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Thyroid Hormone Receptors Regulate the Expression
of microRNAs with Key Roles in Skin Homeostasis
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Background: MicroRNAs (miRNAs) play a unique role in posttranscriptional regulation of gene expression and
control different aspects of skin development, homeostasis, and disease. Although it is generally accepted that
thyroid hormone signaling is important in skin pathophysiology, the role of their nuclear receptors (TRs) in
cutaneous miRNA expression has yet to be explored.
Methods: RNAseq was used to compare the skin miRnome of wild-type mice and genetically modified mice lacking
both TRa1 and TRb, the main thyroid hormone binding isoforms. Changes in miRNAs with a crucial role in skin
physiopathology were confirmed by stem-loop quantitative polymerase chain reaction in both total skin and isolated
keratinocytes, and the levels of their target mRNAs were evaluated by real-time polymerase chain reaction.
Results: The skin of TRa1/TRb knockout mice displays altered levels of >50 miRNAs. Among the downregulated
species are several miRNAs, including miR-21, miR-31, miR-34, and miR-203, with crucial roles in skin homeo-
stasis. TRa1 appears to be the main isoform responsible for their regulation. Increased levels of gene transcripts
previously shown to be bona fide targets of these miRNAs are also found in the skin and keratinocytes of TR-deficient
mice. This suggests that multiple miRNAs that are downregulated in the absence of TRs cooperate to regulate gene
expression in the skin.
Conclusions: The miRNAs reduced in TRa1/TRb knockout mice are known to play crucial roles in epidermal
proliferation, hair cycling, wound healing, stem-cell function, and tumor development, all processes altered in the
absence of TRs. These results suggest that their regulation could contribute to the skin defects found in these mice and
to the skin disorders associated with altered thyroid status in humans.
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Introduction

M icroRNAs (miRNAs) are single-stranded non-coding
RNA molecules 20–25 nucleotides in length that

posttranscriptionally regulate expression of a large fraction of
the genome (1). By associating with a protein complex,
miRNAs bind to 3¢ UTR regions of target mRNAs in a
sequence-specific fashion, triggering their degradation or
translational inhibition (2–4). A growing body of evidence
has shown the key role of miRNAs in essentially all physi-
ological and pathological processes. Particularly miRNAs
have been implicated in skin development and physiological
homeostasis, including epidermal development, hair follicle
morphogenesis, keratinocyte proliferation and differentia-

tion, stem-cell function, and wound healing (2,5–10). In-
terestingly, the majority of the miRNAs expressed in
mammalian skin belong to a limited number of families (8).
In addition, an important role of miRNAs has been shown in
skin pathologies and skin cancer (5,7,9–11).

The actions of the thyroid hormones are mediated by
binding to nuclear receptors (TRs), which act as ligand-
dependent transcription factors. TRs are encoded by two
distinct genes, and TRa1, TRb1, and TRb2 are the main
thyroid hormone binding isoforms (12,13). Observations
both in patients and in experimental animal models show that
the skin is an important target for thyroid hormones (13–16).
Thyroid hormones can induce epidermal thickening (17,18),
and it has previously been shown that genetically modified
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mice lacking TRa1 and TRb (TR KO mice) display reduced
keratinocyte proliferation and decreased hyperplasia in re-
sponse to topical application of 12-O-tetradecanolyphorbol-
13-acetate (TPA) or retinoids (19,20). These effects
suggested an altered susceptibility of TR-deficient mice to
develop skin tumors. Indeed, these animals develop fewer
tumors than normal mice when exposed to a chemical
carcinogenesis protocol (21). Interestingly, the thyroid hor-
mones appear to play a repressive role in basal-cell car-
cinoma (BCC) development (22,23), and depletion of
deiodinase 3 (DIO3), a thyroid hormone-inactivating en-
zyme, strongly reduces BCC formation by a mechanism that
involves the control of miR-21 oncogenic action (24).

Furthermore, in agreement with the frequent alopecia
found in thyroid hormone–deficient patients (25–27), TR KO
mice display impaired hair cycling associated with a decrease
in follicular-cell proliferation and develop alopecia after se-
rial depilation (28). The thyroid hormones also play a positive
role in wound healing (29–31), and TR KO mice present a
wound-healing defect, with retarded re-epithelialization, as-
sociated with impaired proliferation. Taken together, these
results show that binding to their nuclear receptors is required
for the thyroid hormone effects in the skin. Furthermore, TRa1
and TRb1 expression has been observed in the skin. Both TRa1
and TRb1 receptors appear to contribute to skin homeostasis
(19,21,28). Since TRb2 has a highly restricted expression
pattern (12,13), TRb1 is the expressed isoform in skin.

Stem cells located at the bulge of the hair follicles are in-
volved in forming not only the follicle but also the epidermis
and contribute to the re-epithelialization after wounding and to
skin tumor development (32–34). Thus, the skin phenotype of
TR KO mice was compatible with a defect in the number or
function of the bulge stem cells. Indeed, in TR KO mice, bulge
stem cells present a clear defect in their mobilization (exit of
their quiescent state and migration out of the niche) (35). This
is associated with increased activation of SMAD signaling,
which can lock follicle stem cells in a quiescent state (36–38).

This work analyzed the pattern of miRNA expression in
the skin of TR-deficient mice. It was found that TRs are
required for full expression of an important number of
miRNAs. Among them, miRNAs with important roles in skin
homeostasis, including miR-21, miR-31, miR-34, and miR-
203, were significantly reduced in the absence of TRs. Epi-
dermal keratinocytes from TR KO mice showed a similar
decrease in miRNA expression as total skin, demonstrating
that these cells are the primary targets of the receptors for the
regulation of miRNA abundance. This decrease was observed
in both sexes, independently of the hair cycle stage and was
accompanied by increased expression of target mRNAs.
Furthermore, the reduction in miRNA levels was much less
marked in the skin of TRb KO mice than in TRa1 KO mice,
suggesting a predominant role of TRa1 in their regulation.

Methods

Animals

All animal studies were done in agreement with the Eu-
ropean Community Law (86/609/EEC) and the Spanish law
(R.D. 1201/2005), with approval of the Ethics Committee of
the Consejo Superior de Investigaciones Cientı́ficas. TRa–/–/
TRb–/– double KO mice have a deletion of TRa1 but not
TRa2 and lack all TRb isoforms (39). These animals, as well

as single TRa1–/–/TRb+/+ mice (KOa1), TRa1+/+/TRb–/– mice
(KOb), and wild-type (Wt) TRa1+/+/TRb+/+ animals with the
same genetic background were genotyped (39) and used for the
studies. Experiments were performed with dorsal skins of adult
male and female mice. Age-matched animals were always
used in the experiments. Dorsal skins were shaved and depi-
lated 24 hours before treatment with TPA (Sigma–Aldrich,
St. Louis, MO). TPA (12 lg) was applied topically twice (on
days 1 and 3), and mice were sacrificed on day 4. In the control
group, animals were treated with vehicle (acetone) only.

Histological analysis

Dorsal skin samples were fixed with paraformaldehyde
and embedded in paraffin. Skin sections (4 lm) were stained
with hematoxylin and eosin to determine the stage of the hair
cycle. The anagen phase is the active growth phase in which
bulb hair penetrates deep into the dermis. This is followed by
a regression phase or catagen, in which the hair follicle
moves upwards to the epidermal surface, and the telogen
phase is a resting phase, in which the hairs are shorter
reaching only the dermal fat. The anagen and not-anagen
phases of the hair cycle were visually recognized by histo-
logical morphology and penetration of hairs into the dermis.

miRNA analysis by RNAseq

Total RNA was obtained from dorsal skin of nine Wt and
nine TRa1/TRb KO adult male mice treated with acetone and
from the same number of animals treated with TPA using a
miRNeasy Mini kit (cat. no. 217004; Qiagen, Valencia, CA)
following the manufacturer’s protocol. Samples from three
animals from each group were pooled for analysis. Sample
RNA integrity numbers were analyzed on an Agilent 2100
Bioanalyzer (Agilent, Santa Clara, CA). RNA samples were
processed as described in the ‘‘TruSeq Small RNA Sample
Preparation Guide’’ (Illumina part # 15004197 Rev. A of
November 2010). Briefly, 1 lg of purified total RNA con-
taining the small RNA fraction was sequentially ligated to 3¢
and 5¢ adapters, with the truncated form of T4 RNA ligase 2
and the T4 RNA ligase, respectively. Reverse transcription
(RT) with SuperScript II Reverse Transcriptase followed,
yielding cDNA adapter-ligated libraries that were amplified
by polymerase chain reaction (PCR) with Phusion DNA
Polymerase and Illumina RNA PCR primers. cDNA ampli-
fied libraries were pooled and separated by polyacrylamide
gel electrophoresis, and a fraction of 145–160 bases was
extracted. The purified fraction constituted the multiplexed
purified libraries that were applied to an Illumina flow cell for
cluster generation, and sequenced on the Illumina Genome
Analyzer IIx with SBS TruSeq v5 reagents following the
manufacturer’s protocols. Image analysis and per-cycle base
calling was performed with Illumina Real Time Analysis
software (RTA1.9; Illumina, San Diego, CA). Conversion
to FASTQ read format was performed by CASAVA-1.8
(Illumina). Then, sequenced reads were analyzed using the
bioconductor package ‘‘oneChannelGUI.’’ Briefly, Bowtie
was used for primary mapping, resulting in a SAM file sub-
sequently converted in a BAM file using Picard Java tools.
Reads were aligned to mouse genome assembly (GRCm38/
mm10 mouse genome). Then, the 5¢ and 3¢ end linkers were
removed by trimming. Quality control was performed, and
those samples with low quality were removed for further
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analyses. Finally, differential expression was characterized
using edgeR and baySeq.

Quantitative real-time PCR assays
of miRNAs and mRNAs

miRNAs were quantified in triplicate by the stem-loop real-
time PCR using a TaqMan MicroRNA RT kit followed by the
TaqMan Universal PCR Master Mix No AmpERASE (Ap-
plied Biosystems, Foster City, CA). The primers purchased
from Applied Biosystems are listed in the Supplementary
Material (Supplementary Data are available online at www.
liebertpub.com/thy). Data analysis was done using the com-
parative Ct method, and data were corrected with the U6 small
RNA used as an internal control. mRNA levels were analyzed
by quantitative real-time PCR (qPCR) with the primers listed
in the Supplementary Materials and were corrected with mouse
GusB mRNA levels. RT was performed with 2 lg of RNA
following the specifications of the SuperScript� First-Strand
Synthesis System (Invitrogen, Carlsbad, CA). PCRs reactions
were performed using a MX3005P instrument (Stratagene, La
Jolla, CA) and detected with Sybr Green.

Western blotting

For preparation of whole-cell extracts, dorsal skins were
grounded with a mortar in liquid nitrogen and homogenized
in lysis buffer composed of 200 mM of Hepes, pH 7.9, 25%
glycerol, 400 mM of NaCl, 1 mM of EDTA, 1 mM of EGTA,
1.25 mM of DTT, 100 mM of PiPNa, 200 mM of sodium
orthovanadate, 500 mM of NaF, 0.1 mM of PMSF, 10 mg/mL
of aprotinin, and 10 mg/mL of leupeptin, NP-40 1%. The
amount of protein was measured by the Bradford method.
Thirty-fifty micrograms of protein was boiled in Laemmli
buffer, separated on 12% polyacrylamide gels, and then
transferred to Amersham� nitrocellulose blotting mem-
branes. Blots were blocked with 4% bovine serum albumin
milk in TBS/0.5% Tween 20, and incubated with the anti-
bodies indicated in the Supplementary Material at 4�C
overnight. After washing, membranes were incubated with a
peroxidase-conjugated secondary antibody for two hours at
room temperature and analyzed using the enhanced chemi-
luminescence method (Immun-Star HRP; Bio-Rad Labora-
tories), according to the manufacturer’s recommendations.

Isolation of keratinocytes

Keratinocytes were derived from the total skin of four-day-
old Wt controls and double TRa1/TRb1 KO mice. Tails from
each pup were genotyped, the skin was removed, and the
epidermis was obtained by treatment overnight with 0.25%
trypsin at 4�C.

Cell culture and transfections

The mouse keratinocyte cell line MCA3D was grown in
HAM’s F12 medium containing 10% fetal calf serum. Before
the experiments, cells were shifted to a medium with thyroid
hormone–depleted serum by treatment with resin AG-1-X8
(Bio-Rad) and were transfected in 24-well plates with 1 lg of
an empty vector (pSG5-0) or with TRa1 or TRb1 cloned in
the same vector using Lipofectamine 2000. Cells were incu-
bated with or without triiodothyronine (T3; 5 nM) for 36 h, and
miRNAs were isolated and quantitated as described above.

Statistical analysis

Differences with respect to Wt animals were assessed us-
ing Student’s t-test when two groups were compared or by
analysis of variance when more than two groups were com-
pared, with statistical significance set at p < 0.05.

Results

Deregulated miRNA expression in the skin
of TR-deficient mice

miRNAs have been shown to control skin homeostasis
(10). To investigate whether TR deletion could alter the skin
miRNA profile, miRNA-Seq was conducted of the dorsal
skin from Wt and genetically modified male mice lacking
TRa1 and TRb (TR KO) and therefore lacking the main
thyroid hormone binding isoforms. The analysis showed that
irrespectively of the phase of the hair cycle, 53 miRNAs
showed a differential expression ( p < 0.05) between normal
skin and the skin of TR KO mice, with 20 miRNAs being
upregulated and 33 downregulated in the KO animals (Sup-
plementary Table S1). These differences were more marked
when only animals that were not in the anagen phase were
considered, finding 82 miRNAs (56 downregulated and 26
upregulated) with statistically significant differences (adjusted
p < 0.05; Supplementary Table S2). Interestingly, among the
miRNAs reduced in the skin of TR-deficient mice, species of
the miR-21, miR-31, and miR-34 families, with crucial roles in
skin pathophysiology, were identified (40–49).

Since an altered response to TPA in TR-deficient mice has
previously been observed (19,28,35), the miRNome of Wt
and TR KO mice was also compared after TPA treatment.
This treatment resulted in 61 differentially expressed miRNA
species in the Wt animals (44 downregulated and 17 upre-
gulated; p < 0.05; Supplementary Table S3), while 84 miR-
NAs were affected by TPA in the animals lacking TRs
(adjusted p < 0.05; Supplementary Table S4). Analysis of
differences between Wt and TR KO mice after TPA treat-
ment revealed the existence of 30 miRNAs with differential
expression ( p < 0.05) in normal skin and in the skin of ani-
mals lacking TRs. Of these miRNAs, 12 were increased and
18 were decreased in the absence of TRs (Supplementary
Table S5). MiR-31 and miR-34 were again among the re-
duced miRNAs after TPA treatment in TR KO mice versus
the Wt mice.

Reduced expression of key miRNAs
in the skin of TRa1/TRb KO mice

As the miRNome analysis showed that miRNAs with well-
known functions in the skin were among the deregulated
species in TR-deficient mice, attention was centered on miR-
21, miR-31, and miR-34 that were downregulated in the
absence of the receptors. In addition, the levels of Let-7, with
important roles in development, stem cells, and cancer (50),
were evaluated. These showed an apparent increase in the
TRa1/TRb-deficient animals. miR-203, with an important role
in stemness and epidermal differentiation, was also analyzed
(6,51). To confirm the results of the miRNA-Seq analysis
further, the levels of the selected miRNAs were quantitated by
RT-qPCR in the skin of a different group of normal and KO
male mice. Confirming the data obtained by sequencing, the
levels of miR-21, and less strongly of miR-31, were reduced in
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the skin of TR null mice. The miR-34 family comprises three
members: miR-34A, miR-34B, and miR-34C. The latter two
are generated from a single bi-cistronic transcript (40), and
their levels were also significantly lower in the KO animals.
Although differences in miR-203 expression were not de-
tected by sequencing, there was a statistically significant re-
duction in this miRNA. In addition, even though the levels of
Let7b were slightly elevated in the KO mice, the difference
was not statistically significant (Fig. 1). The comparison of Ct
values for the individual miRNAs with those for the U6 RNA,
used as an internal control, confirmed that miR-203, Let7,
and miR-21 were highly abundant in the skin, whereas the
numbers for the miR-31 and miR-34A were intermediate, and
miR-34B and miR-34C showed a low expression (Supple-
mentary Table S6).

In order to analyze whether the absence of TRs could affect
the pattern of cutaneous miRNA expression in a sexually
dimorphic manner, the expression of the same miRNAs was
next examined in control and TRa1/TRb-deficient female
mice. The results obtained were strikingly similar to those
observed in males (Supplementary Fig. S1), showing the lack
of sexual dimorphism and corroborating again the role of TRs
as regulators of the expression of miRNAs with a key role in
skin homeostasis.

As the pattern of miRNA expression can vary depending of
the stage of the hair cycle (10,41) and TRs can affect hair
growth (28), next the levels of the selected miRNAs were
compared in male mice in the anagen phase and not-anagen
phase, defined by visual inspection of the penetration of the
hair bulbs into the dermis. Figure 2 shows that in Wt mice, the
levels of miRNAs were generally lower when animals were
in the anagen phase. This was not observed in TR KO mice,
and as a consequence, differences with respect to the Wt
animals in the levels of miR-21, miR-31, and miR-34 were
attenuated when mice were in the anagen phase. In addition,
the levels of Let7b were again unchanged. Furthermore, no
differences in miR-31 and miR-34A levels between Wt and
TR null female mice were found in the anagen phase, while
miR-21, miR-34B, and miR-34C were strongly reduced
at this stage of the hair cycle (Supplementary Fig. S2), un-

masking some dissimilarities in the regulation of miRNA
expression by TR depending on sex.

Altered miRNA response to TPA in mice
lacking TRa1 and TRb

The changes in abundance of the selected miRNAs ob-
tained by RNA-seq in TPA-treated animals were also con-
firmed by RT-qPCR. Figure 3 shows the results obtained in
male mice. TPA treatment of Wt mice resulted in a decrease
of miR-34A, miR-34C, miR-203, and Let7b, and no statis-
tically significant changes in the levels of miR-21, miR-31,
and miR-34B. This pattern was different in TR-deficient mice
where, with the exception of Let-7, the response to TPA was
in general less marked and, as a consequence of the reduced
expression of miR-21, miR-31, miR-203, and miR-34A with
respect to the Wt mice observed in the untreated animals, was
no longer found after TPA treatment. These results confirm
the smaller number of altered miRNAs in TPA-treated TR
null with respect to the normal mice obtained by RNA-seq.
On the other hand, similar results were obtained when female
mice were subjected to the same treatment. In this case, the
phenotype was even more pronounced, since all miRNAs that
were reduced in the untreated KO mice were not further
decreased or were even increased after TPA treatment
(Supplementary Fig. S3). TPA treatment induces anagens.
Therefore, it is possible that regulation by TPA might simply
reflect this change. However, its effects appear to be specific,
since the miRNA profile obtained was different from that
found in the untreated mice in the anagen phase, and differ-
ences between Wt and TR KO mice in the anagen phase were
still observed (see Fig. 3 and Supplementary Fig. S2).

Upregulation of miRNA targets
upon TRa1/TRb deletion

Since microRNAs predominantly act to decrease target
mRNA levels (4), next the study analyzed whether the ob-
served reduction in miRNA expression in the skin of TR null
mice was reflected in an opposite enhancement in the levels
of their target mRNAs. With this aim, transcript levels of

FIG. 1. Altered microRNA (miRNA) expression in the skin of nuclear receptors (TR)-deficient mice. The levels of the
indicated miRNAs were analyzed using quantitative real-time polymerase chain reaction (PCR) in the dorsal skin of wild-
type (Wt) and double knockout (KO) adult male mice (n = 8), lacking TRa1 and TRb. miRNA expression was normalized to
U6 RNA. Results are expressed relative to the amount of each miRNA in Wt animals. Data are shown as mean
values – standard error (SE), and asterisks denote statistically significant differences relative to Wt mice. *p < 0.05;
**p < 0.01; ***p < 0.001.
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Pten, Timp3, and Spry2, which have been shown to be miR-21
targets both in the epidermis and fibroblasts (28,42,45,48,52),
were measured. As miR-31 targets, the mRNA levels were
examined for Fgf10 and for the components of Wnt and BMP
signaling pathways Bambi, and Dlx3, which have been dem-
onstrated to be direct targets of this small RNA in the skin (41).
The cell-cycle regulator Cdk4, as well as Notch 1 and Wnt1,
were also used as well-established targets of the miR-34 family
(53,54) and Tap 63 and Dp63 as miR-203 targets, since reg-
ulation of p63 by miR-203 is also direct and mediated by a
specific 3¢-UTR target site (7,51). As shown in Figure 4, the
levels of most of these miRNAs were higher in the skin of the
double TR KO than in Wt mice, suggesting that the observed
changes in miRNA expression could alter expression of genes
involved in the regulation of key signaling pathways involved
in skin proliferation and differentiation.

Genes encoding miRNAs in the miR-34 family are direct
transcriptional targets of p53 (55,56), and miRNA-203 ex-
pression in keratinocytes is also directly dependent on the
regulation of p53 levels (57). Therefore, it was possible that
increased p53 activity could underlie the reduction in these
miRNAs in the skin of TR KO mice. In addition, p53 sig-
naling is affected by Hairless (Hr) (58), a TR target gene with
important effects on the skin and hair (59), which is reduced
in KO mice (Fig. 5B). However, p53 activation was similar in
Wt and TRa1/TRb KO mice (Fig. 5A), suggesting that p53
does not play an important role in miRNA regulation by the

receptors. On the other hand, in epidermal keratinocytes,
miR-21 is strongly downregulated by BMP4, which induces
Smad activation (42), and it has been previously shown that
Smad1,5,8 is aberrantly activated in the skin of TR-deficient
mice (35). This, as well as the finding that miR-21 target
genes such as Pten or Timp3 are upregulated in these animals,
suggested that increased BMP4 expression could be involved
in miR-21 repression. Indeed, Bmp4 mRNA levels were
significantly increased in the skin of TR-deficient mice
(Fig. 5B). Upregulation of Spry and Pten in TR KO mice
where miR-21 levels are low should lead to reduced activa-
tion of the Erk/MAPK and PI3K/Akt axis that play a key role
in skin homeostasis and carcinogenesis (45,52). However,
these pathways can be stimulated by growth factors, among
them Fgf10, which is upregulated in these animals. As shown
in Figure 5C, and confirming previous observations (19), Erk
and Akt phosphorylation were enhanced in the skin of TR
null mice, suggesting a predominant role of stimulatory over
inhibitory factors of the activity of these pathways in the
absence of TRs.

Effect of TRa1/TRb deletion on miRNA expression
in epidermal keratinocytes

As the miRNA expression profile could differ in the
different skin components (5,60), next the study analyzed
whether the miRNA regulation observed in the dorsal skin of

FIG. 2. miRNA expression is reduced
in the skin of KO mice in the anagen
phase and not-anagen phase. The levels
of miRNAs were quantitated in the dorsal
skin of Wt (n = 6) and TRa1/TRb KO
male mice (n = 7) in the anagen phase
(Ana.) and in other phases of the hair
cycle (no Ana.). Results are expressed
relative to those obtained in Wt mice that
are not in the anagen phase. Data are
means – SE. Statistically significant dif-
ferences between the anagen phase and
not-anagen phase and Wt and KO mice
are indicated with asterisks (*p < 0.05;
**p < 0.01).
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FIG. 3. TR KO mice show a reduced miRNA response to 12-O-tetradecanolyphorbol-13-acetate (TPA) administration.
Wt and TRa1/TRb KO mice were sacrificed after topical treatment of the dorsal skin with vehicle (acetone; n = 13) or TPA
(n = 9) for five days. miRNA expression was analyzed, and results are expressed relative to those obtained for each miRNA
in the skin of Wt mice without TPA treatment. Data are means – SE, and asterisks denote statistically significant differences
between the indicated groups (*p < 0.05; **p < 0.01; ***p < 0.001).

FIG. 4. Effect of TR deletion on expres-
sion of target mRNAs. Transcript levels of
bona fide targets of the analyzed miRNAs
were evaluated by quantitative PCR in the
dorsal skin of Wt and double TRa1/TRb KO
male mice (n = 9). mRNA expression was
normalized to GusB mRNA. Data are
expressed relative to the amount of each
mRNA in Wt mice. Data are shown as mean
values – SE. Asterisks denote statistically
significant differences between Wt and KO
mice (*p < 0.05; **p < 0.01; ***p < 0.001).
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TR-deficient mice was also observed in keratinocytes. For
this purpose, the levels of miRNAs were quantitated in ker-
atinocytes isolated from the total skin of newborn Wt and
TRa1/TRb KO mice. Confirming previous observations
(5,40), miR-21, miR-34A, and miR-203 were strongly ex-
pressed in mouse keratinocytes, miR-31 was expressed at
medium levels, and miR-34b and miR-34c were expressed at
very low levels, being essentially undetectable. In addition,
the pattern of changes in miRNA expression in keratinocytes
from TRa1/TRb KO mice was almost identical to that ob-
served in adult dorsal skin, since their levels were reduced to
a similar extent with respect to those found in Wt mice
(Fig. 6). Furthermore, the effect of TRa1/TRb deletion on
target gene expression in keratinocytes was similar to that
observed in total skin, as miRNAs depletion was accompa-
nied by a general increase in the levels of their target mRNAs
and lower levels of Hairless mRNA (Supplementary Fig. S4).

TRa1 plays a predominant role
in skin miRNA regulation

Since both TRa1 and TRb1 are expressed in the skin
(21,28,61,62), next miRNA levels were compared in the
dorsal skin of adult Wt mice and in single KO mice lacking
either TRa1 or TRb. As shown in Figure 7, the reduction in
the miRNAs analyzed was much more accentuated in mice
lacking TRa1 than in mice lacking TRb. This result suggests
that although TRb could contribute to miRNA regulation,
TRa1 appears to be the main receptor isoform responsible for
the control of miRNA expression by TRs in the skin. This was
also suggested by the finding that the increase in ERK and
AKT phosphorylation, as well as in expression of miRNA
targets, observed in the double TRa1/TRb KO mice was also
observed in TRa1 mice, while TRb deletion did not induce
this change (Supplementary Fig. S5).

To analyze the role of both TR isoforms in miRNA ex-
pression further, a gain-of-function experiment was con-
ducted by transfecting cultured mouse MCDA3 keratinocytes
with an empty vector or with expression vectors for TRa1 or
TRb1. As shown in Figure 8, incubation with T3 had no
major effects on miRNA levels in this cell line, indicating
low receptor levels in these cells, and the same occurred in
TRb1-expressing cells. In contrast, there was a significant
T3-dependent increase in the levels of miR-21, miR-34A,
miR-34C, and miR-31 in TRa1-expressing cells, reinforcing
the concept that TRa1 is the major regulator of these miRNAs
in keratinocytes.

Discussion

It has been known for decades that thyroidal status has an
important impact on the skin, and previous work has shown
that mice devoid of thyroid hormone signaling by genetic
ablation of their nuclear receptors show a strong skin phe-
notype characterized by defects in epidermal proliferation,
hair growth, wound healing, and stem-cell function, as well
as an altered response to chemical carcinogenesis (19–
21,28,35). There is increasing evidence that all these pro-
cesses are controlled by several miRNAs, which play a
crucial role in epidermal homeostasis and disease (10). Un-
biased analysis of the miRNome in adult mice demonstrates

FIG. 5. Altered signaling pathways in the skin of TR-
deficient mice. (A) Immunoblotting using whole-cell ex-
tracts from dorsal skin of Wt and TRa1/TRb KO mice to
check the expression of total and phosphorylated p53. (B)
Hairless (Hr) and BMP4 mRNA levels in the skin. Results
are expressed relative to the results in Wt mice. Data are
means – SE. **p < 0.01. (C) Levels of total and phosphory-
lated ERK and AKT in the skin of Wt and TRa1/TRb KO
mice. Each band represents a pool from eight Wt and nine
KO mice.

FIG. 6. Effect of TR deletion on miRNAs
expression in keratinocytes. Keratinocytes
were isolated from the skin of newborn Wt
(n = 5) and TRa1/TRb KO mice (n = 7), and
the levels of the indicated miRNAs were
quantitated. Each miRNA is expressed
relative to the value obtained in Wt mice.
Data are means – SE. Asterisks indicate
statistically significant differences between
Wt and KO mice (*p < 0.05; **p < 0.01).
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that TRa1/TRb deletion leads to changes in the levels of >50
dorsal skin miRNAs, indicating that these receptors could
play an important role as regulators of miRNAs expression in
this organ. Given that each one of these small RNAs is pre-
dicted to bind to >100 target mRNAs, TRs are likely to
posttranscriptionally regulate a large set of skin genes as a
consequence of the changes in miRNA expression. Notably,
among the miRNA species that were downregulated in these
double TR KO mice were miR-21, miR-31, the miR-34
family, and miR-203. Although future studies on the function
of other miRNAs differentially expressed in the skin of TR-
deficient mice will be needed to define the role of miRNA
regulation by the receptors fully, attention was centered in
this study on the above-mentioned miRNAs with well-known
roles in the skin.

A similar reduction in miR-21, miR-31, miR-34, and miR-
203 levels was observed in the dorsal skin from male and
female adult TR KO mice and in isolated keratinocytes from
newborn mice, suggesting that these cells are the primary
targets for the regulation of miRNA abundance by the TRs
and demonstrating that this deficiency appears early in life, is
sex-independent, and lasts through adulthood. Furthermore,
TRb null mice showed a much milder reduction in miRNA
levels than the animals lacking TRa1, suggesting that the
binding of the thyroid hormones to TRa1 is the main mech-
anism by which these hormones could regulate skin miRNA
expression. This was confirmed in a keratinocyte cell line,
where expression of TRa1 but not of TRb1 mediated a sig-
nificant T3-dependent increase in the levels of the analyzed

miRNAs. Previous results indicated that single KO mice
present a skin proliferative defect, but not as marked as that
found in double KO mice, and that deletion of both TRa1 and
TRb is required to impair follicular proliferation or anagen
entry, supporting that both receptors participate in this re-
sponse (19,28). Those results, together with the present
finding that TRa1 is the main responsible for miRNA regu-
lation, show that both TR isoforms can play overlapping but
also distinct functional roles in the skin.

Some of the miRNAs downregulated in the absence of TRs
are among the most highly expressed in the epidermis (5,40).
Although it is difficult to define the minimal number of
miRNA copies needed to exert functional consequences, as
this could also depend on other factors such as the amount of
target mRNA or site efficacy, the abundance of these small
RNAs regulated (with the exception of miR-34B and miR-
34C) suggests that they should be sufficient to be of func-
tional importance in the skin. Indeed, they have been
described to play predominant roles in many skin processes
(5,6,40,41,45,47,49,51,63), including the different aspects of
the skin phenotype observed in the TR-deficient mice. Thus,
it is tempting to speculate that regulation of miRNA ex-
pression could underlie some of the defects observed in these
animals, as well as in patients with thyroid disorders, par-
ticularly hypothyroidism, which often present alterations in
epidermal proliferation, frequent alopecia, and impaired
wound healing (14,16,25–27,31).

That the decreased expression of the analyzed miRNAs in
the skin of mice lacking both TRa1 and TRb could have

FIG. 7. Effect of TRa1 or
TRb deletion in skin miRNA
expression in mice. The lev-
els of miRNAs were deter-
mined in the dorsal skin of
Wt mice and single KO mice
lacking either TRa1 (KOa1)
or TRb (KOb; n = 6). Data
are shown as mean val-
ues – SE. *p < 0.05;
**p < 0.01; ***p < 0.001 vs.
Wt animals.

FIG. 8. TRa1 but not TRb1 enables triiodothyronine (T3)-dependent induction of miRNA expression in cultured kera-
tinocytes. MCDA3 keratinocytes were transfected with an empty vector (–) or with vectors encoding TRa1 or TRb1. The
levels of the indicated miRNAs were determined in untreated cells and in cells treated with 5 nM of T3 for 36 hours. Data
are expressed as fold change with respect to the values obtained in the corresponding T3 untreated cells and are shown as
mean values – standard deviation. *p < 0.05; **p < 0.01; ***p < 0.001.
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functional consequences is suggested by the finding that
many of their previously identified mRNA targets are ele-
vated in the dorsal skin and keratinocytes of these animals.
Interestingly, these target genes regulate key signaling
pathways that will in turn regulate other downstream genes
that control diverse physiological skin processes. Therefore,
regulation of components of these crucial signaling pathways
should further amplify the intricate circuitry of TR action in
the skin. In addition, only a few specific mRNA targets have
been quantified, and it is very likely that alterations in other
mRNAs, as well as changes in protein output without changes
in mRNA, could also occurr, as miRNAs can repress not only
transcript levels but also protein translation (2). Hopefully,
further studies in which global transcriptome analysis of
potential target genes and signaling pathways regulated by
these and other TR-regulated miRNAs are analyzed will al-
low the identification of the crucial miRNAs involved in the
receptor effects in skin pathophysiology.

Modulation of miRNA levels by TRs could be a direct
consequence of binding of these transcriptions factors to
thyroid hormone response elements (TREs) in their regula-
tory regions to be indirectly due to the regulation of other
transcription factors or signaling pathways that in turn reg-
ulate transcription of the miRNAs or both. The analyzed
miRNAs could follow the first model, as chromatin immu-
noprecipitation experiments have demonstrated that TRs can
associate with the regulatory regions of some of these miR-
NAs (24,64,65), strongly suggesting that they could be direct
T3 target genes in the skin. For instance, TRs can directly
bind recognition motifs at the miR-34A promoter and tran-
scriptionally activate the expression of this miRNA in the
presence of the thyroid hormone in human cells (65), and
in silico analysis of transcription factor binding sites in the
mouse miR-34A promoter shows the existence of potential
TREs. This would be compatible with the reduced levels of
miR-34A in the total skin and isolated keratinocytes dis-
played by the KO mice lacking TR-dependent thyroid hor-
mone signaling. Whether this also occurs with miR-34A and
miR-34B, which are transcribed from a distinct genomic
locus, remains to be established, but examination of their
promoters also indicates the existence of several putative
TREs that could mediate a direct regulation by the receptors.
Interestingly, miR-31 and miR-203 also contain possible TR-
binding sites in their 5¢-flanking sequences. The finding that
potential TR recognition motifs are also present in human
genes encoding these miRNAs suggests that their regulation
by TRs could also presumably apply to humans, although
further studies will be needed to demonstrate whether these
motifs are functional.

The existence of TREs in the miRNA regulatory regions
does not preclude the possibility that the analyzed miRNAs
could be also regulated by TRs by an indirect mechanism.
p53 is the best-characterized transcriptional regulator of the
miR-34 family and of miR-203 (6,40), but p53 is not altered
by TR deletion in the skin. In addition, the downregulation of
miR-21 in the skin of TR-deficient mice could reflect an
increased BMP4 signaling, as this pathway is a key repressor
of miR-21 expression in keratinocytes (42). Interestingly,
Stat3 is another transcriptional stimulator of miR-21 (52,66),
but thyroid hormones can be negative regulators of Stat3
signaling (67), and consequently Stat3 activity is not reduced
but rather increased in the skin of TR null mice (19). More-

over, in agreement with the reduced levels of miR-21 in the
skin of TR KO mice found by the authors, it has been shown
that this small RNA can be activated by thyroid hormones in
human hepatoma cells through a TRE present in the miR-21
promoter region (64), but it has also been described that it is
negatively regulated by these hormones in BCCs at the
transcriptional level through an element located in the miR-
21 enhancer region (24). Thus, a complex mechanism ap-
pears to underlie the regulation of miR-21 by the TRs, as the
miRNA could be a direct target of the receptor, as well as
responding to other altered signaling pathways.

The miRNAs analyzed in this study play an important role
in the control of epidermal proliferation. However, it is not
always easy to reconcile the downregulation of these miR-
NAs observed in the TR-deficient mice and their proposed
role. For instance, members of the miR-34 family, first
known to be components of the p53 tumor suppressor net-
work, participate in the regulation of the cell cycle (55,56)
and in the control of epidermal cell proliferation (40). On the
other hand, miR-203 modulates keratinocyte proliferation
and migration and contributes to a proper transition from
basal to supra-basal cells, ensuring the induction of differ-
entiation and repression of stemness (5,6,51,68). However,
these miRNAs are reduced in TR KO mice with impaired
proliferation, indicating the presence of other miRNAs
and/or regulatory mechanisms that compensate these ef-
fects. Among them, the deficiency of miR-31 in keratino-
cytes inhibits their hyperproliferation (49), and miR-21-null
mice show a reduction in the number of proliferating cells in
the epidermis (24), which is compatible with the reduced
proliferative potential of the epidermis of mice lacking TRs.
Moreover, miR-203 contributes to skin re-epithelialization
after skin injury (63), and a reduction in miR-21 causes a
significant delay in wound closure with impaired collagen
deposition (47), which is also compatible with the retarded
wound healing observed in TR-deficient mice (28).

Regulation of miRNAs by TR signaling could also be in-
volved in the observed tumor suppressor role of TRs (69).
Thus, miR-21 and miR-31, oncomirs that are often over-
expressed in skin tumors (24,52,70,71), are reduced in TR
null mice. Moreover, loss of miR-21 significantly inhibits the
number of papillomas formed in mice subjected to a two-
stage skin chemical carcinogenesis protocol (45), a result also
found in the animals lacking TRs with reduced miR-21 lev-
els. Interestingly, at late stages, the tumors formed in TR-
deficient mice became more aggressive, showing that these
receptors can have divergent effects on cell proliferation and
tumor progression (21).

Although the mechanisms underlying the effects of TRs in
the skin are complex and likely to be dominated by tran-
scriptional controls, given the diversity of roles that miRNAs
can play in various skin processes, these molecules might serve
as important mediators of TR functions in this organ. Future
studies of miRNA expression in the TRa1/TRb KO back-
ground in pathophysiological contexts such as wound healing,
psoriasis, or tumorigenesis in which miR-21, miR-31, miR-34,
and miR-203 miRNAs are deregulated, will contribute to de-
fining the role of TRs in these processes. In addition, loss-of-
function and gain-of-function studies involving the analyzed
miRNAs as well as other miRNAs with altered expression in
TR-deficient mice will hopefully clarify whether they play a
major role in determining cutaneous phenotypes.

THYROID HORMONE RECEPTORS AND SKIN miRNAs 929

D
ow

nl
oa

de
d 

by
 I

ns
tit

ut
o 

de
 I

nv
es

tig
ac

io
ne

s 
B

io
m

ed
ic

as
 A

lb
er

to
 S

ol
s 

fr
om

 w
w

w
.li

eb
er

tp
ub

.c
om

 a
t 1

1/
10

/2
1.

 F
or

 p
er

so
na

l u
se

 o
nl

y.
 



Acknowledgments

We thank B. Vennström and D. Forrest for mice. This work
was supported by Grants BFU2011-28058, BFU2014-53610-
P, and B2017/BMD-3724 to A.A; and SAF2015-66015-R,
RD12/0036/0009, PIE 15/00076, and CB/16/00228 to J.M.P.

Author Disclosure Statement

The authors have nothing to disclose.

References

1. Sayed D, Abdellatif M 2011 MicroRNAs in development
and disease. Physiol Rev 91:827–887.

2. Baek D, Villen J, Shin C, Camargo FD, Gygi SP, Bartel DP
2008 The impact of microRNAs on protein output. Nature
455:64–71.

3. Bartel DP 2009 MicroRNAs: target recognition and regu-
latory functions. Cell 136:215–233.

4. Guo H, Ingolia NT, Weissman JS, Bartel DP 2010 Mam-
malian microRNAs predominantly act to decrease target
mRNA levels. Nature 466:835–840.

5. Yi R, O’Carroll D, Pasolli HA, Zhang Z, Dietrich FS,
Tarakhovsky A, Fuchs E 2006 Morphogenesis in skin is
governed by discrete sets of differentially expressed mi-
croRNAs. Nat Genet 38:356–362.

6. Yi R, Poy MN, Stoffel M, Fuchs E 2008 A skin microRNA
promotes differentiation by repressing ‘‘stemness.’’ Nature
452:225–229.

7. Yi R, Pasolli HA, Landthaler M, Hafner M, Ojo T, Sher-
idan R, Sander C, O’Carroll D, Stoffel M, Tuschl T, Fuchs
E 2009 DGCR8-dependent microRNA biogenesis is es-
sential for skin development. Proc Natl Acad Sci U S A
106:498–502.

8. Hildebrand J, Rutze M, Walz N, Gallinat S, Wenck H, Deppert
W, Grundhoff A, Knott A 2011 A comprehensive analysis of
microRNA expression during human keratinocyte differenti-
ation in vitro and in vivo. J Invest Dermatol 131:20–29.

9. Teta M, Choi YS, Okegbe T, Wong G, Tam OH, Chong
MM, Seykora JT, Nagy A, Littman DR, Andl T, Millar SE
2012 Inducible deletion of epidermal Dicer and Drosha
reveals multiple functions for miRNAs in postnatal skin.
Development 139:1405–1416.

10. Ning MS, Andl T 2013 Control by a hair’s breadth: the role
of microRNAs in the skin. Cell Mol Life Sci 70:1149–1169.

11. Beck B, Blanpain C 2012 Mechanisms regulating epider-
mal stem cells. EMBO J 31:2067–2075.

12. Aranda A, Alonso-Merino E, Zambrano A 2013 Receptors
of thyroid hormones. Pediatr Endocrinol Rev 11:2–13.

13. Pascual A, Aranda A 2013 Thyroid hormone receptors, cell
growth and differentiation. Biochim Biophys Acta 1830:
3908–3916.

14. Paus R 2010 Exploring the ‘‘thyroid-skin connection’’:
concepts, questions, and clinical relevance. J Invest Der-
matol 130:7–10.

15. Tiede S, Bohm K, Meier N, Funk W, Paus R 2010 Endo-
crine controls of primary adult human stem cell biology:
thyroid hormones stimulate keratin 15 expression, apopto-
sis, and differentiation in human hair follicle epithelial stem
cells in situ and in vitro. Eur J Cell Biol 89:769–777.

16. Antonini D, Sibilio A, Dentice M, Missero C 2013 An
intimate relationship between thyroid hormone and skin:
regulation of gene expression. Front Endocrinol (Lausanne)
4:104.

17. Safer JD, Fraser LM, Ray S, Holick MF 2001 Topical triio-
dothyronine stimulates epidermal proliferation, dermal thick-
ening, and hair growth in mice and rats. Thyroid 11:717–724.

18. Zhang B, Zhang A, Zhou X, Webb P, He W, Xia X 2012
Thyroid hormone analogue stimulates keratinocyte prolif-
eration but inhibits cell differentiation in epidermis. Int J
Immunopathol Pharmacol 25:859–869.

19. Contreras-Jurado C, Garcia-Serrano L, Gomez-Ferreria M,
Costa C, Paramio JM, Aranda A 2011 The thyroid hormone
receptors as modulators of skin proliferation and inflam-
mation. J Biol Chem 286:24079–24088.

20. Garcia-Serrano L, Gomez-Ferreria MA, Contreras-Jurado
C, Segrelles C, Paramio JM, Aranda A 2011 The thyroid
hormone receptors modulate the skin response to retinoids.
PLoS One 6:e23825.

21. Martinez-Iglesias O, Garcia-Silva S, Tenbaum SP, Regadera
J, Larcher F, Paramio JM, Vennstrom B, Aranda A 2009
Thyroid hormone receptor beta1 acts as a potent suppressor
of tumor invasiveness and metastasis. Cancer Res 69:501–
509.

22. Dentice M, Luongo C, Huang S, Ambrosio R, Elefante A,
Mirebeau-Prunier D, Zavacki AM, Fenzi G, Grachtchouk
M, Hutchin M, Dlugosz AA, Bianco AC, Missero C, Larsen
PR, Salvatore D 2007 Sonic hedgehog-induced type 3
deiodinase blocks thyroid hormone action enhancing pro-
liferation of normal and malignant keratinocytes. Proc Natl
Acad Sci U S A 104:14466–14471.

23. Luongo C, Ambrosio R, Salzano S, Dlugosz AA, Missero C,
Dentice M 2014 The sonic hedgehog-induced type 3 deio-
dinase facilitates tumorigenesis of basal cell carcinoma by
reducing Gli2 inactivation. Endocrinology 155:2077–2088.

24. Di Girolamo D, Ambrosio R, De Stefano MA, Mancino G,
Porcelli T, Luongo C, Di Cicco E, Scalia G, Vecchio LD,
Colao A, Dlugosz AA, Missero C, Salvatore D, Dentice M
2016 Reciprocal interplay between thyroid hormone and
microRNA-21 regulates hedgehog pathway-driven skin
tumorigenesis. J Clin Invest 126:2308–2320.

25. Freinkel RK, Freinkel N 1972 Hair growth and alopecia in
hypothyroidism. Arch Dermatol 106:349–352.

26. Messenger AG 2000 Thyroid hormone and hair growth. Br
J Dermatol 142:633–634.

27. van Beek N, Bodo E, Kromminga A, Gaspar E, Meyer K,
Zmijewski MA, Slominski A, Wenzel BE, Paus R 2008
Thyroid hormones directly alter human hair follicle func-
tions: anagen prolongation and stimulation of both hair
matrix keratinocyte proliferation and hair pigmentation. J
Clin Endocrinol Metab 93:4381–4388.

28. Contreras-Jurado C, Garcia-Serrano L, Martinez-Fernandez
M, Ruiz-Llorente L, Paramio JM, Aranda A 2014 Impaired
hair growth and wound healing in mice lacking thyroid
hormone receptors. PLoS One 9:e108137.

29. Safer JD, Crawford TM, Holick MF 2004 A role for thyroid
hormone in wound healing through keratin gene expres-
sion. Endocrinology 145:2357–2361.

30. Safer JD, Crawford TM, Holick MF 2005 Topical thyroid
hormone accelerates wound healing in mice. Endocrinology
146:4425–4430.

31. Safer JD 2013 Thyroid hormone and wound healing. J
Thyroid Res 2013:124538.

32. Taylor G, Lehrer MS, Jensen PJ, Sun TT, Lavker RM 2000
Involvement of follicular stem cells in forming not only the
follicle but also the epidermis. Cell 102:451–461.

33. Ito M, Liu Y, Yang Z, Nguyen J, Liang F, Morris RJ,
Cotsarelis G 2005 Stem cells in the hair follicle bulge

930 RUIZ-LLORENTE ET AL.

D
ow

nl
oa

de
d 

by
 I

ns
tit

ut
o 

de
 I

nv
es

tig
ac

io
ne

s 
B

io
m

ed
ic

as
 A

lb
er

to
 S

ol
s 

fr
om

 w
w

w
.li

eb
er

tp
ub

.c
om

 a
t 1

1/
10

/2
1.

 F
or

 p
er

so
na

l u
se

 o
nl

y.
 

https://www.liebertpub.com/action/showLinks?pmid=15976059&crossref=10.1210%2Fen.2005-0192&citationId=p_30
https://www.liebertpub.com/action/showLinks?pmid=20656376&crossref=10.1016%2Fj.ejcb.2010.06.002&citationId=p_15
https://www.liebertpub.com/action/showLinks?pmid=21742789&crossref=10.1152%2Fphysrev.00006.2010&citationId=p_1
https://www.liebertpub.com/action/showLinks?pmid=21566120&crossref=10.1074%2Fjbc.M111.218487&citationId=p_19
https://www.liebertpub.com/action/showLinks?pmid=16462742&crossref=10.1038%2Fng1744&citationId=p_5
https://www.liebertpub.com/action/showLinks?pmid=24693967&crossref=10.1210%2Fen.2013-2108&citationId=p_23
https://www.liebertpub.com/action/showLinks?pmid=24079074&citationId=p_12
https://www.liebertpub.com/action/showLinks?pmid=18728176&crossref=10.1210%2Fjc.2008-0283&citationId=p_27
https://www.liebertpub.com/action/showLinks?pmid=22434867&crossref=10.1242%2Fdev.070920&citationId=p_9
https://www.liebertpub.com/action/showLinks?pmid=18728176&crossref=10.1210%2Fjc.2008-0283&citationId=p_27
https://www.liebertpub.com/action/showLinks?pmid=23577275&crossref=10.1155%2F2013%2F124538&citationId=p_31
https://www.liebertpub.com/action/showLinks?pmid=23986743&crossref=10.3389%2Ffendo.2013.00104&citationId=p_16
https://www.liebertpub.com/action/showLinks?pmid=23577275&crossref=10.1155%2F2013%2F124538&citationId=p_31
https://www.liebertpub.com/action/showLinks?pmid=21858227&crossref=10.1371%2Fjournal.pone.0023825&citationId=p_20
https://www.liebertpub.com/action/showLinks?pmid=18668037&crossref=10.1038%2Fnature07242&citationId=p_2
https://www.liebertpub.com/action/showLinks?pmid=27159391&crossref=10.1172%2FJCI84465&citationId=p_24
https://www.liebertpub.com/action/showLinks?pmid=18311128&crossref=10.1038%2Fnature06642&citationId=p_6
https://www.liebertpub.com/action/showLinks?pmid=22484490&crossref=10.1016%2Fj.bbagen.2012.03.012&citationId=p_13
https://www.liebertpub.com/action/showLinks?pmid=25254665&crossref=10.1371%2Fjournal.pone.0108137&citationId=p_28
https://www.liebertpub.com/action/showLinks?pmid=10966107&crossref=10.1016%2FS0092-8674%2800%2900050-7&citationId=p_32
https://www.liebertpub.com/action/showLinks?system=10.1089%2F10507250152484547&citationId=p_17
https://www.liebertpub.com/action/showLinks?pmid=19167326&crossref=10.1016%2Fj.cell.2009.01.002&citationId=p_3
https://www.liebertpub.com/action/showLinks?pmid=19147563&crossref=10.1158%2F0008-5472.CAN-08-2198&citationId=p_21
https://www.liebertpub.com/action/showLinks?pmid=22983383&crossref=10.1007%2Fs00018-012-1117-z&citationId=p_10
https://www.liebertpub.com/action/showLinks?pmid=5055094&crossref=10.1001%2Farchderm.1972.01620120037007&citationId=p_25
https://www.liebertpub.com/action/showLinks?pmid=19114655&crossref=10.1073%2Fpnas.0810766105&citationId=p_7
https://www.liebertpub.com/action/showLinks?pmid=20010860&crossref=10.1038%2Fjid.2009.359&citationId=p_14
https://www.liebertpub.com/action/showLinks?pmid=20010860&crossref=10.1038%2Fjid.2009.359&citationId=p_14
https://www.liebertpub.com/action/showLinks?pmid=14736740&crossref=10.1210%2Fen.2003-1696&citationId=p_29
https://www.liebertpub.com/action/showLinks?pmid=23298477&crossref=10.1177%2F039463201202500404&citationId=p_18
https://www.liebertpub.com/action/showLinks?pmid=23298477&crossref=10.1177%2F039463201202500404&citationId=p_18
https://www.liebertpub.com/action/showLinks?pmid=17720805&crossref=10.1073%2Fpnas.0706754104&citationId=p_22
https://www.liebertpub.com/action/showLinks?pmid=20703300&crossref=10.1038%2Fnature09267&citationId=p_4
https://www.liebertpub.com/action/showLinks?pmid=17720805&crossref=10.1073%2Fpnas.0706754104&citationId=p_22
https://www.liebertpub.com/action/showLinks?pmid=22433839&crossref=10.1038%2Femboj.2012.67&citationId=p_11
https://www.liebertpub.com/action/showLinks?pmid=10792210&crossref=10.1046%2Fj.1365-2133.2000.03521.x&citationId=p_26
https://www.liebertpub.com/action/showLinks?pmid=20827281&crossref=10.1038%2Fjid.2010.268&citationId=p_8
https://www.liebertpub.com/action/showLinks?pmid=10792210&crossref=10.1046%2Fj.1365-2133.2000.03521.x&citationId=p_26


contribute to wound repair but not to homeostasis of the
epidermis. Nat Med 11:1351–1354.

34. Arwert EN, Hoste E, Watt FM 2012 Epithelial stem cells,
wound healing and cancer. Nat Rev Cancer 12:170–180.

35. Contreras-Jurado C, Lorz C, Garcia-Serrano L, Paramio JM,
Aranda A 2015 Thyroid hormone signaling controls hair
follicle stem cell function. Mol Biol Cell 26:1263–1272.

36. Zhang J, He XC, Tong WG, Johnson T, Wiedemann LM,
Mishina Y, Feng JQ, Li L 2006 Bone morphogenetic pro-
tein signaling inhibits hair follicle anagen induction by
restricting epithelial stem/progenitor cell activation and
expansion. Stem Cells 24:2826–2839.

37. Plikus MV, Mayer JA, de la Cruz D, Baker RE, Maini PK,
Maxson R, Chuong CM 2008 Cyclic dermal BMP signal-
ling regulates stem cell activation during hair regeneration.
Nature 451:340–344.

38. Greco V, Chen T, Rendl M, Schober M, Pasolli HA, Stokes
N, Dela Cruz-Racelis J, Fuchs E 2009 A two-step mecha-
nism for stem cell activation during hair regeneration. Cell
Stem Cell 4:155–169.

39. Gothe S, Wang Z, Ng L, Kindblom JM, Barros AC,
Ohlsson C, Vennstrom B, Forrest D 1999 Mice devoid of
all known thyroid hormone receptors are viable but exhibit
disorders of the pituitary–thyroid axis, growth, and bone
maturation. Genes Dev 13:1329–1341.

40. Antonini D, Russo MT, De Rosa L, Gorrese M, Del Vec-
chio L, Missero C 2010 Transcriptional repression of miR-
34 family contributes to p63-mediated cell cycle progres-
sion in epidermal cells. J Invest Dermatol 130:1249–1257.

41. Mardaryev AN, Ahmed MI, Vlahov NV, Fessing MY, Gill JH,
Sharov AA, Botchkareva NV 2010 Micro-RNA-31 controls
hair cycle-associated changes in gene expression programs of
the skin and hair follicle. FASEB J 24:3869–3881.

42. Ahmed MI, Mardaryev AN, Lewis CJ, Sharov AA, Botch-
kareva NV 2011 MicroRNA-21 is an important downstream
component of BMP signalling in epidermal keratinocytes. J
Cell Sci 124:3399–3404.

43. Darido C, Georgy SR, Wilanowski T, Dworkin S, Auden A,
Zhao Q, Rank G, Srivastava S, Finlay MJ, Papenfuss AT,
Pandolfi PP, Pearson RB, Jane SM 2011 Targeting of the
tumor suppressor GRHL3 by a miR-21-dependent proto-
oncogenic network results in PTEN loss and tumorigenesis.
Cancer Cell 20:635–648.

44. Joyce CE, Zhou X, Xia J, Ryan C, Thrash B, Menter A,
Zhang W, Bowcock AM 2011 Deep sequencing of small
RNAs from human skin reveals major alterations in the
psoriasis miRNAome. Hum Mol Genet 20:4025–4040.

45. Ma X, Kumar M, Choudhury SN, Becker Buscaglia LE,
Barker JR, Kanakamedala K, Liu MF, Li Y 2011 Loss of
the miR-21 allele elevates the expression of its target genes
and reduces tumorigenesis. Proc Natl Acad Sci U S A 108:
10144–10149.

46. Peng H, Kaplan N, Hamanaka RB, Katsnelson J, Blatt H,
Yang W, Hao L, Bryar PJ, Johnson RS, Getsios S,
Chandel NS, Lavker RM 2012 microRNA-31/factor-
inhibiting hypoxia-inducible factor 1 nexus regulates
keratinocyte differentiation. Proc Natl Acad Sci U S A
109:14030–14034.

47. Wang T, Feng Y, Sun H, Zhang L, Hao L, Shi C, Wang J,
Li R, Ran X, Su Y, Zou Z 2012 miR-21 regulates skin
wound healing by targeting multiple aspects of the healing
process. Am J Pathol 181:1911–1920.

48. Zhu HY, Li C, Bai WD, Su LL, Liu JQ, Li Y, Shi JH, Cai
WX, Bai XZ, Jia YH, Zhao B, Wu X, Li J, Hu DH 2014

MicroRNA-21 regulates hTERT via PTEN in hypertrophic
scar fibroblasts. PLoS One 9:e97114.

49. Yan S, Xu Z, Lou F, Zhang L, Ke F, Bai J, Liu Z, Liu J,
Wang H, Zhu H, Sun Y, Cai W, Gao Y, Su B, Li Q, Yang
X, Yu J, Lai Y, Yu XZ, Zheng Y, Shen N, Chin YE, Wang
H 2015 NF-kappaB-induced microRNA-31 promotes epi-
dermal hyperplasia by repressing protein phosphatase 6 in
psoriasis. Nat Commun 6:7652.

50. Bussing I, Slack FJ, Grosshans H 2008 let-7 microRNAs in
development, stem cells and cancer. Trends Mol Med 14:
400–409.

51. Lena AM, Shalom-Feuerstein R, Rivetti di Val Cervo P,
Aberdam D, Knight RA, Melino G, Candi E 2008 miR-203
represses ‘‘stemness’’ by repressing DeltaNp63. Cell Death
Differ 15:1187–1195.

52. Bornachea O, Santos M, Martinez-Cruz AB, Garcia-Escudero
R, Duenas M, Costa C, Segrelles C, Lorz C, Buitrago A, Saiz-
Ladera C, Agirre X, Grande T, Paradela B, Maraver A, Ariza
JM, Prosper F, Serrano M, Sanchez-Cespedes M, Paramio JM
2012 EMT and induction of miR-21 mediate metastasis de-
velopment in Trp53-deficient tumours. Sci Rep 2:434.

53. Kim NH, Kim HS, Kim NG, Lee I, Choi HS, Li XY, Kang
SE, Cha SY, Ryu JK, Na JM, Park C, Kim K, Lee S,
Gumbiner BM, Yook JI, Weiss SJ 2011 p53 and microRNA-
34 are suppressors of canonical Wnt signaling. Sci Signal
4:ra71.

54. Lefort K, Brooks Y, Ostano P, Cario-Andre M, Calpini V,
Guinea-Viniegra J, Albinger-Hegyi A, Hoetzenecker W,
Kolfschoten I, Wagner EF, Werner S, Dotto GP 2013 A
miR-34a-SIRT6 axis in the squamous cell differentiation
network. EMBO J 32:2248–2263.

55. Chang TC, Wentzel EA, Kent OA, Ramachandran K,
Mullendore M, Lee KH, Feldmann G, Yamakuchi M,
Ferlito M, Lowenstein CJ, Arking DE, Beer MA, Maitra A,
Mendell JT 2007 Transactivation of miR-34a by p53
broadly influences gene expression and promotes apoptosis.
Mol Cell 26:745–752.

56. He L, He X, Lim LP, de Stanchina E, Xuan Z, Liang Y,
Xue W, Zender L, Magnus J, Ridzon D, Jackson AL,
Linsley PS, Chen C, Lowe SW, Cleary MA, Hannon GJ
2007 A microRNA component of the p53 tumour suppres-
sor network. Nature 447:1130–1134.

57. McKenna DJ, McDade SS, Patel D, McCance DJ 2010
MicroRNA 203 expression in keratinocytes is dependent on
regulation of p53 levels by E6. J Virol 84:10644–10652.

58. Maatough A, Whitfield GK, Brook L, Hsieh D, Palade P,
Hsieh JC 2017 Human hairless protein roles in skin/hair
and emerging connections to brain and other cancers. J Cell
Biochem 119:69–80.

59. Thompson CC, Bottcher MC 1997 The product of a thyroid
hormone-responsive gene interacts with thyroid hormone
receptors. Proc Natl Acad Sci U S A 94:8527–8532.

60. Wang Z, Pang L, Zhao H, Song L, Wang Y, Sun Q, Guo C,
Wang B, Qin X, Pan A 2016 miR-128 regulates differentiation
of hair follicle mesenchymal stem cells into smooth muscle
cells by targeting SMAD2. Acta Histochem 118:393–400.

61. Ahsan MK, Urano Y, Kato S, Oura H, Arase S 1998 Im-
munohistochemical localization of thyroid hormone nu-
clear receptors in human hair follicles and in vitro effect of
L-triiodothyronine on cultured cells of hair follicles and
skin. J Med Invest 44:179–184.

62. Billoni N, Buan B, Gautier B, Gaillard O, Mahe YF, Ber-
nard BA 2000 Thyroid hormone receptor beta1 is expressed
in the human hair follicle. Br J Dermatol 142:645–652.

THYROID HORMONE RECEPTORS AND SKIN miRNAs 931

D
ow

nl
oa

de
d 

by
 I

ns
tit

ut
o 

de
 I

nv
es

tig
ac

io
ne

s 
B

io
m

ed
ic

as
 A

lb
er

to
 S

ol
s 

fr
om

 w
w

w
.li

eb
er

tp
ub

.c
om

 a
t 1

1/
10

/2
1.

 F
or

 p
er

so
na

l u
se

 o
nl

y.
 

https://www.liebertpub.com/action/showLinks?pmid=17554337&crossref=10.1038%2Fnature05939&citationId=p_56
https://www.liebertpub.com/action/showLinks?pmid=27087048&crossref=10.1016%2Fj.acthis.2016.04.001&citationId=p_60
https://www.liebertpub.com/action/showLinks?pmid=21646541&crossref=10.1073%2Fpnas.1103735108&citationId=p_45
https://www.liebertpub.com/action/showLinks?pmid=22362215&crossref=10.1038%2Fnrc3217&citationId=p_34
https://www.liebertpub.com/action/showLinks?pmid=26138368&crossref=10.1038%2Fncomms8652&citationId=p_49
https://www.liebertpub.com/action/showLinks?pmid=19200804&crossref=10.1016%2Fj.stem.2008.12.009&citationId=p_38
https://www.liebertpub.com/action/showLinks?pmid=19200804&crossref=10.1016%2Fj.stem.2008.12.009&citationId=p_38
https://www.liebertpub.com/action/showLinks?pmid=21984808&crossref=10.1242%2Fjcs.086710&citationId=p_42
https://www.liebertpub.com/action/showLinks?pmid=21984808&crossref=10.1242%2Fjcs.086710&citationId=p_42
https://www.liebertpub.com/action/showLinks?pmid=20702634&crossref=10.1128%2FJVI.00703-10&citationId=p_57
https://www.liebertpub.com/action/showLinks?pmid=9597806&citationId=p_61
https://www.liebertpub.com/action/showLinks?pmid=22891326&crossref=10.1073%2Fpnas.1111292109&citationId=p_46
https://www.liebertpub.com/action/showLinks?pmid=18674967&crossref=10.1016%2Fj.molmed.2008.07.001&citationId=p_50
https://www.liebertpub.com/action/showLinks?pmid=25657324&crossref=10.1091%2Fmbc.e14-07-1251&citationId=p_35
https://www.liebertpub.com/action/showLinks?pmid=23860128&crossref=10.1038%2Femboj.2013.156&citationId=p_54
https://www.liebertpub.com/action/showLinks?pmid=10346821&crossref=10.1101%2Fgad.13.10.1329&citationId=p_39
https://www.liebertpub.com/action/showLinks?pmid=22094257&crossref=10.1016%2Fj.ccr.2011.10.014&citationId=p_43
https://www.liebertpub.com/action/showLinks?pmid=28543886&crossref=10.1002%2Fjcb.26164&citationId=p_58
https://www.liebertpub.com/action/showLinks?pmid=28543886&crossref=10.1002%2Fjcb.26164&citationId=p_58
https://www.liebertpub.com/action/showLinks?pmid=10792213&crossref=10.1046%2Fj.1365-2133.2000.03408.x&citationId=p_62
https://www.liebertpub.com/action/showLinks?pmid=23159215&crossref=10.1016%2Fj.ajpath.2012.08.022&citationId=p_47
https://www.liebertpub.com/action/showLinks?pmid=18483491&crossref=10.1038%2Fcdd.2008.69&citationId=p_51
https://www.liebertpub.com/action/showLinks?pmid=18483491&crossref=10.1038%2Fcdd.2008.69&citationId=p_51
https://www.liebertpub.com/action/showLinks?pmid=16960130&crossref=10.1634%2Fstemcells.2005-0544&citationId=p_36
https://www.liebertpub.com/action/showLinks?pmid=20090763&crossref=10.1038%2Fjid.2009.438&citationId=p_40
https://www.liebertpub.com/action/showLinks?pmid=17540599&crossref=10.1016%2Fj.molcel.2007.05.010&citationId=p_55
https://www.liebertpub.com/action/showLinks?pmid=21807764&crossref=10.1093%2Fhmg%2Fddr331&citationId=p_44
https://www.liebertpub.com/action/showLinks?pmid=16288281&crossref=10.1038%2Fnm1328&citationId=p_33
https://www.liebertpub.com/action/showLinks?pmid=9238010&crossref=10.1073%2Fpnas.94.16.8527&citationId=p_59
https://www.liebertpub.com/action/showLinks?pmid=24817011&crossref=10.1371%2Fjournal.pone.0097114&citationId=p_48
https://www.liebertpub.com/action/showLinks?pmid=22666537&crossref=10.1038%2Fsrep00434&citationId=p_52
https://www.liebertpub.com/action/showLinks?pmid=18202659&crossref=10.1038%2Fnature06457&citationId=p_37
https://www.liebertpub.com/action/showLinks?pmid=20522784&crossref=10.1096%2Ffj.10-160663&citationId=p_41


63. Viticchie G, Lena AM, Cianfarani F, Odorisio T,
Annicchiarico-Petruzzelli M, Melino G, Candi E 2012
MicroRNA-203 contributes to skin re-epithelialization.
Cell Death Dis 3:e435.

64. Huang YH, Lin YH, Chi HC, Liao CH, Liao CJ, Wu SM,
Chen CY, Tseng YH, Tsai CY, Lin SY, Hung YT, Wang
CJ, Lin CD, Lin KH 2013 Thyroid hormone regulation of
miR-21 enhances migration and invasion of hepatoma.
Cancer Res 73:2505–2517.

65. Lu X, Chen Z, Liang H, Li Z, Zou X, Luo H, Guo W, Xu L
2013 Thyroid hormone inhibits TGFbeta1 induced renal
tubular epithelial to mesenchymal transition by increasing
miR34a expression. Cell Signal 25:1949–1954.

66. van der Fits L, van Kester MS, Qin Y, Out-Luiting JJ, Smit
F, Zoutman WH, Willemze R, Tensen CP, Vermeer MH
2011 MicroRNA-21 expression in CD4+ T cells is regu-
lated by STAT3 and is pathologically involved in Sezary
syndrome. J Invest Dermatol 131:762–768.

67. Contreras-Jurado C, Alonso-Merino E, Saiz-Ladera C, Va-
lino AJ, Regadera J, Alemany S, Aranda A 2016 The thyroid
hormone receptors inhibit hepatic interleukin-6 signaling
during endotoxemia. Sci Rep 6:30990.

68. Nissan X, Denis JA, Saidani M, Lemaitre G, Peschanski M,
Baldeschi C 2011 miR-203 modulates epithelial differen-

tiation of human embryonic stem cells towards epidermal
stratification. Dev Biol 356:506–515.

69. Aranda A, Martinez-Iglesias O, Ruiz-Llorente L, Garcia-
Carpizo V, Zambrano A 2009 Thyroid receptor: roles in
cancer. Trends Endocrinol Metab 20:318–324.

70. Bhandari A, Gordon W, Dizon D, Hopkin AS, Gordon E, Yu
Z, Andersen B 2013 The Grainyhead transcription factor
Grhl3/Get1 suppresses miR-21 expression and tumorigene-
sis in skin: modulation of the miR-21 target MSH2 by RNA-
binding protein DND1. Oncogene 32:1497–1507.

71. Wang A, Landen NX, Meisgen F, Lohcharoenkal W, Stahle
M, Sonkoly E, Pivarcsi A 2014 MicroRNA-31 is over-
expressed in cutaneous squamous cell carcinoma and reg-
ulates cell motility and colony formation ability of tumor
cells. PLoS One 9:e103206.

Address correspondence to:
Ana Aranda, PhD

Instituto de Investigaciones Biomédicas. CSIC-UAM
Arturo Duperier 4

28029 Madrid
Spain

E-mail: aaranda@iib.uam.es

932 RUIZ-LLORENTE ET AL.

D
ow

nl
oa

de
d 

by
 I

ns
tit

ut
o 

de
 I

nv
es

tig
ac

io
ne

s 
B

io
m

ed
ic

as
 A

lb
er

to
 S

ol
s 

fr
om

 w
w

w
.li

eb
er

tp
ub

.c
om

 a
t 1

1/
10

/2
1.

 F
or

 p
er

so
na

l u
se

 o
nl

y.
 

https://www.liebertpub.com/action/showLinks?pmid=25068518&crossref=10.1371%2Fjournal.pone.0103206&citationId=p_71
https://www.liebertpub.com/action/showLinks?pmid=23442323&crossref=10.1158%2F0008-5472.CAN-12-2218&citationId=p_64
https://www.liebertpub.com/action/showLinks?pmid=21684271&crossref=10.1016%2Fj.ydbio.2011.06.004&citationId=p_68
https://www.liebertpub.com/action/showLinks?pmid=23770290&crossref=10.1016%2Fj.cellsig.2013.06.005&citationId=p_65
https://www.liebertpub.com/action/showLinks?pmid=19716314&crossref=10.1016%2Fj.tem.2009.03.011&citationId=p_69
https://www.liebertpub.com/action/showLinks?pmid=21085192&crossref=10.1038%2Fjid.2010.349&citationId=p_66
https://www.liebertpub.com/action/showLinks?pmid=22614019&crossref=10.1038%2Fonc.2012.168&citationId=p_70
https://www.liebertpub.com/action/showLinks?pmid=23190607&crossref=10.1038%2Fcddis.2012.174&citationId=p_63
https://www.liebertpub.com/action/showLinks?pmid=27484112&crossref=10.1038%2Fsrep30990&citationId=p_67


This article has been cited by:

1. Emery Di Cicco, Carla Moran, W. Edward Visser, Annarita Nappi, Erik Schoenmakers, Pamela Todd, Greta Lyons, Mehul
Dattani, Raffaele Ambrosio, Silvia Parisi, Domenico Salvatore, Krishna Chatterjee, Monica Dentice. 2021. Germ Line Mutations
in the Thyroid Hormone Receptor Alpha Gene Predispose to Cutaneous Tags and Melanocytic Nevi. Thyroid 31:7, 1114-1126.
[Abstract] [Full Text] [PDF] [PDF Plus] [Supplementary Material]

D
ow

nl
oa

de
d 

by
 I

ns
tit

ut
o 

de
 I

nv
es

tig
ac

io
ne

s 
B

io
m

ed
ic

as
 A

lb
er

to
 S

ol
s 

fr
om

 w
w

w
.li

eb
er

tp
ub

.c
om

 a
t 1

1/
10

/2
1.

 F
or

 p
er

so
na

l u
se

 o
nl

y.
 

https://doi.org/10.1089/thy.2020.0391
https://www.liebertpub.com/doi/full/10.1089/thy.2020.0391
https://www.liebertpub.com/doi/pdf/10.1089/thy.2020.0391
https://www.liebertpub.com/doi/pdfplus/10.1089/thy.2020.0391
https://www.liebertpub.com/doi/suppl/10.1089/thy.2020.0391

