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 24 

Abstract 25 

 26 

Thyroid hormones (THs) are key regulators of development, tissue differentiation and 27 

maintenance of metabolic balance in virtually every cell of the body. Accordingly, 28 

severe alteration of TH action during fetal life leads to permanent deficits in humans. 29 

The skin is among the few adult tissues expressing the oncofetal protein type 3 30 

deiodinase (D3), the TH inactivating enzyme. Here, we demonstrate that D3 is 31 

dynamically regulated during epidermal ontogenesis. To investigate the function of D3 32 

in a post-developmental context, we used a mouse model of conditional epidermal-33 

specific D3 depletion. Loss of D3 resulted in tissue hypoplasia and enhanced epidermal 34 

differentiation in a cell-autonomous manner. Accordingly, wound healing repair and 35 

hair follicle cycle were altered in the D3-depleted epidermis. Furthermore, in vitro 36 

ablation of D3 in primary culture of keratinocytes indicated that various markers of 37 

stratified epithelial layers were up-regulated, thereby confirming the pro-differentiative 38 

action of D3 depletion and the consequent increased intracellular T3 levels. Notably, 39 

loss of D3 reduced the clearance of systemic TH in vivo, thereby demonstrating the 40 

critical requirement for epidermal D3 in the maintenance of TH homeostasis. In 41 

conclusion, our results show that the D3 enzyme is a key TH-signaling component in 42 

the skin thereby providing a striking example of a physiological context for deiodinase-43 

mediated TH metabolism, as well as a rationale for therapeutic manipulation of 44 

deiodinases in patho-physiological contexts. 45 

 46 

 47 

 48 

 49 

  50 
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Introduction 51 

The skin protects organisms from infection, prevents dehydration, and undergoes re-52 

epithelialization after wound injury (1). In mammals, epidermal development is a 53 

multistage process consisting of epidermal specification, commitment, stratification and 54 

terminal differentiation (1). To accomplish these feats, the epidermis constantly 55 

replenishes itself thanks to the presence of stem cells that are capable of self-renewal 56 

and of producing transiently amplifying progenitor cells. Dividing cells in the innermost 57 

(basal) epidermal layer continually execute a program of terminal differentiation, move 58 

outwards, exit the cell cycle and embark on a terminal differentiation pathway as they 59 

migrate toward the skin surface (1). During the whole process, distinct signaling 60 

patterns specify different developmental stages and these stage-specifically regulated 61 

signaling events ensure the correct morphogenesis of skin epidermis and its appendages 62 

(2). Basal layer keratinocytes express the keratins K5 and K15. As cells exit from the 63 

basal layer and begin their journey towards the skin surface, they cease expressing K15 64 

and K5 and start expressing K1 and K10 (3), (4). The first suprabasal cells are known as 65 

“spinous cells”, which reflects their cytoskeleton of K1/K10 filament bundles connected 66 

to robust cell–cell junctions known as “desmosomes”. K6, K16 and K17 are also 67 

expressed suprabasally, but only in hyperproliferative situations such as wound healing 68 

(3), (4). 69 

 The skin is a well-recognized target of TH, which is an important regulator of 70 

epidermal homeostasis (5). In skin, TH exerts profound effects on fetal epidermal 71 

differentiation, barrier formation, hair growth, wound healing, keratinocyte 72 

proliferation, and keratin gene expression (6). Moreover, several TH responsive genes 73 

have been identified in skin. For example, TH differentially regulates the K5, K14, and 74 

K17 gene promoters and the hairless gene (Hr) is a well known TH-target gene in 75 

keratinocytes (7).  76 

Although various studies have provided insights into how TH regulates specific stages 77 

of epidermal homeostasis (8), (9) few have examine the effects of an altered TH signal 78 

at cell-specific level, and the consequence of imbalanced TH homeostasis in 79 

physiological conditions.  80 

 Three selenoenzymes, namely deiodinases, play a crucial role in the control of TH 81 

intracellular availability. These enzymes metabolize THs in a stage- and tissue-specific 82 
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manner by a mono-deiodination reaction that involves two distinct pathways. The type 1 83 

and 2 deiodinases (D1 and D2) catalyze the conversion of the inactive precursor T4 to 84 

the active form T3 — a process that increases circulating T3 levels and the availability 85 

of the active hormone for the nuclear receptors (10). In contrast, type 3 deiodinase (D3) 86 

inactivates TH by converting T4 and T3 to the inactive metabolites reverse T3 (rT3) and 87 

T2, respectively. Notably, the combined actions of D2 and D3 are viewed as a cell 88 

autonomous pre-receptoral mechanism that controls TH signalling in a time- and tissue-89 

specific manner although it does not affect serum hormone concentrations (10), (11) 90 

 D3 —- the main physiologic inactivator of TH —controls TH homeostasis by 91 

protecting tissues from an excess of TH (12). It is abundantly present in fetal tissues and 92 

high D3 levels are expressed in the human placenta, where it blocks the excessive 93 

maternal-to-fetal transfer of T4 (13). In contrast, during late neonatal and adult life, D3 94 

expression is more limited in only a number of postnatal tissues, i.e., skin and brain, and 95 

in pregnant uterus (14). Notably, D3 is expressed in several pathophysiological 96 

conditions, among which cardiac hypertrophy, chronic inflammation, critical illness 97 

(15), hypoxia, ischemia (16) and cancer. We and others demonstrated that D3 is up-98 

regulated in basal cell carcinoma, (17) colon carcinoma (18), hemangiomas (19), 99 

astrocytomas  and glioblastomas (20). Because D3 is expressed in fetal and in malignant 100 

tissues, it is referred to as an “oncofetal enzyme”. 101 

 Despite evidence that TH plays an important role in epidermal proliferation, the 102 

physiologic role of TH and its local modulation by D3 in skin is not well understood. 103 

Here, we investigated the physiological role of D3 in the maintenance of the 104 

proliferation/differentiation balance of keratinocytes. In vitro and in vivo experiments 105 

demonstrated that epidermal depletion of D3 dramatically alters the proportion of the 106 

epithelial layers, thus resulting in a drastic reduction of the skin thickness. Loss of D3 in 107 

the epidermis, by reducing the percentage of epidermal stem cells, impairs a correct 108 

closure of the wound after an injury and alters the execution of the hair follicle cycle. 109 

Notably, the clearance of T4 is reduced in the absence of D3 in the skin, thus revealing 110 

a critical role for D3 in the homeostatic control of local and systemic TH levels. 111 

 112 

 113 

Results 114 
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 115 

Endogenous type 3 deiodinase is dynamically expressed during epidermal 116 

development and the hair follicle cycle. 117 

To assess the localization of D3 during epidermal development and in adult skin, we 118 

analyzed its expression in during mouse embryogenesis (E11.5 to E18.5). We found that 119 

D3 expression starts at E15.5, peaks at E17.5, and declines thereafter (Figure S1). As 120 

shown in Figure 1A-C, D3 expression is highly dynamic in early post-natal life. In fact, 121 

it is much lower at P2 than during embryogenesis.  It peaks at P10, decreases thereafter, 122 

and reaches a plateau in adult life (Figure 1A-C). Immunofluorescence analysis showed 123 

that D3 localizes in all the epidermal layers (Figure 1A), and is expressed also in hair 124 

follicles mainly at P10, where it reaches its highest levels. Interestingly, this profile 125 

positively correlates with miR21 expression and negatively with GRHL3 expression 126 

(Figure 1D), both of which have been shown to coordinately regulate D3 expression in 127 

skin (21). During the hair follicle cycle, D3 is highly expressed at anagen and catagen, 128 

declining in telogen (Figure 1E, F). To assess the specific localization of D3 in the hair 129 

follicle, we analyzed the profile of D3 protein expression in the adult epidermis. 130 

Immunohistochemical analysis showed that D3 is highly expressed in the bulge region 131 

and in sebaceous gland of the hair follicle and is absent in the dermal papilla. D3 was 132 

also detected in infundibulum cells and in the interfollicular epidermis (Figure S2). 133 

Collectively, these results indicate that in normal epidermis, D3 is dynamically 134 

expressed in the epidermal layers of the skin and its expression correlates with hair 135 

follicle formation. Intriguingly, in normal skin, D3 expression correlates with of miR-136 

21/GRHL3, suggesting the existence of a regulatory cascade in the control of epidermal 137 

homeostasis.  138 

 139 

Spatiotemporal D3 genetic depletion accelerates basal cell differentiation.  140 

To investigate the functional role of D3 in epithelial homeostasis, we generated an 141 

animal model for epidermal D3 loss of function. To deplete D3 in the epidermis, mice 142 

in which the Dio3 gene is flanked by Lox-P sequences (22) were crossed with 143 

transgenic mice with keratinocyte-specific expression of a Cre
ERT

 recombinase under 144 

the control of the keratin 14 (K14) promoter (Figure S3A-C) that is responsible for 145 

ubiquitous recombination in hair follicles and basal cells of epidermis (23). Because D3 146 
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expression is dynamically regulated during ontogenesis (Figure 1A), we depleted D3 at 147 

day P6, before the massive induction of D3 in the epidermis (Figure 2A). Loss of D3 in 148 

the epidermal layers resulted in reduced skin thickness (Figure 2B-G). Indeed, the 149 

number of EdU-positive cells and the expression of the proliferative marker K6 and the 150 

basal marker K5 were lower in the epidermis of D3KO mice than in control mice 151 

(Figure 2B, F and Figure 2C-E). Interestingly, Loricrin, which marks the most 152 

differentiative layers in the control mice, was higher in D3KO mice and localized not 153 

only in the upper layers as in the control mice, but also in the lower epidermal layers 154 

(Figure 2C). Together with the fewer EdU-positive cells and reduced thickness, these 155 

data are indicative of the accelerated differentiation of the keratinocytes in the D3KO 156 

epidermis.  157 

 Since the basal layer marker K5 is reduced in D3KO mice, we asked whether D3 158 

also affects the stem cell compartment. Therefore, we measured the percentage of 159 

CD34
+
 stem cells by FACS analysis (α6-Integrin

+
/CD34

+ 
cells). As shown in Figure 2H, 160 

the number of CD34
+
 cells were much lower in the D3KO epidermis than in control 161 

mice (Figure 2H).  162 

 To perform lineage tracing, we crossed D3KO mice with the double fluorescent 163 

Tomato/GFP mouse.  Consistent with the hypothesis that excessive T3 exposure 164 

induces premature differentiation of keratinocytes in D3KO mice, we observed that 165 

while control mice expressed green cells in both basal and suprabasal layers, as 166 

expected by the normal replenishment model of basal keratinocytes, green cells 167 

produced by Cre-mediated Tomato-GFP shift in the D3KO mice moved rapidly to the 168 

upper layers and at day 15 after recombination, were located only in the outer epidermis 169 

(Figure 2I). These data show that alteration of the thyroid status by reduced expression 170 

of D3 induces deregulation of epidermal homeostasis and support a model in which 171 

enhanced T3 in D3KO epidermis induces keratinocyte differentiation (Figure 2L).  172 

 173 

D3 depletion and thyroid hormone treatment increases keratinocyte differentiation 174 

in vitro  175 

The epidermal in vivo alterations observed may reflect a direct role of D3 and TH in 176 

keratinocyte growth/differentiation control. To test the effects of D3 depletion or T3-177 

treatment in the control of the differentiation/proliferation balance, we used primary 178 
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cultures of keratinocytes. We first observed that D3 is expressed in freshly isolated 179 

keratinocytes and that its expression declines during the differentiation induced by 180 

increased Ca
2+

 concentration in the medium (Figure 3A). D3 was then depleted in 181 

primary keratinocytes from D3KO
 
mice infected with an adenovirus carrying the CRE 182 

(Ad-CRE) recombinase or with an adeno-GFP (Ad-GFP) virus as control. Loss of D3 183 

caused a reduction in cell proliferation in D3-depleted cells measured by BrdU 184 

incorporation (Figure 3B, C). Accordingly, mRNA expression of cyclin D1 and K14 185 

were reduced while the expression of differentiation markers K10 and involucrin was 186 

up-regulated (Figure 3D). Furthermore, D3 depletion induced an alteration of 187 

keratinocyte morphology. Indeed, as shown in Figure 3E, keratinocytes were smaller 188 

and round, which suggested spontaneous, early differentiation (Figure 3E).  189 

 To investigate the differentiation potential of D3KO keratinocytes, we induced 190 

cell differentiation by Ca
2+

 treatment and measured various differentiation markers, 191 

namely, K1, loricrin, Pvrl4 (a cell adhesion molecule mainly implicated in the formation 192 

of cadherin-based adherens junctions (24)) and desmoglein 1 (Dsg1, an epidermal 193 

adhesion molecule (25)) in AdCRE and AdGFP infected keratinocytes. All these 194 

markers were up-regulated in D3-depleted keratinocytes compared to control 195 

keratinocytes (Figure 3F), which confirms that local TH excess drives the cells towards 196 

functional differentiation. Treatment with 30 nM T3 paralleled the effects of D3 197 

depletion in a time-dependent manner, with reduction of cyclin D1 and K14 and up-198 

regulation of K10 and involucrin (Figure 3G). 199 

 200 

 201 

Wound healing repair is delayed and hair follicle cycle is accelerated in D3KO 202 

skin. 203 

Having ruled out defects in epithelial commitment and differentiation in epithelia 204 

lacking D3, we evaluated the ability of D3KO mice to repair the skin damage induced 205 

by a wound. We first examined the expression patterns of D3 after the wound created in 206 

the dorsal skin in mice. Three days after full-thickness injury, expression levels of D3 207 

mRNA and protein increased significantly, reached a peak at day 6, and declined 208 

thereafter (Figure 4A, B). Compared to the control mice, D3KO mice exhibited a sharp 209 

delay in their regenerative ability as demonstrated by increased wound area and a delay 210 
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in the wound closure (Figure 4C, D). Indeed, while in control mice wound areas were 211 

smaller with linear kinetics during the 8-dayperiod of observation, at the end of which 212 

~95% closure was observed, wound closure was significantly delayed in D3KO
 
mice, 213 

which showed a 60% wound closure at day 6 and only 70% wound closure at day 8 214 

(Figure 4D).  215 

 Histological examination confirmed the delay in skin regeneration, as showed by 216 

the absence of epidermic patch in D3KO
 
skin at day 8 post-injury in contrast to the 217 

formation of the normal epidermal layer under the scar in control skin (Figure 4E). We 218 

speculated that this phenotype could be due to a proliferative defect of D3KO 219 

keratinocytes. Indeed, mRNA levels of cyclin D1and K5 were lower in the D3KO 220 

epidermis than in control mice (Figure 4F). Moreover, there were fewer BrdU
+
 nuclei in 221 

the zone surrounding the wound in D3-depleted skin than in control mice (Figure 4G, 222 

H).  223 

 224 

Loss of D3 induces premature involution to telogen during hair follicle cycle. 225 

Given that D3 expression is up-regulated during anagen (Figure 1D, F), we asked if also 226 

the hair follicle cycle is affected by D3 depletion. Consequently, as shown in Figure 5A, 227 

D3 was depleted in 3-month-old mice by tamoxifen treatment and one week later mice 228 

were shaved by clamp and the progression of the hair cycle was assessed 6 (anagen), 10 229 

(catagen) and 30 days (telogen) thereafter. Interestingly, while hair morphology was 230 

normal in D3KO mice in anagen, hair bulbs were narrower and hair length shorter in 231 

catagen, which indicates premature involution of the follicle to the telogen phase and 232 

altered evolution of the hair follicle (Figure 5B, C). In line with the premature catagen-233 

telogen transition, the expression of telogen markers (Hand2, Sox1, ZEB1 and ZEB2, 234 

(26) were up-regulated in the D3KO mice already when control hairs were in catagen 235 

(Figure 5E), while the anagen markers (Dlx3, FoxN1, K35 and K32, (26)) were 236 

unchanged or sharply up-regulated in D3KO mice compared to control mice (Figure 237 

5D).  238 

These data are in accordance with a premature differentiation of the hair follicle cycle 239 

cells induced by D3 depletion.   240 

 241 
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Epidermal D3 expression plays a central role in thyroxine clearance 242 

Since D3 is expressed in adult mice only in brain and skin, and considering that the skin 243 

is the largest organ of the body, we wondered whether epidermal D3 might play a role 244 

in systemic thyroxine clearance. To this aim, we measured the levels of D3 in the skin 245 

of control mice and mice in which we intraperitoneally injected a supraphysiological 246 

dose (20 g/100g weight) of T4 for 3 and 7 days. As shown in Figure 6A, B, D3 247 

expression was up-regulated in hyperthyroid mice, thereby confirming the homeostatic 248 

feedback regulation of TH inactivating enzyme by its substrate. Next, we 249 

intraperitoneally injected a supraphysiological dose of T4 and evaluated T4 clearance in 250 

D3KO mice and control mice by measuring the systemic levels of T4 in the blood at 24 251 

and 48 hours after injection. Notably, the ability to metabolize T4 was sharply reduced 252 

(40% at 24 hours and of about 33% at 48 hours) in D3KO mice versus control mice 253 

(Figure 6C). These results revealed a new role of epidermal D3 in the regulation of 254 

plasma TH concentrations.   255 

 256 

Discussion 257 

 258 

Mouse epidermis is an attractive model system with which to study the control of 259 

epithelial cell growth and differentiation (27). Thyroid hormone is important for the 260 

development of many tissues, and in adults regulates the balance between proliferation 261 

and differentiation of virtually every cell of the body (28), (29).  Thyroid hormone is a 262 

key regulator of epidermal proliferation and differentiation, hair growth, and wound 263 

healing in humans (8) and mice (5), (30). A striking example is given by the amphibian 264 

metamorphosis, during which TH governs various differentiation programs including 265 

the switch from a bilayered non-keratinized epithelium to a stratified, keratinized 266 

epidermis (31). 267 

 Hyperthyroidism in humans leads to alterations in the skin homeostasis and 268 

increases perspiration, heat, urticaria, vitiligo, and enhanced pigmentation (32). 269 

Notably, the epidermis is thinner in hyperthyroid patients than in euthyroid subjects 270 

(32).  On the contrary, hypothyroidism is associated with a dry, cold and rough 271 

epidermis, with signs of hyperkeratosis, alopecia and sometime diffuse myxedema (32). 272 
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Although the effects of thyroid alterations on skin homeostasis have been widely 273 

described, the molecular mechanisms by which TH influences keratinocyte turnover and 274 

differentiation are still poorly understood. The effects of TH on keratinocyte dynamics 275 

are mostly exerted through transcriptional regulation mediated by the genomic action of 276 

the two TH nuclear receptors, TRα and TRβ, which act both as positive or negative 277 

regulators of transcription on different promoters and in different pathophysiological 278 

conditions (10).  279 

 The novelty of our study is that it analyzes not only the effects of pathological 280 

levels of hyperthyroidism on keratinocyte proliferation/differentiation balance, but it 281 

also addresses the physiological role of the D3 enzyme in the skin. Indeed, together 282 

with the brain, the skin is the only adult tissue that expresses D3 (12). What is the 283 

reason for such a specific expression profile?  284 

 Our study shows that targeted gene disruption of D3 in the epidermis critically 285 

affects the basal turnover of keratinocytes in the adult skin. D3 depletion leads to a 286 

thinner epidermis, and to enhanced expression of stratified layers and a sharp decrease 287 

in the stem cell compartment, as well as a reduction in the basal, proliferative cells. One 288 

of the consequences of the altered homeostatic balance between epidermal layers is the 289 

delayed regenerative ability of D3-depleted skin after a wound. In this scenario, massive 290 

induction of D3 expression in the early phases of regeneration may well correlate with a 291 

requirement of increased cellular proliferation. Thus, these data indicate that D3 is an 292 

essential component of the epidermal homeostatic control of keratinocyte turnover, and 293 

suggest that attenuation of TH signaling is critical for the normal physiology of a high-294 

turnover, self-repairing and self-renewing organ such as the skin.  295 

 Hair undergoes periods of growth (anagen), regression (catagen) and rest 296 

(telogen),  thereby generating and maintaining the hair cycling (33). Notably, D3 is 297 

highly expressed in anagen, thus coinciding with the highest levels of the Shh pathway 298 

which has been shown a positively regulator of D3 expression (17) and one of the well 299 

known anagen-inducing pathway (34). Since D3 is also expressed in the anagen and 300 

catagen phase of the hair follicle cycle, its depletion also alters the normal progression 301 

of the hair follicle cycle, and causes premature evolution of the hairs to the telogen 302 

phase. 303 
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 Finally, disruption of the D3-mediated TH signal attenuation leads also to a 304 

drastic reduction of the number of epidermal stem cells. In the skin, a population of 305 

adult stem-cells with self-renewal capacity is located into the basal layer of the 306 

epidermis (“interfollicular epidermal stem cells”) and in the bulge of the hair follicle 307 

(35). Epidermal stem cells are responsible for the epidermal renewal throughout life 308 

(36). Moreover, following an injury, the epidermal stem cells undergo amplification and 309 

the differentiation to replenish the mature epidermis in adult skin (36).  310 

 D3 expression has been shown to play critical roles in regenerative processes of 311 

different organs, such as muscle regeneration (22), liver regeneration (37) and brain 312 

repair (38). The finding that D3 depletion reduces the percentage of the epidermal stem 313 

cells reinforces the role of D3 in the regenerative capacity of the adult tissues and 314 

indicates D3 as an important source for novel therapeutic approaches in the 315 

management of wounds.  316 

 The results of this study have several important implications: (1) they reinforce 317 

previous studies indicating that the intracellular control of TH by deiodinases critically 318 

affects the balance between proliferation and differentiation (28); (2) they demonstrate 319 

that in mouse epidermis, excess of T3 accelerates the differentiation of keratinocytes, 320 

induces premature differentiation, thereby resulting in thinner epidermis; (3) indicate 321 

that TH is one of the signaling pathways regulating the spatiotemporal control of skin 322 

development and turnover; (4) establish D3 as a key determinant of the coordinated 323 

transition between anagen-to-catagen in the hair follicle cycle; (5) provide a new 324 

example of the physiological relevance of D3 in the morphogenesis, homeostatic 325 

regulation and regeneration of adult skin.  326 

 327 

 328 

MATERIALS AND METHODS 329 

Cell cultures.  330 

Mouse primary keratinocytes were isolated from C57BL/6 newborn mice and cultured 331 

under low-calcium conditions (0.05 mM) in the presence of 4% calcium-chelated FBS 332 

(Invitrogen) and EGF (Invitrogen) as previously described (21). For depletion of D3 in 333 

primary culture of mouse keratinocytes, adenoviral transduction of Cre-recombinase 334 

was performed as described previously (39). Freshly isolated mouse primary 335 
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keratinocytes from K14CRE
ERT-/-

; D3
fl/fl 

and K14CRE
ERT+/-

; D3
fl/fl 

mice were incubated 336 

in suspension with control adenoviruses (Ad-IRES-GFP (Ad-GFP), Vector Biolab) or 337 

adenoviruses expressing Cre recombinase (Ad-Cre-IRES-GFP (Ad-Cre), Vector Biolab) 338 

at a multiplicity of infection (MOI) of 50 for 1 hour at 37°C. To evaluate proliferation, 339 

cells were incubated with BrdU labelling reagent (B-5002 Sigma) for 2h before of the 340 

harvest. For immunofluorescence staining, cells were fixed with 4% formaldehyde and 341 

permeabilized with 50mM NaOH, then blocked with 5% goat serum and incubated with 342 

monoclonal Ab G3G4 (Developmental Studies Hybridoma Bank) and DNase. Alexa 343 

Fluor 595–conjugated secondary antibody was used. The cell DNA was stained with 344 

300 nM DAPI (Molecular Probes, Invitrogen). 345 

 346 

 347 

Animals, Histology and Immunostaining  348 

D3KO (K14Cre
ERT

-D3
fl/fl

) mice were obtained by crossing the keratinocyte-specific 349 

conditional K14Cre
ERT

 mouse (40) with D3
fl/fl

 (21) mice. Depletion was induced by 350 

treatment with 10 mg of tamoxifen at different time points as indicated in each 351 

experiment. K14Cre
ERT

-D3
fl/fl

; Gt (ROSA)26Sor
tm4(ACTB-tdTomato,-EGFP)Luo

 were obtained 352 

by crossing K14Cre
ERT

-D3
fl/fl 

with Gt(ROSA)26Sor
tm4(ACTB-tdTomato,-EGFP)Luo 

(The Jackson 353 

Laboratory).   354 

For immunofluorescence and histology, dorsal skin from D3KO and control mice was 355 

embedded in paraffin, cut into 7-μm sections, and H&E-stained. Slides were baked at 356 

37°C, deparaffinized by xylenes, dehydrated with ethanol, rehydrated in PBS, and 357 

permeabilized by placing them in 0.2% Triton X-100 in PBS. Antigens were retrieved 358 

by incubation in 0.1 M citrate buffer (pH 6.0) or 0.5 M Tris buffer (pH 8.0) at 95°C for 359 

5 min. Sections were blocked in 1% BSA/0.02% Tween/PBS for 1 hour at room 360 

temperature. Primary antibodies were incubated overnight at 4°C in blocking buffer and 361 

washed in 0.2% Tween/PBS. Secondary antibodies were incubated at room temperature 362 

for 1 hour, and washed in 0.2% Tween/PBS. Images were acquired with an IX51 363 

Olympus microscope and the Cell*F Olympus Imaging Software.  364 

For epidermal thickness analysis, 7 m serial paraffin sections and stained with 365 

hematoxylin & eosin (H&E). For assessment of EdU incorporation, mice were 366 

intraperitoneally injected with 10 mg/mL EdU (Invitrogen, E10415) into the abdominal 367 
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cavity. 2 hours after EdU injection mice were euthanized and dorsal skin were formalin 368 

fixed and paraffin embedded as previously described. Immunostaining was performed 369 

with Click-iT™ EdU Cell Proliferation Kit (Thermofisher cat.number C10339). 370 

 371 

Hair follicle cycle 372 

Hair follicle cycle of CTR and D3KO mice was performed as previously described by 373 

(41). Briefly, dorsal back of 3-months-old anesthetised D3KO and control mice were 374 

shaved using clamp. The mice were harvested after 6 days for the anagen, 10 days for 375 

the catagen and 30 days for the telogen analysis and dorsal skin was collected for 376 

molecular and histological analysis (33). 377 

 378 

Wound preparation, macroscopic examination and histological analyses 379 

Skin wounds from CTR and D3KO mice were prepared as described previously (42). 380 

Briefly, mice were deeply anesthetized with ketamine. After shaving and cleaning with 381 

70% alcohol, excisional, full-thickness skin wounds were aseptically made on the dorsal 382 

skin by picking up a fold skin at the midline and using a sterile, disposable biopsy 383 

punch with a diameter of 8 mm to punch through the two layers of skin. In this manner, 384 

two wounds were made on each side of the midline at the same time. Each wound site 385 

was digitally photographed using the Nikon FX-35A at the indicated time intervals, and 386 

wound areas were determined on photographs using Image J without a prior knowledge 387 

of the experimental procedures. Changes in wound areas were expressed as the 388 

percentage of the initial wound areas. For histological analyses of wound sites skin-389 

wound were fixed in 4% formaldehyde buffered with phosphate-buffered saline (PBS; 390 

pH 7.2) and were then embedded with paraffin. Sections (6-m thick) were stained with 391 

hematoxylin and eosin for histological analysis and immunofluorescence analyses for 392 

K14 were performed.  393 

 394 

Protein Extraction from Skin and Western Blot Analysis 395 

Dorsal skin was removed from mice and immediately snap-frozen in liquid N2. 800 L 396 

of lysis buffer (0.125 M Tris pH 8.6; 3% SDS, protease inhibitors including PMSF 1 397 

mM and phosphatase inhibitors) were added to all dorsal skin samples, which were then 398 
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homogenized with Tissue Lyser (Qiagen).  Total protein extracts from cells and from 399 

skin tissue were run on a 10% SDS-PAGE gel and transferred onto an Immobilon-P 400 

transfer membrane (Millipore). The membrane was then blocked with 5% non-fat dry 401 

milk in PBS, probed with anti-K5, anti-Loricrin, anti-D3, anti-ERK and anti-tubulin 402 

antibodies overnight at 4°C, washed, and incubated with horseradish peroxidase-403 

conjugated anti-mouse immunoglobulin G secondary antibody (1:3000), and detected 404 

by chemiluminescence (Millipore, cat. WBKLS0500). After extensive washing, the 405 

membrane was incubated with anti-Tubulin specific antibodies (Santa Cruz 406 

Biotechnology) as loading control. All Western blots were run in triplicate, and bands 407 

were quantified with ImageJ software. Antibodies and primer sequences are indicated in 408 

the Supplementary section. 409 

 410 

Real Time PCR 411 

Messenger RNAs were extracted with Trizol reagent (Life Technologies Ltd). 412 

Complementary DNAs were prepared with Vilo reverse transcriptase (Life 413 

Technologies Ltd.) as indicated by the manufacturer. The cDNAs were amplified by 414 

PCR in an iQ5 Multicolor Real Time Detector System (BioRad) with the fluorescent 415 

double-stranded DNA-binding dye SYBR Green (Biorad). Specific primers for each 416 

gene were designed to work under the same cycling conditions (95°C for 10 min 417 

followed by 40 cycles at 95°C for 15 s and 60°C for 1 min), thereby generating products 418 

of comparable sizes (about 200 bp for each amplification). Primer combinations were 419 

positioned whenever possible to span an exon–exon junction and the RNA digested 420 

with DNAse to avoid genomic DNA interference. Primer sequences are indicated in the 421 

Supplementary section. For each reaction, standard curves for reference genes were 422 

constructed based on six four-fold serial dilutions of cDNA. All samples were run in 423 

triplicate. The template concentration was calculated from the cycle number when the 424 

amount of PCR product passed a threshold established in the exponential phase of the 425 

PCR. The relative amounts of gene expression were calculated with cyclophilin A 426 

expression as an internal standard (calibrator). The results, expressed as N-fold 427 

differences in target gene expression, were determined as follows: N *target = 2
(DCt 428 

sample-DCt calibrator).
. For primer sequences see supplemental Table 1. 429 

 430 
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Isolation of Epithelial Stem Cells 431 

Epithelial Stem cells from D3KO and control mice were obtained as described 432 

previously (43). Immunostaining was performed using APC-anti-mouse CD34 (code 433 

119310; Biolegend), PE-rat anti human 6-integrin (code 555736; BD Pharmingen). 434 

Fluorescence-activated cell sorting analysis was performed using FACS Canto2 435 

software (FACS Canto2, Becton Dickinson). 436 

Dorsal Skin was removed from mice and treated whit tripsin 0,25% over night after 437 

removal of adipose tissue. The epidermal layer was separated from derma, chopped and 438 

incubated with tripsin 0,25% for 7 minutes to 37°C. After digestion, FBS was added to 439 

sample to inactivate tripsin. The cells were filtered with 70µm cell strainer. 440 

Immunostaining was performed using APC-anti-mouse CD34 (cod 119310;Biolegend), 441 

PE-rat anti human 6-integrin (cod 555736; BD Pharmingen), by incubation for 1 hour 442 

RT. Fluorescence-activated cell sorting analysis was performed using FACS Canto2 443 

software (FACS Canto2, Becton Dickinson). 444 

 445 

T4 Clearance experiment.  446 

8 week old mice were intraperitoneally (i.p.) injected with 20 g/100g of T4. Starting 447 

one day before injection, the blood was collected by retro-orbital withdrawal at 24 and 448 

48 hours after a single T4 injection. The serums were separated and the determination of 449 

T4 was measured by Rodent T4 Elisa Test Kit (Endocrine Technologies Inc. USA). 450 

Experiments were performed with 6 mice per group and repeated two times in these 451 

conditions.  452 

 453 

Statistics 454 

The results are shown as means ± SD throughout. Differences between samples were 455 

assessed by the Student’s two-tailed t test for independent samples. Relative mRNA 456 

levels (in which the control sample was arbitrarily set as 1) are reported as results of real 457 

time PCR, in which the expression of cyclophilin A served as housekeeping gene. In all 458 

experiments, differences were considered significant when p was less than 0.05. 459 

Asterisks indicate significance at *P < 0.05, **P < 0.01, and ***P < 0.001 throughout. 460 

 461 
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FIGURE LEGENDS 1 

 2 

Figure 1. Type 3 deiodinase is dynamically expressed in adult epidermis and hair follicle cycle. (A) 3 

D3 expression was assessed by immunofluorescence at different postnatal days and in the adult 4 

epidermis. Scale bars represent 200 m. (B) Western blot analysis of D3 protein expression as in A. 5 

(C-D) mRNA expression profile of D3, miR21 and GRHL3 during epithelial ontogenesis. (E-F) 6 

Expression of D3 in the hair follicle cycle was analysed by immunofluorescence, western blot and 7 

real time PCR in 3 months old mice. Scale bars represents 200 m. Data are shown as average ± 8 

SD. *P < 0.05, **P < 0.01, ***P < 0.001. 9 

 10 

Figure 2. Genetic depletion of D3 in the epidermis reduces the thickness of the skin and increases 11 

the expression of differentiative markers. (A) Schematic representation of experimental protocol for 12 

D3 depletion in skin compartment by tamoxifen treatment. (B) Hematoxilin and eosin (H&E) 13 

staining and immunofluorescence for EdU was performed in 3 months old of control and D3KO 14 

mice. (C) Expression of the proliferative marker K6, the basal layer K5 and the differentiative 15 

marker Loricrin were assessed by immunofluorescence in the same mice as in B. (D-E) K5 and 16 

Loricrin expression were measured by western blot analysis. Tubulin expression was evaluated as 17 

loading control. (F) EdU-positive cells were measured as indicated in methods in the same samples 18 

as in B. (G) Thickness of the epidermis was measured as indicated in methods in the same samples 19 

as in B. (H) Measurement of the percentage of CD34
+
 stem cells in control and D3KO mice was 20 

performed by FACS sorting analysis in 3 old months mice. The relative percentage of 6-integrin 21 

positive cells (representing the total amounts of epithelial cells), CD34
-
 and CD34

+ 
cells is 22 

represented by graph bars. (I) Tomato/GFP mice; CTR and Tomato/GFP mice; D3KO mice were 23 

induced by tamoxifen treatment and the localization of green cells was analyzed by fluorescence at 24 

6, 9 and 15 days following treatment. (L) Schematic representation of the tamoxifen-induced 25 

Tomato/GFP recombination and proposed model of the balance between proliferation and 26 

differentiation in control and D3KO mice. Data are shown as average ± SD. *P < 0.05. 27 

 28 

Figure 3. In vitro depletion of D3 and treatment with T3 accelerates differentiation and reduces 29 

proliferation of mouse keratinocytes. (A) Primary cultures of mouse keratinocytes were induced to 30 

cell differentiation as indicated in methods and harvested at 12 and 24 hours following induction of 31 

Ca
2+

-differentiation. D3 protein levels were then measured by western blot analysis and the ERK 32 

levels were measured for loading control. (B, C) Freshly isolated primary keratinocytes were 33 

infected with an adenovirus overexpressing the CRE recombinase (AdCRE) or a control adenovirus 34 



(AdGFP). 48 hours following infection, cells were fixed for immunofluorescent staining with anti-35 

BrdU antibody. Percentage of BrdU-labeled nuclei was evaluated as BrdU+ nuclei/Tot nuclei. n = 36 

50 fields, P < 0.01. (D) mRNA expression of genes implicated in the differentiation of keratinocytes 37 

(K10 and involucrin) or proliferation (Cycline D1) and the pan-keratin marker K14 was measured 38 

by real time PCR in primary culture of keratinocytes from control and D3KO mice. D3 depletion 39 

was induced by infection of keratinocytes with an adenovirus carrying the CRE Recombinase 40 

expression or with a GFP-expressing control adenovirus as indicated in methods. (E) Morphology 41 

of AdCRE and AdGFP primary mouse keratinocytes cultured in low calcium conditions (Scale bar: 42 

100um). (F) K1, Loricrin, Dsg1 and Pvlr4 mRNA expression levels were measured in AdCRE and 43 

AdGFP keratinocytes. (G) Expression of differentiation and proliferation markers was measured by 44 

real time PCR in primary culture of keratinocytes treated or not with 30 nM T3 for the indicated 45 

times. Data are shown as average ± SD. *P < 0.05, **P < 0.01, ***P < 0.001. 46 

 47 

Figure 4. D3KO mice have delayed epidermal regeneration. (A) D3 mRNA expression during 48 

wound healing was measured by real time PCR analysis. The wounds were excised including 2mm 49 

of the epidermal margins for RNA isolation, at 3, 6, 10 days after injury. Cyclophilin A was used as 50 

internal control. Normalized copies of the target gene in adult healthy skin were set as 1 and it 51 

corresponds at day 0. Data are shown as average of 3 separate experiments analyzing 4 mice for 52 

each group. (B) Western Blot analysis was performed using our anti-D3 antibody and anti-Total 53 

ERK as loading control. (C) Wound Healing (WH) experiment was performed in 3 months old 54 

control and D3KO mice. Wound repair was assessed at 2, 4 and 8 days following the injury. Images 55 

are shown as representation of 3 separate experiments analyzing 4 mice for each group. (D) Closure 56 

of the wound area was measures as indicated in methods. (E) H&E and K14 immunofluorescence 57 

analysis of the repairing area at day 4 and 8 following injury. (F) Expression of K5 and Cyclin D1 58 

was measured by real time PCR in the skin of repairing area at 4 days following the injury. (G, H) 59 

Immunofluorescent staining for BrdU positive nuclei and K14 protein (used as control of analyzed 60 

epidermal area) in sections of skin at 4 days from injury in D3KO vs control mice. The quantization 61 

of the proliferation rate is showed in graph as measure of BrdU+ nuclei/Total nuclei and was 62 

repeated in three independent experiments (4 animals for group). Values represent mean ± SEM. *, 63 

p< 0.01, *P < 0.05. 64 

 65 

Figure 5. Hair follicle cycle is accelerated in D3KO mice. (A) Schematic representation of the 66 

tamoxifen-induced D3-depletion and the hair follicle cycle induction. (B) H&E staining of the 67 

dorsal skin of control and D3KO mice at the different phases of the hair follicle cycle. (C) EdU 68 



staining of the same samples as in B. (D, E) mRNA expression of a panel of anagen (D) and telogen 69 

(E) markers was measured in dorsal skin from control and D3KO mice at the different phases of the 70 

hair follicle cycle. Expression of each gene in the anagen of the control mice was arbitrarily set as 71 

1. *P < 0.05, **P < 0.01. 72 

 73 

Figure 6. D3KO mice have reduced T4 clearance. (A, B) D3 mRNA and protein levels were 74 

measured by real time PCR and western blot in dorsal skin of wild type mice injected with 75 

supraphysiological dose (20 g/100g body weight) of T4 for 3 and 7 days. (C) Serum T4 76 

concentrations were measured as indicated in the Methods at different times after the intraperitoneal 77 

administration of T4. T4 serum levels were represented in relation to the first point of curve (T0, 78 

before the T4 injection). (Bottom) Schematic representation of the experimental design. Data are 79 

shown as average of 2 separate experiments analyzing 6 mice for each group. *P < 0.05, **P < 80 

0.01. 81 

 82 
 83 
 84 

SUPPLEMENTAL FIGURE LEGENDS 85 

  86 

Figure S1. D3 is expressed in embryonic epidermis from the embryonic 13.5 day and peaks at 17.5. 87 

Immunofluorescence analysis of D3 expression at different embryonic stages.  88 

Figure S2. D3 is expressed in the epidermal layers and in the hair follicle of mouse skin. Paraffin 89 

sections of adult mouse skin were probed with D3 antibody. D3 was highly expressed in the bulge, 90 

sebaceous gland of hair follicle, but it is absent from the dermal papilla.  91 

Figure S3. Generation of the K14-Cre
ERT

/D3
Fl/Fl

 mouse. (A) K14CRE
ERT

 mice were crossed with 92 

D3
Fl/Fl

 mice to obtain the K14-Cre
ERT

/D3
Fl/Fl

 mice. (B) PCR analysis demonstrated that the 93 

recombination generating the depletion of D3 is present only in the skin compartment. (C) 94 

Immunofluorescence analysis demonstrates the depletion of D3 protein from the epidermis in mice 95 

10 days old (P10).  96 

 97 

Figure S4. Systemic thyroid status is not affected by epidermal D3 depletion. (A) Serum T3, T4 and 98 

rT3 were measured by HPLC-MS in 3 months old D3KO and CTR mice (n= 6). Values are 99 

expressed as percentage of total THs. (B) TSH levels in serum from D3KO and CTR mice were 100 

measured by ELISA in the same mice as in A. 101 

 102 

Figure S5. Wound healing is delayed in D3KO mice. Representative images of whole wound area 103 



in D3KO and control mice at 4 and 8 days upon injury as also shown in Figure 4E.  104 

 105 
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