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ABSTRACT Observations in thyroid patients and experimental animals show that the skin is
an important target for the thyroid hormones. We previously showed that deletion in mice of
the thyroid hormone nuclear receptors TRo1 and TRB (the main thyroid hormone-binding
isoforms) results in impaired epidermal proliferation, hair growth, and wound healing. Stem
cells located at the bulges of the hair follicles are responsible for hair cycling and contribute
to the regeneration of the new epidermis after wounding. Therefore a reduction in the num-
ber or function of the bulge stem cells could be responsible for this phenotype. Bulge cells
show increased levels of epigenetic repressive marks, can retain bromodeoxyuridine labeling
for a long time, and have colony-forming efficiency (CFE) in vitro. Here we demonstrate that
mice lacking TRs do not have a decrease of the bulge stem cell population. Instead, they
show an increase of label-retaining cells (LRCs) in the bulges and enhanced CFE in vitro. Re-
duced activation of stem cells leading to their accumulation in the bulges is indicated by a
strongly reduced response to mobilization by 12-O-tetradecanolyphorbol-13-acetate. Al-
tered function of the bulge stem cells is associated with aberrant activation of Smad signal-
ing, leading to reduced nuclear accumulation of B-catenin, which is crucial for stem cell prolif-
eration and mobilization. LRCs of TR-deficient mice also show increased levels of epigenetic
repressive marks. We conclude that thyroid hormone signaling is an important determinant
of the mobilization of stem cells out of their niche in the hair bulge. These findings correlate
with skin defects observed in mice and alterations found in human thyroid disorders.
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INTRODUCTION

The skin, which protects organisms from the external environment,
is an organ with high regenerative capacity. This is related to the
existence of a very active stem cell (SC) compartment. In mice, the
best-characterized SC niche is a region located at the base of hair
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follicle known as the bulge (Blanpain and Fuchs, 2009). Bulge cells
divide several times during anagen (Rochat et al., 1994), generating
and maintaining hair cycling. In addition, bulge SCs are multipotent
and can also differentiate into epidermis and sebaceous glands
(Oshima et al., 2001; Blanpain et al., 2004; Claudinot et al., 2005).
Although under normal conditions bulge SCs do not contribute to
the homeostasis of the interfollicular epidermis (Morris et al., 2004;
Jaks et al., 2008), after skin wounding, these cells rapidly migrate
upward to support the regeneration of the damaged epidermis
(Taylor et al., 2000; Ito et al., 2005; Levy et al., 2007; Nowak et al.,
2008). Bone morphogenetic protein (BMP), Wnt, and Hedgehog
signaling are the main pathways converging to regulate bulge SC
activation (Jamora et al., 2003; Silva-Vargas et al., 2005; Plikus et al.,
2008; Greco et al., 2009; Fuchs and Chen, 2013; Kandyba et al.,
2013). Smad-mediated BMP signals are involved in maintaining the
quiescent nature of resting follicle SCs (Zhang et al., 2006; Kobielak
et al., 2007; Yang et al., 2009), and BMP signaling inhibits SC
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activation, at least in part by inhibiting nuclear localization of -
catenin, which regulates the expression of genes involved in prolif-
eration and SC mobilization (Huelsken et al., 2001; Lowry et al.,
2005; Plikus et al., 2008).

An important characteristic that allows the identification of the
bulge SCs is their quiescence; once they are labeled with bromode-
oxyuridine (BrdU) when they are proliferating during the neonatal
period, they can retain the label for a very long time (Cotsarelis
et al., 1990; Morris and Potten, 1999; Braun et al., 2003). In contrast
with these “label-retaining cells” (LRCs), labeling is gradually diluted
and lost in other cells that divide rapidly. Hair follicle SCs express
specific markers, including CD34 (Morris and Potten, 1999; Trempus
et al., 2003; Blanpain et al., 2004), K15 (Morris and Potten, 1999),
Lgr5 (Jaks et al., 2008), Sox 9 (Vidal et al., 2005), Lgr6 (Snippert
etal., 2010), and Lhx2 (Rhee et al., 2006), and they show epigenetic
changes (Benitah, 2012), presenting high levels of trimethylated his-
tone H3 at lysine 9 and hypoacetylation of histone H4 (Frye et al.,
2007). Another important feature of epidermal SCs is their high pro-
liferative capacity, demonstrated by their colony-forming efficiency
(CFE) in vitro (Barrandon and Green, 1987; Jones and Watt, 1993),
which is believed to correlate with the number of SCs (Jones and
Watt, 1993; Kobayashi et al., 1993), since each colony is believed to
be derived from one individual SC.

Thyroid hormones have an important role in skin homeostasis
(Slominski and Wortsman, 2000; Slominski et al., 2002; Paus, 2010).
In hypothyroid patients, the epidermis is thin, and they frequently
develop alopecia (Freinkel and Freinkel, 1972), showing that thyroid
hormone signaling can regulate both skin proliferation and hair
growth (Ahsan et al., 1998; Billoni et al., 2000; Messenger, 2000; van
Beek et al., 2008). Not only hypothyroidism, but also hyperthyroid-
ism, is known to cause hair loss in humans, indicating the impor-
tance of thyroid hormone signaling in this process. It has been
shown that prolonged thyroid hormone stimulation can inhibit in
vitro clonal expansion and promote differentiation of cultured K15-
positive human progenitor cells, eventually leading to SC depletion
(Tiede et al., 2010).

Most actions of the thyroid hormones are mediated by binding
to nuclear receptors (thyroid hormone receptors [TRs]) that act as
ligand-dependent transcription factors. TRs are encoded by two dif-
ferent genes, and TRa1 and TRp are the main thyroid hormone-
binding isoforms (Pascual and Aranda, 2013). We recently found
reduced keratinocyte proliferation and decreased hyperplasia in re-
sponse to topical application of 12-O-tetradecanolyphorbol-13-ac-
etate (TPA) or retinoids in mice lacking these receptors, showing
that the effects of the thyroid hormones on skin proliferation are
mediated through interactions with TRo.1 and TRB and that both
receptor genes contribute to give a normal proliferative response
(Contreras-Jurado et al., 2011; Garcia-Serrano et al., 2011). Further-
more, we recently observed that mice lacking TRo.1 and TRB display
impaired hair cycling associated with a decrease in follicular cell pro-
liferation and develop alopecia after serial depilation (Contreras-
Jurado et al., 2014). These mice also presented a wound-healing
defect, with retarded reepithelialization, associated with impaired
proliferation, in agreement with the finding that thyroid hormone
administration accelerates wound healing in mice (Safer et al., 2005).
In this work, we provide evidence that the observed phenotype is
associated with functional defects in the bulge SCs. In TR-deficient
mice, bulge SCs present a clear defect in their mobilization (exit of
their quiescent state and migration out of the niche), associated with
increased activation of Smad signaling. This leads to reduced nu-
clear B-catenin accumulation and c-Myc expression, which are es-
sential for bulge SC activation.
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RESULTS

SCs are not depleted in the bulges of TR-deficient mice

The skin phenotype of mice with defective thyroid hormone signal-
ing (reduced response to proliferative stimuli, retarded hair growth,
and impaired wound healing) suggests a defect in the number or
function of the bulge SCs. This prompted us to analyze the bulge SC
population in TR-deficient mice. Immunofluorescence analysis of
the hair bulges of the dorsal skin or whole mounts of tail skin follicles
demonstrated that the expression of the SC markers CD34, K15,
and Sox9 was not reduced in TR-deficient mice (Figure 1, A and B).
Furthermore, the expression of most epidermal SCs markers, deter-
mined by quantitative PCR, was not significantly altered, with the
exception of Lgré, a marker of SC in the hair infundibulum (Snippert
et al., 2010), which increased in the absence of TRs (Figure 1C). We
also observed a moderate increase in NFATc1 (Figure 1C), which
promotes SC quiescence downstream of BMP signaling (Horsley
etal., 2008). These data supported the idea that the absence of TRs
did not cause SC depletion. Because Lgré* cells are involved in se-
baceous gland generation, we used red oil staining to compare the
skin of wild-type (WT) and TR-knockout (KO) mice, but we did not
find differences in sebaceous gland number or morphology (Sup-
plemental Figure S1).

Two distinct populations of multipotent bulge SCs have been
described, one attached and other detached from the basal lamina.
They both display high surface CD34 but differ in surface a6 integ-
rin, a component of the hemidesmosomes that mediate attachment
to the basal lamina (Blanpain et al., 2004). Flow cytometry analysis
indicated no major alterations in the percentage of CD34* cells as a
consequence of TR absence (Figure 1D), in agreement with the im-
munofluorescence analysis. Nonetheless, the analysis of integrin
06/CD34 populations revealed that TR deletion produced a signifi-
cant depletion of the 06'°*CD34" subpopulation with respect to the
06M"CD34* subpopulation. In normal mice, ~50% of the CD34*
cells were 06"i9h, whereas this population did not exceed 10% of the
total in the KO mice (Figure 1D).

On the other hand, the impaired hair growth and delayed wound
healing observed when thyroid hormone signaling is impaired may
indicate defective SC replication or mobilization. Therefore we next
investigated whether the LRCs in the hair bulge were affected by the
absence of TRs. For this purpose, we extensively labeled the skin of
neonatal WT and TR KO mice with BrdU and detected the presence
of LRCs in whole mounts of mice tail epidermis after 75 d. As shown
in Figure 2A, the bulges of the TR KO mice showed stronger BrdU
labeling. Quantification of the confocal images demonstrated that
the number of LRCs was higher in the bulges of the TR-deficient ani-
mals. This was particularly evident for cells showing high and me-
dium BrdU label intensity, corresponding to SCs that had experi-
enced fewer cell divisions (Figure 2B). To examine further the LRC
population dynamics, we detected LRCs in dorsal skin bulges by
BrdU immunohistochemistry after 30 and 75 d of labeling. As shown
in Supplemental Figure S2, the percentage of hair follicle bulges
containing LRCs was similar in WT and KO mice after a 30-d chase.
However, whereas a significant reduction between 30 and 75 d was
observed in WT animals, this did not occur in TR KO mice, and at
75 d, a significantly higher number of labeled bulges were detected
in these animals. These results suggest that SCs of the hair follicles
replicate less in mice lacking TRs, and, as a consequence, the
number of LRCs in the niche increases. To study further the effect
of TR inactivation on the epidermal SC function, we performed
clonogenic assays. After 10 d in culture, TR KO SCs gave rise to a
significantly larger number of colonies than those of WT animals
(Figure 3), suggesting that the reduced proliferation of the SCs in
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TR inactivation does not lead to SC depletion in hair bulges. (A) Double
immunofluorescence of SC markers keratin 15 (K15), CD34, and Sox9 in the bulges of dorsal skin
of WT and TR KO mice. Nuclei were counterstained with DAPI (blue), and merge images are
shown. (B) Confocal images of 06 integrin, CD34, and K15 expression in whole mounts of tail
skin in both groups. (C) Transcript levels of the indicated SC markers determined in telogen
epidermis of WT and TR KO animals. Results are expressed relative to the values obtained in WT
mice. (D) Flow cytometry analysis of surface levels of CD34 and a6 integrin in WT and KO mice.
Subpopulations of CD34* cells expressing high and low levels of a6 integrin were calculated.

Data are means + SD. *p < 0.05, **p < 0.01.

TR KO epidermis is not due to a cell-autonomous effect but instead
to an alteration in SC niche signaling.

Epigenetic alterations in the hair follicles of

TR-deficient mice

TRs and other nuclear receptors are transcription factors that regu-
late gene expression by recruiting coactivator and corepressor com-
plexes that induce important epigenetic changes (Pascual and
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Aranda, 2013). Hair follicle bulges are char-
acterized by presenting high levels of tri-
methylated histone H3 at lysine 9 (H3K9me3;
Frye et al., 2007), an epigenetic mark associ-
ated with transcriptional repression (Barski
et al., 2007). As illustrated in Figure 4, when
we analyzed the levels of H3K9me3 in whole
mounts of tail skin, we observed that the
bulges of TR KO mice displayed significantly
higher levels of H3K9me3 than their WT
counterparts, and this increase was also
found in the hair germs. Furthermore, dou-
ble labeling for BrdU and the trimethylated
histone demonstrated that the LRCs of the
bulge of TR-deficient mice were also en-
riched in the histone mark. Another repres-
sive mark, trimethylation of histone H3 at
lysine 27 (H3K27me3), was also increased in
the bulges of KO mice. In addition, global
acetylation of H4, a mark for transcriptional
activity, was similar in the bulges of WT and
KO mice, and only a small reduction of AcH4
was found in the hair germs of the KO mice.
Therefore the LRCs of the TR KO mice pre-
sented epigenetic alterations, affecting spe-
cifically the repressive methylation marks,
that could be related to altered gene ex-
pression in these cells.

LRC mobilization is impaired in the
absence of TRs
A defect in SC mobilization would be com-
patible with the observed phenotype in TR-
T deficient mice. Therefore we next examined
T LRC mobilization, studying the response of
WT and TR KO mice to TPA treatment at the
end of the chase period. This treatment ac-
tivates LRCs to give numerous progeny and
migrate, resulting in rapid disappearance of
LRCs from the bulges (Braun et al., 2003).
After TPA treatment, WT epidermis showed
a strong reduction (54%) in the number of
LRCs localized within the bulge. In contrast,
TPA-treated TR KO mice showed a much
smaller reduction (7%), indicating that the
absence of TRs causes a functional defect in
SC mobilization out of the niche (Figure 5).
Because BMP signaling produced pri-
marily by the SC niche plays an essential
role as an inhibitor of bulge SC activation,
and the expression of NFATc1, which is
regulated by BMPs, is increased in TR-de-
ficient mouse skin, we next analyzed the
levels of phosphorylated Smad1,5,8 in the
follicles. As shown in Figure 6A, P-Smad levels detected by im-
munofluorescence in the dorsal skin were strongly increased in
the TR-deficient mice both under basal conditions and after TPA
treatment. Nuclear accumulation of B-catenin induces activation
and mobilization of the bulge SCs from the niche (Fuchs and
Chen, 2013), and Smad factors act, at least in part, by inhibiting
Whnt/B-catenin signaling (Kobielak et al., 2007). Therefore we
next analyzed nuclear B-catenin levels in the hair follicles of WT
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LRC quantification in whole mounts of tail epidermis. (A) WT and TR KO neonatal mice (six mice/group) were
injected with BrdU, and LRCs were identified by immunofluorescence after 75 d. (B) BrdU labeling intensity in the bulges
of untreated WT and TR-deficient mice was quantified, and the number of LRCs with high, medium, and low label
intensity is shown. High intensity represents nuclei in which the labeled area is >55 um?; medium intensity, >42 but

<55 pm?; and low intensity, >28 but <42 ym?. **p < 0.01.

and TR KO mice. In agreement with the increased Smad1,5,8
phosphorylation, nuclear B-catenin was basally reduced in the TR
KO mice. In addition, TPA caused a strong increase of B-catenin
nuclear accumulation in the follicles of WT animals while only in-
ducing a weak increase in the TR KO mice (Figure 6B). Once it is
translocated into the nucleus, B-catenin binds members of the
TCF/LEF family of transcription factors, controlling the expression
of several target genes, such as Cyclin D1 or c-Myc (Clevers,
2006), with important roles in follicular proliferation. As shown in
Figure 7A, levels of the transcripts encoding these genes were
reduced in the epidermis of the TR KO mice in both the presence
and absence of TPA. Furthermore, because c-Myc is known to
regulate SC mobilization (Arnold and Watt, 2001; Waikel et al.,
2001; Watt et al., 2008), we also analyzed by immunofluorescence
the expression of the activated oncoprotein in the follicles of WT

A B

and TR KO mice (Figure 7B). We observed that c-Myc activation
after TPA treatment was prevented in TR KO mice, which may also
contribute to the strong defect in LRC mobilization found in these
animals.

Finally, to explore whether exogenous addition of thyroid hor-
mones could alter BMP or Wnt signaling, we analyzed the levels of
phosphorylated Smad1,5,8 and nuclear B-catenin in the bulges of
dorsal skin follicles of control mice and mice that were treated with
supraphysiological concentrations of the thyroid hormones T4 and
T3 for 30 d. As shown in Figure 8A, the number of P-Smad-positive
cells in resting follicles was significantly reduced in the hyperthyroid
mice, whereas nuclear -catenin levels were strongly increased in
the anagen follicles of these animals (Figure 8B). Therefore these
pathways are altered in an opposite way by TR deficiency and thy-
roid hormone excess.

DISCUSSION
Both clinical and experimental data indicate

<1mm that thyroid hormones stimulate hair growth

B->1mm (Freinkel and Freinkel, 1972; Ahsan et al,,
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Enhanced colony formation efficiency in TR-deficient mice (A) Representative images
of CFE of keratinocytes isolated from adult WT and TR KO mice plated at two different
concentrations (5 x 10% and 25 x 10* cells/well). (B) Quantification of the size and number of

colonies obtained in both genotypes. Data are means + SD. **p < 0.01.
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0 since these cells have been shown to sup-
Wt KO port the regeneration of the injured interfol-
licular epidermis (Taylor et al., 2000; Ito et al.,
2005; Levy et al., 2007; Nowak et al., 2008).
The skin phenotype of TR KO mice
suggested the existence of a defect in the
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LRCs in the bulges of TR KO mice are enriched in trimethylated histone 3 at lysines 9 and 27. (A) Neonatal
mice were injected with BrdU, and after the chase period, whole mounts of tail epidermis from WT and TR KO mice
were used for double immunofluorescence with H3K9me3 and BrdU antibodies. (B) Quantification of the label intensity
of H3K9me3 in the bulges, hair germs, and LRCs (BrdU-positive cells in the bulges). (C) Representative images obtained
as in A with BrdU and H3K27me3 antibodies. (D) Quantification of H3K27me3 in the bulges, hair germs, and LRCs.

(E) Double immunofluorescence images of BrdU and acetyl histone 4 (AcH4). (F) Quantification of AcH4 in the bulges,
hair germs, and LRCs of WT and TR KO mice. Data are means + SE. *p < 0.05, **p < 0.01, and ***p < 0.001.

number or function of the bulge SCs. It was possible that in the ab-
sence of TRs, reduced SC generation, premature differentiation, or
a lower survival could lead to SC depletion. However, TR ablation
did not decrease the expression of bulge SC markers. Another main
feature of quiescent follicle SCs, BrdU label retention, was increased
after TRs disruption. This increased retention could suggest an ac-
cumulation of stem cells in the bulges of the TR KO mice. However,
quantification of the number of CD34/06 integrin—positive cells did
not reveal differences between WT and KO mice. Instead, the in-
creased numbers of LRCs might indicate that SCs divide or migrate
out of the niche less frequently in the absence of TRs. In this regard,
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SCs from TR KO animals show increased CFE, suggesting that the
absence of TRs promotes an antiproliferative signal from the SC
niche, leading to reduced SC proliferation in vivo. This suggests an
important role of thyroid hormone signaling in maintaining homeo-
stasis of follicle SCs not only in a cell-autonomous manner, but also
in a non—cell-autonomous manner affecting the SC niche.

We found increased Lgré expression in the skin of TR KO mice.
This surface marker is characteristic of a SC population different
from the CD34* or the LRCs of the hair bulge, which generates se-
baceous glands and interfollicular epidermis but does not contrib-
ute to hair follicle formation (Snippert et al., 2010). Augmented Lgré
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BrdU injection and TPA administration at the
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TR deletion blocks LRC mobilization. (A) Neonatal mice were labeled with BrdU,
and 68 d later, tails were topically treated with TPA as described in Materials and Methods.
Representative LRC images of BrdU immunofluorescence in whole mounts of tail epidermis from
vehicle-treated (control) and TPA-treated WT and TR KO mice. (B) Number of LRCs in which the
label occupied an area >28 pm? was scored in control and TPA-treated mice. ANOVA followed
by Bonferroni test was used to analyze differences among groups. (C) Percentage of LRCs
mobilized upon TPA treatment in both genotypes. Data are means + SD. **p < 0.01

*rxp < 0,001

transcripts suggest that this population might be affected by the
absence of TR signaling. Although the sebaceous glands appear to
be normal in TR-deficient mice, the implication of increased Lrgé
expression in skin homeostasis merits further investigation.

The phenotype observed in animals lacking TRs would be com-
patible with inability of stem mobilization (exit of quiescent state
and migration out of the niche), which was analyzed by neonatal
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ments, we demonstrated that TR ablation
blocks mobilization of epidermal SCs, en-
riching the LRC population in the SC niche
after TPA treatment. This occurred concur-
rently with a strong reduction in the number
of follicular proliferating cells and in the ana-
gen response and with the reduced skin hy-
perplasia in response to the tumor promoter
previously observed by us (Contreras-Ju-
rado et al., 2011; Garcia-Serrano et al.,
2011). These results also suggested an al-
tered susceptibility of TR-deficient mice to
develop skin tumors. Indeed, these animals
developed fewer tumors than normal mice
when subjected to a two-stage chemical
carcinogenesis protocol. However, the tu-
mors formed became larger and more ag-
gressive after chronic TPA treatment (Marti-
nez-lglesias et al., 2009), showing that TRs
can have divergent effects on cell prolifera-
tion and tumor progression.

Signaling pathways that are essential
determinants of bulge SCs function were
profoundly altered in the skin of TR-defi-
cient mice. BMP signaling plays a key re-
pressive role in bulge SC activation. Over-
expression of BMP4 or deletion of Noggin
(@ BMP antagonist) impairs hair cycling,
causing progressive hair loss (Botchkarev
et al., 1999). Furthermore, BMP signaling in
the follicle SC niche inhibits follicle SC acti-
vation, whereas expression of Noggin acti-
vates the follicle SCs during anagen induc-
tion by cyclical inactivation of BMP signaling
(Zhang et al., 2006). BMPs induce the phos-
phorylation of members of the Smad pro-
teins, particularly Smad1,5,8. Nuclear local-
T ization of P-Smad1,5,8 together with

Smad-interacting proteins and target genes
is present in the resting bulge, indicating a
role for Smad-BMP signals in maintaining
quiescence of hair follicle SCs (Jamora
et al., 2003; Plikus et al., 2008; Greco et al.,
2009; Fuchs and Chen, 2013; Kandyba
et al., 2013). Phosphorylation of Smad1/5/8
was strongly increased in the hair follicles of
mice lacking TRs. Thus excessive BMP-
Smad signaling appears to play a role on
the reduced SC proliferation found in the
absence of thyroid hormone signaling.
Identification of the molecular mechanisms
by which TRs modulate this signaling path-
way will be essential to fully understand the
role of the thyroid hormones in skin homeostasis and SC function.

A balance between BMP/Smad and Wnt/B-catenin pathways de-
termines bulge SC activation, which is dependent on B-catenin sta-
bilization (Moore et al., 1999; Jamora et al., 2003; Kobielak et al.,
2007; Kandyba et al., 2013). Cycling of the hair follicle is dependent
on a change in the transcriptional status of genes that are regulated
by Wnt signaling. B-Catenin controls genes involved in follicle SC
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Smad signaling is aberrantly activated in the follicles of TR KO mice. (A) Double immunofluorescence images
of K14 and pSmad1,5,8 in the skin of control and TPA-treated WT and TR KO mice, showing increased Smad
phosphorylation in the hair follicles of TR-deficient mice. (B) Double immunofluorescence of nuclear B-catenin and K5 in
the same groups. Hair follicles are marked by a white line, and brackets indicate the location of the bulges (Bu) and the

sebaceous gland (Sg). Bars, 150 pm.

proliferation and their activation from the resting to the activated
state. In agreement with the activation of Smad phosphorylation, we
found inhibition of nuclear B-catenin accumulation (Kobielak et al.,
2007) in TR KO mice, which leads, among other changes, to reduced
c-Myc activation, which is an important component of SC mobiliza-
tion (Arnold and Watt, 2001; Waikel et al., 2001; Watt et al., 2008).
In addition to regulation of Smad1,5,8 phosphorylation, other
mechanisms could contribute to reduced B-catenin accumulation in
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TR-deficient mice. Thus TRa1 induces B-catenin gene transcription
in the intestine in a cell-autonomous way, leading to increased ex-
pression of cyclin D1 and c-myc genes. Moreover, TRa1 interacts
with the B-catenin/Tcf4 complex, and this interaction has a positive
effect on the Wnt downstream response in vitro (Plateroti et al.,
2006; Sirakov et al., 2012). These results are compatible with the
reduced B-catenin and target gene expression we found in the skin
of TR KO animals.

Wt

Reduced expression of B-catenin targets in TR-deficient mice. (A) Transcript levels of the B-catenin target
genes Cyclin D1 and c-Myc determined in epidermis of control and TPA-treated WT and TR KO animals. Results are
expressed relative to the Gus mRNA levels. Data are means + SD. **p < 0.01, ***p < 0.001. (B) Double
immunofluorescence of K5 and activated c-Myc in the skin of control and TPA-treated WT and TR KO mice.
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A Control Hyperthyroid
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Reduced Smad signaling in the hair follicles of
hyperthyroid mice. (A) Representative double immunofluorescence
images of K14 and pSmad1,5,8 in the follicles of control mice and
mice treated for 30 d with thyroid hormones (hyperthyroid). Arrows
indicate the presence of cells positive for the phosphorylated Smad.
(B) K5 and nuclear B-catenin detected by double immunofluorescence
in control and hyperthyroid hair follicles. B-Catenin—positive cells are
shown with arrows. Bu, bulge; SG, sebaceous gland. Bars,150 pm.

In contrast to the phenotype found in TR-deficient mice, treat-
ment of euthyroid mice with an excess of thyroid hormones reduces
follicular Smad phosphorylation and increases nuclear B-catenin,
suggesting that follicle SCs would be overactive in these animals.
These results point toward the possibility that whereas lack of thy-
roid hormone signaling can lead to defective SC mobilization, ex-
cessive signaling could lead to exhaustion of the SC reservoir, which
could be associated with the observation that continued thyroid
hormone treatment can cause depletion of K15-positive cells in
humans (Tiede et al., 2010) and with the hair loss observed in hyper-
thyroid patients.

Another mechanism that could underlie the anomalous function
of bulge SCs in the absence of TRs is an alteration in the epigenetic
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profile. Quiescent stem cells in the hair follicle bulge are enriched in
H3K9me3 (Frye et al., 2007). The levels of this repressive mark, as
well as of H3K27me3, were increased in the LRCs of the TR-deficient
mice. This may indicate that chromatin silencing is increased in the
SC population when the receptor is not present, suggesting that
thyroid hormone signaling induces a widespread change in chroma-
tin state that is permissive for transcription and SC mobilization.

In agreement with the finding that hair cycling and wound heal-
ing are impaired in mice lacking TRs, topical treatment with the thy-
roid hormone induces hair growth and accelerates wound healing
(Safer et al., 2001, 2005), showing that binding to their receptors is
required for the hormone effects in the skin. We observed TRo. and
TRB expression in cells of the hair bulges, and both receptors ap-
pear to contribute to skin homeostasis (Contreras-Jurado et al.,
2011, 2014). However, because in the mouse model used the recep-
tors have been deleted in all cells, it is unclear which cell popula-
tions are responsible for the defective bulge stem cell function ob-
served. TRs could directly affect the bulge SCs, but the thyroid
hormones alter many metabolic processes that could regulate SC
function in an indirect manner. Of interest, transcription of the deio-
dinase 2 gene in the hair follicles increases steadily, together with
other transcripts encoding putative hair-cycling stimulating factors
as telogen progresses (Greco et al., 2009). Deiodinase 2 is an en-
zyme that converts the thyroid hormone thyroxine in the active hor-
mone trilodothyronine with high affinity for TR binding. Therefore
local activation of thyroid hormone signaling should occur during
hair growth. However, we cannot dismiss the possibility that other
epidermal and/or stromal cell populations could be affected by lack
of thyroid hormone signaling and regulate SC activity through BMP
signaling. Future studies with conditional knockouts in which TRs are
deleted only in the epidermal SC population will clarify the specific
role of the receptors in these cells and their contribution to the skin
anomalies found in the absence of thyroid hormone signaling.

TRs have long been known as key regulators of many physiolog-
ical processes. Recent results suggest that many actions of TRs on
adult tissue homeostasis could be related to regulation of prolifera-
tion and maturation of precursor/SCs. This includes, among others,
correct proliferation and migration of neural SCs (Lemkine et al.,
2005; Lopez-Juarez et al., 2012), proliferation of intestinal epithe-
lial progenitors (Sun and Shi, 2012), and differentiation of myogenic
SCs during muscle regeneration (Dentice et al., 2010). Our present
results show an important role for thyroid hormone signaling in the
normal function of follicle SCs and provide a basis for understand-
ing the skin alterations found in human thyroid disorders.

MATERIALS AND METHODS

Animals and treatments

All animal studies were done in agreement with European Commu-
nity law (86/609/EEC) and Spanish law (R.D. 1201/2005) and with
the approval of the Ethics Committee of the Consejo Superior de
Investigaciones Cientificas. TRo.17~/TRB™~ double-KO mice and the
corresponding WT TRo**/TRB*/* animals have been described pre-
viously (Gothe et al., 1999). Adult female age-matched animals were
used in the experiments. Five 3-mo-old mice were made hyperthy-
roid by adding thyroxine (95 ng/g of mouse) and T3 (25 ng/g of
mouse) to their drinking water.

Immunohistochemistry and immunofluorescence

Skin samples were fixed with paraformaldehyde or ethanol and em-
bedded in paraffin. Skin sections (4 pm) were stained with hema-
toxylin and eosin or processed for immunohistochemistry or immu-
nofluorescence. For frozen sections (5 pm), fresh skin samples were
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embedded in OCT (TissueTech, Miami, FL) and kept frozen until
use. Immunohistochemistry was performed using standard proto-
cols on deparaffinized sections (Contreras-Jurado et al., 2011; Gar-
cia-Serrano et al., 2011). Slides were mounted and analyzed by light
microscopy (Leica DM RXA2). Frozen sections from dorsal skins were
used for indirect immunofluorescence of the hair bulges. The anti-
bodies used are listed in the Supplemental Material.

Flow cytometry analysis

Keratinocytes were isolated from back skin of Wt and TR KO mice,
and 2 x 10° cells were stained with biotin-labeled CD34 antibody for
30 min at 4°C and then with phycoerythrin-labeled 06-integrin anti-
body as described earlier (Lorz et al., 2010). Flow cytometry was per-
formed a FACS CANTO System (BD Bioscience, Madrid, Spain) and
analyzed with FlowJo software (Tree Star, Ashland, OR). The CD34
results shown were obtained in three independent experiments.

Whole mounts and LRC identification

To analyze LRCs, we used whole mounts of mice tail epidermis (Braun
et al., 2003). The 3-d-old WT and KO animals (six mice/group) were
injected with BrdU (50 mg/kg of body weight) every 12 h for a total of
four injections, and animals were killed after 75 d. To analyze LRC
mobilization, 68 d after the last BrdU injection, mice were treated
topically every 48 h with TPA (20 nmol) or vehicle for a total of four
doses. Twenty-four hours after the last application, the mice were
killed and tails amputated. Tail skin was incubated with 5 mM EDTA
for 4 h at 37°C, and epidermal sheets were dissociated from the der-
mis and fixed in 4% formaldehyde. To detect LRCs, epidermal sheets
were blocked, permeabilized, and immersed in 2 N HCl for 20 min at
37°C. Epidermal sheets were incubated overnight with BrdU anti-
body or with the antibodies indicated in the figures, washed, and
mounted in Mowiol 4-88 (Sigma-Aldrich, St. Louis, MO) with
4’,6-diamidino-2-phenylindole (DAPI). Thirty optical sections of each
epidermal sheet were captured with an increment of 1 pm. Fluores-
cence analysis was performed with an Espectral Leica TCS SP5 confo-
cal microscope (40x/1.25-0.75 oil), and maximum-intensity projec-
tions of the image stacks were then generated using Software LAS-AF.
Quantification of label intensity of confocal images was performed
with ImageJ64 (National Institutes of Health, Bethesda, MD) software,
analyzing >100 follicles/mouse. Whole mounts of tail skin were also
used to generate confocal images of stem cell markers or stain seba-
ceous glands with 100 ng/ml Nile Red (Sigma-Aldrich) for 10 min.

Colony formation assays

Keratinocytes were extracted from 8-mo-old mouse skin. Cells from
three animals were pooled, and 50 x 10* cells and 250 x 10* cells
were seeded in EMEM medium containing 4% Chelex-treated fetal
bovine serum and 0.2 mM CaCl,. After 8 h, keratinocytes were
grown in CnT-07 medium. After 10 d, dishes were washed with
phosphate-buffered saline, fixed in 5% formaldehyde, and stained
with 1% crystal violet for 5 min to visualize colony formation. Colony
number was scored, and colony size was measured. Data were ob-
tained from three separate experiments performed in duplicate.

Quantitative real-time PCR

Total RNA from paraffin-embedded sections from 4- to 5-mo-old
mice (four telogen animals/per group) was isolated using the RNeasy
FFPE Kit (Qiagen, Hilden, Germany). cDNAs were obtained from
reverse transcription of RNA with specific primers listed in the Sup-
plemental Material, using Omniscript RT Kit (Qiagen). Gene expres-
sion analysis was performed with Syber Green and analyzed in trip-
licate samples by quantitative real-time PCR using the 7500
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Real-Time PCR System (Applied Biosystems, Foster City, CA). Data
analysis was done using the comparative Ct method, and data were
corrected with the GusB mRNA levels.

Statistical analysis

Differences between KO and wild-type animals were assessed by
analysis of variance (ANOVA) followed by the Bonferroni posttest or
with the Mann-Whitney t test when only two groups were compared.
Four to six animals per group were used in the different experiments.
In the figures, significant differences between wild-type and TR KO
mice are indicated by *p < 0.05, **p < 0.01, and ***p < 0001.
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