypothyroidism,
created with BioRender.com. (f) Representative histologic and immunofluorescence analyses of skin from Smo—D3KO and Smo—D3KO + MMI mice. Top
panels: H&E staining showing a reduction in epidermal thickening after MMI treatment. Middle panels: Immunofluorescence for K17 (red) and DAPI (blue)
identifying basal-like, undifferentiated keratinocytes. Bottom panels: Immunofluorescence for K10 (green) and DAPI (blue) marking suprabasal differentiation.
Dashed lines delineate the dermal—epidermal junction. Scale bars = 100 pm (g) Tumor burden expressed as percentage of total tissue area in Smo-D3KO mice
treated with vehicle or MMI. Each dot represents an individual mouse. Bars indicate mean =+ SD. Statistical significance was determined using an unpaired 2-
tailed t-test with Welch’s correction. (h) Representative FACS plots as previously described in Figure 1b, from tail lesions of Smo-D3WT; Smo-D3KO and Smo-
D3KO mice treated with MMI as described earlier. Plots are representative of at least 3 independent experiments. (i) Experimental workflow of BCC induction in
Smo-D3WT mice, followed by treatment with T3 and T4 (1.0 mg/ml T3 + 4.0 mg/ml T4) administered for 4 weeks in drinking water to induce systemic
hyperthyroidism, created with BioRender.com. (j) Representative histologic and immunofluorescence analyses of skin from SMO-D3WT and SMO-WT + TH
mice. Top panels: H&E staining showing a reduction in epidermal thickening after MMI treatment. Middle panels: Immunofluorescence for K17 (red) and DAPI
(blue) identifying basal-like, undifferentiated keratinocytes. Bottom panels: Immunofluorescence for K10 (green) and DAPI (blue) marking suprabasal
differentiation. Dashed lines delineate the dermal—epidermal junction. Scale bars = 100 pm (k) Tumor burden expressed as percentage of total tissue area in
Smo-D3WT mice treated with vehicle or TH. Each dot represents an individual mouse. Bars indicate mean =+ SD. Statistical significance was determined using
an unpaired 2-tailed ttest with Welch's correction. (I) Representative FACS plots and quantification showing the distinct separation of CD34™ (green) and
CD34" (blue) populations within the CD34™ population of epithelial cancer tumor cells (gated as previously described), from tail lesions of Smo-D3WT and
SMO-D3WT + TH. BCC, basal cell carcinoma; CSC, cancer stem cell; K10, keratin 10; K17, keratin 17; KCIO,, potassium perchlorate; LSD, least significant
difference; MMI, methimazole; T3, triiodothyronine; T4, thyroxin; TH, thyroid hormone.
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Figure 3. TH treatment suppresses SOX9 expression and self-renewal capacity in BCC-derived CSCs. (a) Experimental workflow for the isolation and in vitro
culture of CSCs from mice with BCC, created with BioRender.com. (b) Representative images of CFE assays of CSCs cultured on mitotically inactivated 3T3-J2
feeder layers under control (denoted as CTR) conditions or treated with THs (30 nM T3 and 30 nM T4) for 12 days and stained with 2% rhodamine B.
Quantification of CFE, calculated as (number of colonies / number of cells plated) x 100, shows a significant decrease in clonogenic potential upon TH
treatment. Data represent mean + SD; paired t-test was performed. (c) Representative brightfield images and quantification of colony formation from CSCs
isolated from BCC lesions of Smo-D3WT mice. CSCs were sorted as YFP*/a6-integrin*/CD34"" cells and seeded in vitro. Cells were treated with vehicle (CTR)
or TH (30 nM T3 and T4) for 5 days. Red circles indicate individual colonies. Bar graph shows quantification of colony area (um?). n = 3 biological replicates.
Each data point represents an individual field. Data are presented as mean + SD, analyzed with unpaired 2-tailed t-test. Bar = 300 pm. (d) PD of CSCs cultured
on mitotically inactivated 3T3-J2 feeders with or without THs (30 nM T3/T4) up to passage 5. PD was calculated as 3.322 x log(N/No). Data represent mean =+
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human BCC tissue, focusing on the relationship between D3
and SOX9. Immunofluorescence analysis revealed that cells
with high SOX9 expression also exhibit elevated levels of D3,
suggesting a potential role for D3 in supporting the tran-
scriptional  program associated with BCC stemness
(Figure 4c). To further characterize the phenotype of D3-
positive cells, we examined D3 expression in relation to
the proliferation marker Ki-67. As previously shown (Kramer
et al, 2014) within the D3-positive areas of human BCC le-
sions, numerous Ki-67—positive cells are present, confirming
a positive association between D3 expression and cellular
proliferation (Supplementary Figure S6b). To explore the
specificity of this association, we examined D3 expression in
relation to CD200, which identifies a tumor-initiating sub-
population in human BCCs (Colmont et al, 2013), and LGR5,
a well-established marker of epithelial stemness (Jaks et al,
2008; Kostic et al, 2024; Sun et al, 2010). Interestingly, D3
expression correlated with CD200 (Figure 4d), whereas
LGR5-positive BCC cells exhibited lower D3 fluorescence
intensity, as also observed in mice (Supplementary
Figure S2b), confirming that D3 defines a distinct subpopu-
lation of stem-like BCCs that are not marked by LGR5
(Figure 4e). This conclusion is also supported by the analysis
of published datasets indicating that D3 in human BCC
colocalizes with numerous stemness markers (Supplementary
Figures S7 and S8). Collectively, these findings suggest that in
human BCC, D3 marks a distinct CSC population character-
ized by concurrent expression of the stemness markers
CD200 and SOX9. This correlation supports the hypothesis
that D3, by modulating local TH activity, contributes to the
maintenance and self-renewal capacity of BCC stem-like
cells, thereby promoting tumor growth and persistence.

DISCUSSION
Our study identifies type 3 deiodinase, D3, as a critical
regulator of CSC identity and tumor progression in BCC. By
integrating genetic mouse models, in vitro mechanistic as-
says, and analyses of human tumor specimens, we demon-
strate that D3-driven modulation of local TH signaling is
essential for sustaining the stemness and self-renewal ca-
pacity of the CD34"% CSC niche in BCC.

TH controls many cellular processes in multiple cell types.
Although TH concentrations in the blood are stable, the ac-
tion of the deiodinases provides cell-specific regulation of TH

activity (Ambrosio et al, 2013; Cicatiello et al, 2022; Luongo
et al, 2019). Consequently, deregulation of deiodinase func-
tion and TH status has been implicated in tumorigenesis
(Miro et al, 2025a; Nappi et al, 2025; Sagliocchi et al, 2023a,
2023b). We and others previously reported that D3 is over-
expressed in the epidermis under Shh signaling and plays a
key role in maintaining epidermal SC homeostasis (Dentice
et al, 2007; Mancino et al, 2020). In detail, we observed
that both TH treatment and D3 depletion affect normal ker-
atinocyte growth and differentiation (Mancino et al, 2020). In
addition, we expand on those findings by showing that D3
expression is markedly enriched in the CD34"™" subpopula-
tion of CSCs, which represents the most protumorigenic
compartment in murine BCC (Lapouge et al, 2012). In
contrast, CD34 cells preferentially express D2, the TH-
activating enzyme, suggesting that a tightly regulated TH
gradient shapes distinct CSC states. Notably, D3 depletion in
the epidermis significantly reduced BCC burden and led to a
marked loss of the CD34™ niche, accompanied by decreased
expression of key stemness-associated markers such as Sox9,
Sox2, and Lgr5. These findings support the concept that local
hypothyroidism, enforced by D3, is required to maintain the
tumor-propagating capacity of CSCs.

The data described earlier are in line with the previous
report on the effects of D3-mediated TH clearance in colo-
rectal CSCs (Catalano et al, 2016). Indeed, high levels of D3
expression correlated with B-catenin activation and
enhanced self-renewal capacity of colorectal CSCs. Accord-
ingly, it was demonstrated that loss of D3, by enhancing the
TH signal, induced differentiation of colorectal CSCs and
sensitized them to the standard chemotherapeutic drugs.
Thus, along with these data, our work poises the evidence
that D3 contributes to sustain the amplification of CSCs, in
different tumor contexts, suggesting the use of deiodinase
regulation as a tool with which to manipulate the CSCs fate
and thus to modulate their expansion and differentiation in a
therapeutic context. Strengthening this concept, in 3 tumor
models of skin squamous cell carcinoma, colon cancer
context, and prostate cancer, D3 was shown to be overex-
pressed in benign lesions with significantly higher levels than
in normal tissues. However, its abundance negatively corre-
lated with the histologic grade of the lesions, suggesting that
D3 could be a marker of the early stages of tumorigenesis
(Dentice et al, 2012; Miro et al, 2022, 2019).

d

‘SD (n = 3). (e) Schematic representation of the procedure used to isolate and culture CSCs from SMO-D3WT, SMO-D3KO, and SMO-D3KO + TH mice.
Illustration was created with BioRender.com. (f) Representative images of CFE assays of CSCs isolated from SMO-D3WT, SMO-D3KO, and SMO-D3KO + TH
mice, cultured on mitotically inactivated 3T73-J2 feeder layers for 12 days and stained with 2% rhodamine B. Quantification of CFE, calculated as (number of
colonies / number of cells plated) x 100, shows significant differences in clonogenic potential among groups. Data represent mean =+ SD, analyzed with 1-way
ANOVA. (g, h) Representative images and quantification of immunofluorescence staining for SOX9 (red) (left panel) and CD34 (red) (right panel) of CSCs
isolated as described earlier and treated with vehicle (denoted as CTR) or TH (30 nM T3 and T4) for 48 hours. n = 3 biological replicates. Each data point
represents an individual field. data are presented as mean =+ SD, analyzed with unpaired 2-tailed t-test. Bar = 10 um. (i) In silico analysis identified multiple
conserved TREs within the 5'-flanking region of the mouse Sox9 gene. Scheme of the Sox9 locus on chromosome 11 with the predicted TRE sites and the region
cloned for functional assays. The 1241 bp fragment upstream of the Sox9 transcription start site was inserted into a pGL3-basic luciferase reporter vector.

(j) Luciferase reporter assays in mouse BCC cells (G2N2c) transfected with the Sox9 promoter construct (pmSox9). Cells were treated with vehicle (CTR-CMV) or
T3/T4 (TH, 30 nM) or cotransfected with TRa/B expression vectors (TRa), followed by T3/T4 treatment. TH treatment synergistically repressed Sox9 promoter
activity. Data are presented as mean + SD; n = 4 biological replicates. One-way ANOVA with Sidak’s multiple comparisons test was performed. (k) ChIP
analysis of TRa binding to the Sox9 promoter in G2N2c cells. Cells were treated with vehicle (CTR) or TH (30 nM T3 and T4) for 48 hours. ChIP was performed
using an anti-TRa antibody or IgG control, and enrichment at the Sox9 promoter was quantified by RT-qPCR. Data were normalized on input and shown as fold
of enrichment over IgG. Bars represent mean =+ SD. n = 3 biological replicates. Two-tailed paired t-test was performed. BCC, basal cell carcinoma; CFE, colony-
forming efficiency; ChIP, chromatin immunoprecipitation; CSC, cancer stem cell; PD, population doubling; T3, triiodothyronine; T4, thyroxin; TH, thyroid
hormone; TRE, thyroid hormone response element.
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Figure 4. D3 expression correlates with cancer stem cell markers in human BCC lesions. (a) Experimental workflow for the human BCC samples analysis.

(b) RT-gPCR analysis of the indicated genes in human BCC lesions compared with those in matched normal skin (denoted as NS) from the same patients. RNA
was extracted from FFPE sections, and gene expression levels were normalized to RPLPO and expressed relative to NS. n = 4 patients. Data are presented as
mean =+ SD. Two-tailed paired t-test was performed. (c) Representative immunofluorescence images of human BCC tissue sections stained for SOX9 (green, left
panel) and D3 (red, right panel) on sequential sections from the same patient. SOX9 displays nuclear localization, whereas D3 is predominantly membrane/
cytoplasmic. Nuclei were counterstained with DAPI (blue). A magnified inset illustrates regions with high D3 signal spatially corresponding to areas enriched in
SOX9™ nuclei, consistent with the quantification. Quantification shows the number of SOX9-positive nuclei in D3-high and D3-low cells, identified by D3
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Our work further underscores functional importance of the
TH-regulatory axis by manipulating systemic TH levels.
Methimazole-induced hypothyroidism in D3-deficient mice
rescued the CD34" CSC pool, whereas exogenous TH
administration mimicking the effects of D3 loss led to
diminished CSC frequency, and as also observed in our pre-
vious works (Di Girolamo et al, 2016; Dentice et al, 2007;
Luongo et al, 2014), TH reduced the expression of genes
under the Shh signaling pathway. These in vivo experiments
provide compelling evidence that the TH metabolic state
governs CSC dynamics in BCC. Importantly, this regulation
extends beyond cell abundance to include TH-dependent
transcriptional repression of Sox9, a master regulator of
epidermal stemness and proliferation. These results position
Sox9 as a downstream effector of TH signaling, providing
mechanistic insight into how elevated TH levels suppress
CSC traits.

Previous studies have shown a similar repression of
Sox2 expression by TH in non-neoplastic settings. In the
neural SC niche of the subventricular zone, TH was found
to regulate cellular plasticity and maintain homeostasis
across mixed populations of SCs, transit-amplifying pro-
genitors, and migrating neuroblasts (Lopez-Juarez et al,
2012). In detail, TH and its receptor, TRal, were
directly involved in maintaining the balance between
these cell populations by suppressing the Sox2™ cells
(which give rise to oligodendrocytes) and favoring neural
SC commitment toward a migrating neuroblast phenotype
(Lopez-Juarez et al, 2012). Taking these results together,
the authors propose that the TH-dependent repression of
Sox2 promotes differentiation of neural SC progenitors to
a more committed phenotype.

The translational relevance of this work is underscored by
our findings in human BCC specimens. Immunofluorescence
analyses confirmed strong D3 expression in the tumor
compartment, with clear colocalization with CD200 and
SOX9. Interestingly, LGR5" cells exhibited weaker D3
staining, indicating that D3 marks a distinct CSC subpopu-
lation not fully overlapping with other epithelial SC markers.
These data support a model in which D3-expressing CSCs
represent a unique, transcriptionally defined niche depen-
dent on local TH inactivation.

Collectively, our findings reveal a previously unrecognized
role for TH metabolism in skin cancer stemness. Although D2
promotes the tumor progression in many tumor types and in
the squamous cell carcinoma ( Miro et al, 2022, 2019; Nappi
et al, 2025; Sagliocchi et al, 2023a ), the BCC, which has a
low tendency to undergo metastasis, exhibits a different
pattern of deiodinase expression, with high D3 and low D2

A

expression levels and a specific D3 signature in the CD34""
CSCs.

This work indicates that by lowering TH levels through D3
activity, BCC tumors maintain a prostemness, protumorigenic
microenvironment that promotes CSCs persistence and tumor
growth. These insights suggest that therapeutic strategies
aimed at disrupting the D3—TH—SOX9 axis may effectively
target the CSC niche and improve outcomes for patients with
advanced BCC. Future studies will be needed to explore the
efficacy and safety of systemic or local modulation of TH
signaling in this context and to define whether this axis also
operates in other skin cancers or epithelial malignancies as
well as to address the effects of TH not only in the tumor bulk
but also on the tumor microenvironment.

MATERIALS AND METHODS

Mouse strains

The K14-CreERT;SmoM2 mice (K14-CreER;Rosa26-LSL-SmoM2-
YFP) were obtained from C. Blanpain laboratory. These mouse
models are available at the Jackson Laboratory (stock number
005107 [https://www.jax.org/strain/005107] and stock number
005130 [https://www.jax.org/strain/005130]). SMO-D3KO mice
(K1 4—CreERT;Sm0M2,D3ﬂ/ﬂ) obtained by crossing the
keratinocyte-specific conditional K14-CreERT mouse with D3
mice (Lapouge et al, 2012). Mice were fed regular chow ad libitum
and maintained in fresh bedding cages under controlled conditions,
namely 20—24°C, 50—60% humidity, and a 14:10 light—dark cycle.
All animal experiments and mouse husbandry were done in the
animal facility at CEINGE-Biotecnologie Avanzate (Naples, Italy). All
in vivo procedures received the approval of the Institutional Animal
Care and Use Committee (protocol number 1/2024-PR, D5A89.73).

were

Human specimens

Human samples were obtained from discarded skin specimens of
BCC, alongside adjacent normal Skin at the Department of
Dermatology, Massachusetts General Hospital (Boston, MA), with
institutional approval (2018P003156).

Inducing oncogene activation and concomitant D3 genetic
depletion

Male mice were induced at the age of 2 months with 10.0 mg of
tamoxifen (tamoxifen-free base, Sigma-Aldrich, St. Louis, MO, code
T5648) dissolved in 10% ethanol and 90% sunflower oil (Sigma-
Aldrich, code C8267). Mice were treated with 4 consecutive intra-
peritoneal injections and killed 8 weeks after induction.

Induction of hypothyroidism in mice

Hypothyroid mice were obtained by treating Smo-D3WT and Smo-
D3KO male mice aged 12 weeks with 0.1% methimazole (Sigma-
Aldrich, code M8506) and 1% potassium perchlorate (Sigma-Aldrich,
code 241830) mixed in drinking water for 4 weeks. Mice were killed 8

‘intensity thresholding. Data are shown as violin plots. n = 3 patients, n = 3 fields per sample. Data are presented as mean + SD. Two-way ANOVA with Tukey’s
correction was performed. Scale bars = 100 pm (d) Representative immunofluorescence images of human BCC tissue sections stained for CD200 (red) and D3
(green). Nuclei were counterstained with DAPI (blue). Higher magnification illustrates the preferential association of CD200-positive cells with D3-high regions.
Quantification shows the number of CD200-positive cells in D3-high and D3-low cells, identified by D3 intensity thresholding. Data are shown as violin plots.
n = 3 patients, n = 3 fields per sample. Data are presented as mean £ SD. Two-way ANOVA with Tukey’s correction was performed. Scale bars = 50 um (e)
Representative immunofluorescence images of human BCC tissue sections stained for LGR5 (red) and D3 (green). Nuclei were counterstained with DAPI (blue).
A representative field at lower magnification shows that regions with high D3 expression correspond to areas with low LGR5 signal and vice versa, indicating an
inverse spatial correlation between the 2 markers. Bars = 50 and 25 pum (left to right). Quantification of LGR5™ cells in D3-high and D3-low regions, defined by
D3 intensity thresholding, is shown as violin plots. Data represent mean + SD (n = 3 patients, 3 fields per sample). Statistical analysis was performed by 2-way
ANOVA with Tukey'’s correction. BCC, basal cell carcinoma; D3, type 3 iodothyronine deiodinase; FFPE, formalin-fixed, paraffin-embedded.
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weeks after tumor induction.

Induction of hyperthyroidism in mice

Hyperthyroid ~ mice were obtained by treating K14-
CreERT;SmoM2;D3WT male mice aged 12 weeks with T3 (1.0 mg/
ml T3, Sigma-Aldrich, code T6397) and thyroxin (T4) (4.0 mg/ml T4,
Sigma-Aldrich, code T2501) mixed in drinking water for 6 weeks
(Cicatiello et al, 2022; Miro et al, 2023). Mice were killed 8 weeks
after tumor induction.

Histology and immunostaining

For immunofluorescence and histology on mouse, tail, ear, or dorsal
skin from K14-CreERT; SmoM2; D3WT and D3KO mice were
embedded in paraffin, cut into 7.0-um sections, and 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 minutes. Sections were blocked in 1% BSA/0.02% Tween/PBS
for 1 hour at room temperature (RT). Primary antibodies were incu-
bated overnight at 4°C in blocking buffer and washed in 0.2%
Tween/PBS. Secondary antibodies were incubated at RT 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 (Leica Microsystems GmbH, Wetzlar, Germany, version
3.6.0.20104).

For immunofluorescence and histology on human BCC biopsies,
images were obtained with a Yokogawa Spinning Disk Field Scan-
ning Confocal System (Nikon) and analyzed with Image] (National
Institutes of Health, Bethesda, MD).

The antibodies used for immunofluorescence analysis were anti-
D3 (Novus Biological, Centennial, CO, code NBP1-05767), anti-
CD34 (Proteintech Group, Rosemont, IL, code 60180-1), anti-LGR5
(Origene, Rockville, MD, code TA503316), anti-SOX9 (Abcam,
Cambridge, United Kingdom, codes ab26414 and ab196450), anti-
K17 (Novocastra Laboratories, Newcastle, United Kingdom, code
NCL-CK17), anti-K10 (Covance, Princeton, NJ, code PRB-159P), and
anti-K5 anticytokeratin/K5 (PROGEN Biotechnik GmbH, Wayne,
PA, catalog number 03-GP-CK5).

Immunofluorescence on cells

Cells were fixed with 4% paraformaldehyde (Electron Microscopy
Sciences) in PBS for 10 minutes at RT. Cells were washed 3 times in
PBS, permeabilized in 0.5% Triton X-100 (Merck chemical, Sigma-
Aldrich, code T8787) for 5 minutes RT, washed again 3 times in
PBS, and blocked with 10% goat serum (Gibco, Thermo Fisher
Scientific, Waltham, MA, code 16210072). Cells were incubated
with the indicated primary antibodies overnight at 4 °C in PBS with
2% goat serum. Upon PBS washes, cells were incubated with sec-
ondary antibodies for 45 minutes at RT. DAPI (Invitrogen, Carlsbad,
CA, catalog number D1306) was used to identify nuclei. All samples
were mounted in 80% glycerol and covered with glass coverslips
(number 1, VWR, Radnor, PA). Images were captured with a fluo-
rescent Leica DMi8 microscope using the Leica Application Suite
LAS X Imaging (Leica Microsystems GmbH, version 3.6.0.20104) for
the acquisitions.

RNA extraction and real-time PCR

mRNAs were extracted with TRIzol reagent (Life Technologies,
Carlsbad, CA, code 15596018). cDNAs were prepared with Super-
Script VILO MasterMix (Life Technologies, code 11755-050) as
indicated by the manufacturer. The cDNAs were amplified by PCR in
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a CFX Connect Real-Time PCR Detection System (Bio-Rad Labora-
tories, Hercules, CA, code 1855201) with the fluorescent double-
stranded DNA-binding dye SYBR Green (Bio-Rad Laboratories,
code 1708882). Specific primers for each gene were designed to
work under the same cycling conditions (95 °C for 10 minutes fol-
lowed by 40 cycles at 95 °C for 15 seconds and 60 °C for 1 minute),
thereby generating products of comparable sizes (about 200—300 bp
for each amplification). Primer combinations were positioned
whenever possible to span an exon—exon junction, and the RNAs
were digested with DNAse to avoid genomic DNA interference. For
each reaction, standard curves for reference genes were constructed
on the basis of six 4-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 were
expressed as 2°AY. Primers used in this study are indicated in
Table 1.

Protein extraction from skin and western blot analysis

Dorsal skin, ear, and tail were removed from mice and immediately
snap frozen in liquid nitrogen. A total of 800ul of lysis buffer
(0.125M Tris, pH 8.6; 3% SDS, protease inhibitors, including
1.0mM phenylmethylsulfonyl fluoride and phosphatase inhibitors)
were added to all dorsal skin samples, which were then homoge-
nized with Tissuelyser Il (Qiagen, Hilden, Germany, code 85300).
Total tissue protein was separated by 8—10 or 15% SDS-PAGE,
accordingly to the protein size to analyze, followed by western
blot. The membrane was then blocked with 5% nonfat dry milk (Bio-
Rad Laboratories, code 1706404) in PBS-0.2% Tween. Primary an-
tibodies for anti-D3 (717-homemade, 1:500, Novus Biological, code
NBP1-05767, 1:1000) and antitubulin (Santa Cruz Biotechnology,
Dallas, TX, code sc-5546, 1:10,000) were used overnight at 4 °C.
The following secondary antibodies were also used: antimouse 1gG-
horseradish peroxidase (Bio-Rad Laboratories, code 1706516) and
antirabbit 1gG-horseradish peroxidase (Bio-Rad Laboratories, code
1706515) and detected by chemiluminescence using an ECL kit
(Millipore, Burlington, MA, catalog number WBKLS0500). Tubulin
was used as a loading control. All western blots were run in tripli-
cate, and bands were quantified with Image) software (National In-
stitutes of Health).

BCCs

BCCs (G2N2c) were derived from transgenic mice expressing a
constitutively active form of GLI2 under the control of K5 promoter
(Sheng et al, 2002), which generates BCC-like tumors called “tri-
choblastomas.” BCCs were cultured under low calcium conditions
with 8% calcium ion—chelated fetal bovine serum (HiMedia Lead-
ing BioSciences Company, Mumbai, India, code RM10432) and
keratinocyte GF (Sigma-Aldrich, code K1757-10UG). All transient
transfections for BCCs were performed using Lipofectamine 2000
(Invitrogen, catalog number 11668019), according to the manufac-
turer’s instructions.

Luciferase assay

To generate the pmSox9Luc plasmid, we used a genomic mouse
DNA as template in a PCR with oligonucleotides—pmSox9U
(attaCTCGAGCCTAGAGCTTCGCCCTCTTAG)  and  pmSox9L2
(cggcAAGCTTctctcttgcaaagaaaagttc)—to isolate 1241 bp from the
mouse Sox9 5'-flanking region. The amplified region was cloned into
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Table 1. Oligonucleotides Used for Real-Time PCR

Gene Forward Primer (5’ —3’) Reverse Primer (5’ —3’)
CYCLOPHILIN A AGTCCATCTATGGGGAGAAATTTG GCCTCCACAATATTCATGCCTTC
DIO2 CTCTATGACTCGGTCATTCTGC CTCTATGACTCGGTCATTCTGC
DIO3 CCTGGGACTCTGCTTCTGTAAC GGGGTGTAAGAAAATGCTGTAGAG
MCT8 TTCGGCTGGGTGGTGGTGTTCGCT ATCATACCCATCGCGAGGGCTC
MCTI10 CAATAGTCAGCGTCTTCACAGACCT GCAGCAGGATTGTGAAGACACTGC
TRa1 ACCACCGCAAACACAACATT CATTCCGAGAAGCTGCTGTC
TRa2 AATGGTGGCTTGGGTGTGGT CCTGAACAACATGCATTCCGA
TRG CACCGGGTATCACTACCGCTGT CAGCACCAAGTCTGTTGCCATGC
HBEGF AGACCCATGCCTCAGGAAAT ACGACAGTACTACAGCCACC
KLK6 GGCGACATGAAAGAAGGCAA ACAGCCACTTGTTTCTGAGG
TNFAIP2 CTTCCGTGGAGCAGAAATGG GAAACAGTCCTGCAGCTCTG
NRGT1 AACCCACCACCAGAGAATGT GATGCTTTCTGTGTGCCCAT
NRP2 CTCCCACCAGAACTGTGAGT GGCGTAGTCTGAGGTGAACT
SOX9 AGGGCTACGACTGGACGCTGGTG TGTAATCGGGGTGGTCTTTCTTGTGCT
SOX2 CTACATGAACGGCTCGCCCACCTAC CTGGCCTCGGACTTGACCACAGAG
TBX1 TGTCTCCCCGAGCCAGTGCGTT GCTACCAAGAGCTGCCTCCACCTA
STMN1 AATCTGTCCCCGATTTCCCC CCCGGTTCTCTTTGTTAGCC
LGR5 CAACATCAGTCAGCTACCCG GTCTCAGCTGGTTGTTCTGC
SNF8 CCTGAGTTCCGAGTCCAGTT CATTCCGATGTTTGAGGGCC
TGFA CAACAAGTGCCCAGATTCCC GATGGCTTGCTTCTTCTGGC
K16 GAAGATCCGGGACTGGTACC AGCCTGGCATTGTCAATCTG

the Xho/Hindlll sites of a pGL3-basic vector (Promega, Madison,
WI). The pmSox9Luc plasmid and CMV-Renilla reporters were
cotransfected into BCCs using Lipofectamine 2000 (Invitrogen, cat-
alog number 11668019), according to the manufacturer’s in-
structions. Luciferase activities were measured 48 hours after
transfection using the Dual Luciferase Reporter Assay System
(Promega, code E1910), and differences in transfection efficiency
were corrected relative to the level of Renilla activity. Each construct
was studied in triplicate in at least 3 separate transfection
experiments.

Chromatin immunoprecipitation assay

Approximately 8 x 10°® BCCs were fixed with 1% formaldehyde in
growth medium at 37 °C for 30 minutes. Glycine was added to a
final concentration of 0.125 M to stop crosslinking. Sonicated, cross-
linked chromatin was centrifuged at 12,000 r.p.m. for 30 minutes to
remove insoluble material. The soluble chromatin was diluted 10-
fold in dilution buffer and used directly for chromatin immunopre-
cipitation assays. Five percent of total DNA was used as a positive
control for PCR assays (denoted “input DNA”). Six optical density
(A260) units of chromatin from BCCs were mixed with 10 pl (0.3 pg/
ul) of anti-TRa and incubated at 4 °C for 3 hours before precipitation
with protein A/G Sepharose (Sigma Chemical, GE Healthcare, code
GE17-0780-01). After 5 rounds of washing, bound DNA—protein
complexes were eluted by incubation with 1% SDS 0.1 M sodium
bicarbonateelution buffer. Formaldehyde cross-links were reversed
by incubation in 200 mM sodium chloride at 65 °C. Samples were
extracted twice with phenol-chloroform and precipitated with
ethanol. DNA fragments were recovered by centrifugation, resus-
pended in 50 pul of water, and used for real-time PCRs.

Flow cytometry, isolation, and culture of epithelial CSCs
Tail skin was removed from the mice and treated with trypsin 0.25%
(Gibco, Thermo Fisher Scientific) at 4 °C overnight after removal of
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adipose tissue. The epidermal layer was separated from the dermis,
chopped, and incubated with trypsin 0.25% for 7 minutes at 37 °C.
After digestion, fetal bovine serum was added to the sample to
inactivate trypsin. The cell suspension was then filtered twice with a
70-uM cell strainer (Corning, code CLS431751-50EA). Immuno-
staining was performed using allophycocyanin antimouse CD34
(BioLegend, San Diego, CA, code 119310) and phycoerythrin rat
antihuman a6-Integrin (BD Pharmingen, code 555736) by incuba-
tion for 1 hour on ice. Living SmoM2-expressing epidermal cells
were gated by forward scatter, side scatter, and expression of
SmoM2-YFP. YFP*/a6-Integrin™/CD34% cells were sorted using
FACS Aria Il (BD Biosciences) and analyzed immediately after
isolation or cultured on mitomycin C (Sigma-Aldrich, code
M4287)—treated feeder cells using 0.3 mM calcium chloride
E-Medium as previously described (Novak and Fuchs, 2009) (DMEM
without calcium/F12 3:1 [161965-026 and 31765-027, Gibco,
Thermo Fisher Scientific], 15% chelex fetal bovine serum
[Chal115L, Cytivial, 0.4 pg/ml hydrocortisone [386698-25mg,
Millipore], 5 pg/ml transferrin [Sigma-Aldrich, code T2252-
100mg], 5 pg/ml insulin [Gibco, Thermo Fisher Scientific, code
12585-014], toxin cholera 10-'"™ [Sigma-Aldrich, code C8052], 1%
L-glutamine [Euroclone, Milan, Italy, code ECB3000D], 1%
penicillin—streptomycin [ECB3001D, Euroclone], and 0.3% sodium
bicarbonate [0.3 mM calcium chloride]).

CFE assay

The CFE assay was performed to assess the clonogenic potential of
CSCs isolated from control mice and treated with 30 nM T3 and 30
nM T4. A total of 1000 cells were seeded on mitotically inactivated
3T3-)2 feeder layers and cultured under standard conditions as
described earlier in the presence and absence of 30 nM T3 and 30
nM T4. Twelve days later, cells were fixed with 4% para-
formaldehyde and stained with 2% rhodamine B. CFE values were



calculated using the following formula: CFE (%) = (number of col-
onies / number of cells plated) x 100.

Population doubling capacity

Proliferation potential was assessed to indicate the capacity of cells
to produce cell generations. CSCs were continuously cultured on
mitotically blocked 3T3-J2 feeder layer up to passage 5 in the
presence and absence of 30 nM T3 and 30 nM T4. At each passage,
cells were trypsinized and counted using trypan blue and cultured at
a seeding density of 3000 cells/cm? for the next passage. The pop-
ulation doubling of cultured CSCs was calculated using the
following equation:

PD = 3.322 log N/Np

where N is the number of harvested cells, and N is the number of
clonogenic cells.

Statistical analyses

The results are reported as means & SD throughout the study. For
experiments in which we compared 2 different conditions, Student’s
2-tailed t-tests were applied. For the experiments in which multiple
conditions were compared, we used 1-way or 2-way ANOVA with a
multiple comparison test. In all experiments, differences were
considered significant when P < .05. P-values are indicated in the
figures.
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