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We have analyzed the role of the thyroid hormone receptors
(TRs) in epidermal homeostasis. Reduced keratinocyte prolifer-
ation is found in interfollicular epidermis of mice lacking the
thyroid hormone binding isoforms TRal and TR (KO mice).
Similar results were obtained in hypothyroid animals, showing
the important role of the liganded TRs in epidermal prolifera-
tion. In addition, KO and hypothyroid animals display de-
creased hyperplasia in response to 12-O-tetradecanolyphorbol-
13-acetate. Both receptor isoforms play overlapping functional
roles in the skin because mice lacking individually TRa1 or TR
also present a proliferative defect but not as marked as that
found in double KO mice. Defective proliferation in KO mice is
associated with reduction of cyclin D1 expression and up-regu-
lation of the cyclin-dependent kinase inhibitors p19 and p27.
Paradoxically, ERK and AKT activity and expression of down-
stream targets, such as AP-1 components, are increased in KO
mice. Increased p65/NF-kB and STAT3 phosphorylation and,
as a consequence, augmented expression of chemokines and
proinflammatory cytokines is also found in these animals. These
results show that thyroid hormones and their receptors are
important mediators of skin proliferation and demonstrate that
TRs act as endogenous inhibitors of skin inflammation, most
likely due to interference with AP-1, NF-kB, and STAT3
activation.

The actions of thyroid hormones are mediated by binding to
nuclear receptors, TRa* and TR, that act as ligand-dependent
transcription factors by association, generally as heterodimers
with retinoid X receptors, with thyroid hormone response ele-
ments located in regulatory regions of target genes (1). TRs can
also modulate expression of genes that do not contain a hor-
mone response element by modulating the activity of other
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transcription factors and signaling pathways (2), including acti-
vator protein-1 (AP-1)-, cyclic AMP-response element-, and
nuclear factor-«B (NF-«B)-dependent pathways (3-7).

Studies with knock-out (KO) mice for TRs obtained by
homologous recombination have indicated that KO mice for a1
and B TR isoforms have different phenotypes (8 —10) and that
the double KO mice, surprisingly, survive (11), indicating that
these receptors are not required for viability. Although these
animals show extreme resistance to thyroid hormones, they
exhibit a milder phenotype than hypothyroid mice, indicating
divergent consequences for hormone versus receptor defi-
ciency for some actions.

Although the skin is a target tissue for thyroid hormone
action, no studies on the skin phenotype in TR KO mice have
been reported. TRa and TRB mRNAs are present in the skin
(12-15), and these receptors can regulate either positively or
negatively the expression of selected keratins in cultured cells
(16 -19). Clinical evidence (19-27) as well as studies in hypo-
thyroid mice and rats (28 -30) also suggest that thyroid hor-
mones could be involved in epidermal proliferation and differ-
entiation, hair growth, and wound healing besides affecting the
function of dermal fibroblasts. A question emerging from these
studies is how to distinguish between effects due to altered thy-
roid hormone levels and effects due to expression of specific TR
isoforms.

The TR KO mice represent an excellent model for the anal-
ysis of the role of these receptors in the skin and its response to
hyperproliferative stimuli. Topical application of 12-O-tetrade-
canolyphorbol-13-acetate (TPA) to mouse skin is a well known
model for induction of skin hyperproliferation and also pro-
motes a strong inflammatory reaction that activates multiple
immunostimulatory pathways. The skin response to TPA is
associated with activation of several intracellular pathways (e.g.
mitogen-activated protein kinases (MAPKs), AKT, NF-«B,
STAT3, and AP-1) as well as an increase in the content of chem-
ical mediators, such as cytokines, chemokines, vasoactive pep-
tides, prostaglandins, leukotrienes, and nitric oxide among oth-
ers (31-34).

In this work, we have investigated skin proliferation and
inflammation, before and after TPA application, in mice lack-
ing TRa1, TR, or both genes, comparing these responses with
those of hypothyroid animals to distinguish the specific contri-
butions of receptor expression and activation. We found that
TRs and thyroid hormones are required for skin homeostasis
after TPA treatment and that both receptor genes contribute to

JOURNAL OF BIOLOGICAL CHEMISTRY 24079


http://www.jbc.org/cgi/content/full/M111.218487/DC1

Thyroid Hormone Receptors and the Skin

attain a normal proliferative response to the tumor promoter.
Reduced proliferation in animals lacking TRs correlates with
increased expression of cyclin-dependent kinase inhibitors in
the interfollicular epidermis and with strongly reduced cyclin
D1 expression in the keratinocytes of the basal layer. In addi-
tion, skins from TR KO mice show signs of inflammation with
increased production of several proinflammatory cytokines,
which is associated with enhanced phosphorylation of p65/
NF-kB and STAT3 transcription factors. These results show a
novel role for TRs in the skin response to proliferative signals
and demonstrate that these receptors act as endogenous inhib-
itors of cutaneous inflammation.

EXPERIMENTAL PROCEDURES

Animals and Treatments—All animal work was done in com-
pliance with European Community law (86/609/EEC) and
Spanish law (R.D. 1201/2005), with approval of the Ethics Com-
mittee of the Consejo Superior de Investigaciones Cientificas.
Experiments were performed in adult female mice. TRal /" /
TRB™’~ double KO mice in a hybrid genetic background of
129/0La*129/Sv" BALB/c*C57BL/6, single TRal '~/
TRB " (KOa), and TRal™/*/TRB ™/~ (KOP) mice, and wild-
type TRal™/*/TRB*'* animals with the same background
were genotyped (11) and used for the studies. Wild-type mice
were made hypothyroid (hT) by treatment with 0.02% methy-
mazole and 0.1% sodium perchlorate in the drinking water (35).
Treatment started when animals were 1 month old and was
continued for 4 months. Dorsal skins were shaved and exhaus-
tively depilated with hair-removing cream 24 h before the treat-
ment with TPA (obtained from Sigma). TPA (12 ng) was
applied topically twice (at days 1 and 3), and mice were sacri-
ficed at day 4 or 7. In the control group, animals were treated
with vehicle (acetone) only. At the end of the experiments, skin
was excised and either frozen to obtain RNA and protein or
fixed for immunohistochemical analysis. Between 3 and 6 ani-
mals/experimental group were examined, and most experi-
ments were repeated at least three times.

Histological and Immunohistochemical Analysis—Skin sam-
ples were fixed with paraformaldehyde or ethanol and embed-
ded in paraffin. Skin sections (4 um) were stained with H&E or
processed for immunohistochemistry. Immunohistochemistry
was performed using standard protocols on deparaffinized sec-
tions as described previously (36). The slides were microwaved
with citrate buffer after deparaffinization to enhance the stain-
ing. Sections were preincubated for 30 min with 5% horse
serum in PBS and incubated with primary antibodies (dilution
1:100) at 4 °C overnight and with a secondary antibody for 2 h at
room temperature. They were resolved with avidin-biotin per-
oxidase complex using Vectastain ABC kit (Vector Laborato-
ries) and were revealed with diaminobenzidine (DAB kit, Vec-
tor Laboratories) and counterstained with hematoxylin. Slides
were mounted and analyzed by light microscopy (Leica DM
RXA2), and microphotographs were taken. Frozen sections of
skin were used to detect by immunofluorescence K5, K10, and
loricrin as well as dermal inflammatory cells. T lymphocytes
were detected by expression of CD3¢, T and B lymphocytes by
expression of CD45, and macrophages by expression of
CD11b/Macl.
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BrdU Labeling—Epithelial cell proliferation was measured by
intraperitoneal injection of BrdU (0.1 mg/g weight in 0.9%
NaCl) 1 h prior to sacrifice. BrdU incorporation was detected by
immunohistochemistry of paraffin-embedded sections using a
mouse anti-BrdU monoclonal antibody (Roche Applied Sci-
ence, catalog no. 1170376). The number of BrdU-positive and
total basal keratinocytes cells was counted in at least five areas
from five animals of each experimental group. The mean * S.D.
percentage of proliferating over total basal cells (>200) was
then estimated as reported previously (36).

Morphometric Analysis—Quantification of the epidermal
thickness was performed in dorsal skin sections stained with
H&E. At least 10 individual fields of 1 mm per slide were
counted using the software MetaMorph (Premier Offline 7.0,
Molecular Devices, Downingtown, PA). Experiments were per-
formed in at least five mice of each group.

Immunoblotting—For preparation of whole-cell extracts,
skins were ground with a mortar on liquid nitrogen and homog-
enized in lysis buffer composed of 200 mm Hepes, pH 7.9, 25%
glycerol, 400 mm NaCl, 1 mm EDTA, 1 mm EGTA, 1.25 mm
DTT, 100 mm sodium pyrophosphate, 200 mm sodium
orthovanadate, 500 mm NaF, 0.1 mm PMSF, 10 mg/ml apro-
tinin, 10 mg/ml leupeptin, and 1% Nonidet P-40. Nuclear
extracts were isolated with the Nuclear Extraction Reagents kit,
according to the manufacturer’s protocol. The amount of pro-
teins was measured by the Bradford method. Fifty ug of pro-
teins were boiled in Laemmli buffer, separated on NuPAGE
4-12% BisTris gel (Invitrogen), and then transferred to nitro-
cellulose membranes (Millipore). Membranes were blocked
with 4% BSA in TBS plus 0.5% Tween 20 and incubated with the
indicated antibodies at 4 °C overnight. Dephosphorylation
reactions were inhibited by the presence of 50 mm NaF in block-
ing reagent and antibody diluents. After washing, membranes
were incubated with a peroxidase-conjugated secondary anti-
body for 2 h at room temperature and analyzed using the
enhanced chemiluminescence method (Immun-Star HRP, Bio-
Rad), according to the manufacturer’s recommendations.

Antibodies—The antibodies used included antibodies to
P-ERK (sc-7383), ERK2 (sc-154), AKT1,2 (sc-1619), c-Jun (sc-
1694), c-Fos (sc-52), p27 (sc-528), p50 (sc-114), IkBa (sc-371),
lamin B (sc-6217), and actin (sc-1616) from Santa Cruz Bio-
technology, Inc. (Santa Cruz, CA). Antibodies against P-p65
(3033), 1B kinase « (2682), STAT3 (4904), P-STAT3Tyr"*®
(9145s), and P-STAT3Ser”?” (9134) were obtained from Cell
Signaling Technology Inc. (Beverly, MA), and antibodies
against p19 (Ab-7960) and p21 (Ab-80) were purchased from
Abcam Inc. (Cambridge, UK). Antibodies used for K5 and lori-
crin detection by immunofluorescence were from Covance
(Princeton, NJ) and were used at 1:500 or 1:1000 dilutions. Ker-
atin K10 was detected using a monoclonal antibody (Sigma) at a
1:1000 dilution. Cleaved caspase 3 (Asp'”?) was detected with
an antibody from Cell Signaling at a 1:250 dilution. Immunode-
tection of CD3€, CD45, and CD11b/Macl was performed using
fluorescein isothiocyanate-labeled specific rat anti-mouse
monoclonal antibodies (BD Pharmigen) at 1:50 dilution. Sec-
ondary peroxidase-conjugated anti-rabbit antibody was from
Amersham Biosciences, and secondary peroxidase-conjugated
anti-mouse antibody and biotin-conjugated anti-rabbit or anti-

VOLUME 286-NUMBER 27-JULY 8, 2011



mouse antibodies were from Jackson ImmunoResearch Labo-
ratories, Inc. (West Grove, PA).

Cytokine and Chemokine Quantification—R&D Systems
Mouse Cytokine Array, Panel A (catalogue no. ARY006) was
used to simultaneously detect the levels of 40 different cyto-
kines and chemokines in 1 mg of whole-cell protein extracts
obtained from skins from 3 animals/group and following the
manufacturer’s specifications. Samples were analyzed in dupli-
cate, and signals were detected by chemiluminescence and were
quantitated by scanning the x-ray films after different expo-
sures (between 1 and 10 min) with Quantity One-4.6.6 (Basic
mode) one-dimensional analysis software Bio-Rad 200.

Electrophoretic Mobility Shift Assays (EMSAs)—EMSAs were
performed by incubating total or nuclear cell extracts from
mouse skin with a labeled double-stranded oligonucleotide
corresponding to consensus AP-1 (5'-CGCTTGATGACTCA-
GCCGGAA-3’) or NF-kB (5'-GATCCAACGGCAGGGGAA-
TTCCCCTCTCCTTA-3') sites. Complexes were separated on
5.5% native polyacrylamide gels in 0.25X Tris borate-EDTA
buffer, dried, and exposed to Hyperfilm-MP (Amersham Bio-
sciences) at —70 °C.

Primary Cultures—Primary keratinocytes were derived from
newborn double KO mice and the corresponding wild-type
controls. Tails from each pup were used for genotyping. Skin
was removed, and epidermis was obtained by trypsinization.
Cells were plated in Eagle’s minimal essential medium (Bio-
Whittaker, Inc.) supplemented with 4% Chelex-treated fetal
bovine serum and 0.2 mMm Cl,Ca. After 15 h, cells were trans-
ferred to medium containing 0.05 mm Cl,Ca. To analyze pro-
liferation, cells were incubated for 1 h with 10 mm BrdU.

Quantitative Real-time PCR Assays—Total RNA was
extracted from keratinocytes using Tri Reagent (Sigma).
mRNA levels were analyzed in triplicate samples by quantita-
tive RT-quantitative PCR. RT was performed with 2 ug of RNA
following the specifications of the SuperScript™ first strand
synthesis system (Invitrogen). The primers used were 5’ -GAA-
CTGG CAGAAGAGGCACT-3' (forward) and 5'-AGGGTC-
TGGGCCATAGAACT-3' (reverse) for TNFa, 5'-GGAATC-
ACCATGCCCTCTA-3' (forward) and 5'-TGGCTGTCTTT-
GTGAGATGC-3' (reverse) for SI00A8, and 5'-TCATCGAC-
ACCTTCCATCAA-3' (forward) and 5'-GTCCTGGTTTGT-
CCAGGT-3' (reverse) for SI00A9. PCRs were performed using
a MX3005P instrument (Stratagene) and detected with SYBR
Green. Data analysis was done using the comparative CT
method, and data were corrected with the GAPDH mRNA
levels obtained with primers 5'-ACACTGCATGCCAT-
CACTGCC-3' (forward) and 5'-GCCTGCTTCACCACCTT-
CTTG-3' (reverse).

Statistical Analysis—Differences with respect to wild-type
animals were assessed by using Student’s ¢ test, with statistical
significance when p was <0.05.

RESULTS

TRs Are Required for Skin Proliferation—The skin of
TRal ™/~ /TRB™’~ double KO mice appeared to have a normal
morphology (Fig. 1 and supplemental Fig. S1), and no overt
differentiation alterations were observed because expression
and distribution of keratin 10 and loricrin was normal in TR-
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FIGURE 1. Reduced hyperplasia after TPA treatment in mice lacking TRs.
Dorsal skins of female wild-type mice (Wt) and double knock-out mice lacking
TRa1 and TRB (KO), were treated topically with vehicle (acetone) or with TPA
and sacrificed at the indicated time periods. H&E staining shows that epider-
mal hyperplasia was greatly reduced in KO skin. Epidermal thickness is indi-
cated with brackets.

deficient mice (supplemental Fig. S2). However, BrdU incorpo-
ration analysis in paraffin sections incubated with an anti-BrdU
antibody demonstrated a reduced proliferation in KO mouse
epidermis (supplemental Fig. S1; see also Fig. 2C). Reduced pro-
liferation was not accompanied by changes in apoptosis, as
examined by caspase 3 cleavage, which was undetectable both
in WT and TR-deficient mice (supplemental Fig. S3). To fur-
ther characterize the role of TRs in epidermal function and
proliferation, we examined the response of mice to topical
application of TPA, a tumor promoter known to induce epider-
mal hyperplasia. After a topical dose of TPA, the number of cell
layers in WT skin increased significantly within the first 24 h,
whereas TPA-treated KO skin did not display a detectable
hyperplasia. A strongly reduced hyperplasia in mice lacking
TRs was also observed after 1 week of treatment (Fig. 1).

To study if thyroid hormone loss has an effect similar to that
of the absence of TRs on skin proliferation, skin morphology
before and after TPA treatment was also analyzed in animals
treated with anti-thyroidal drugs for 4 months. No evident dif-
ferences between the skin of WT and hT mice treated with
vehicle alone were found, although BrdU incorporation was
also reduced in these animals (supplemental Fig. S1). As shown
in Fig. 24, after two topical doses of TPA, a strong reduction in
skin hyperplasia was observed in hT mice. To analyze if the
reduced hyperplasia in these animals is a consequence of
reduced keratinocyte proliferative activity, BrdU incorporation
was examined in TPA-treated animals. As can be seen in Fig.
2A, BrdU incorporation was strongly decreased in hT and KO
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FIGURE 2. Reduced epidermal proliferation in hypothyroid and TR knock-
out mice. A, the upper panels show representative H&E staining of dorsal skin
from WT, KO, and hT mice after treatment with vehicle or TPA for 5 days. The
animals were injected with BrdU 1 h prior to sacrifice, and the lower panels
show BrdU immunostaining. B, morphometric analysis were performed to
determine epidermal thickness in WT, KO, and hT mice before and after TPA
treatment (left panel). Proliferation rate of the interfollicular epidermal kera-
tinocytes was quantified in the indicated groups and is represented as the
percentage of positive BrdU cells versus total cells in the right panel. Data are
shown as mean values = S.E. (error bars), and asterisks denote statistically
significant differences relative to WT mice (*, p < 0.05; ***, p < 0.001).
C, immunolocalization of cyclin D1 in dorsal skin paraffin sections from WT,
KO, and hT mice. Larger magnifications of the indicated areas are also shown.

mice with respect to WT animals. Fig. 2B shows the quantifica-
tion of skin thickness and interfollicular BrdU incorporation in
vehicle and TPA-treated groups. Although vehicle-treated hT
and KO animals have a detectable reduction in BrdU incorpo-
ration, differences in skin thickness with respect to WT mice
were not found. However, after TPA treatment, epidermal
thickness was reduced to a similar extent in KO and hT mice
with respect to WT. In WT mice, ~3% of the interfollicular
basal cells were labeled, and this index was significantly reduced
in hT and KO groups. Furthermore, after two topical doses of
TPA, the BrdU labeling index in basal cells reached up to ~25%
in WT mice, whereas it was strongly reduced in animals lacking
thyroid hormones or their receptors. Altogether, these findings
clearly indicate that the hyperplastic response to TPA was
reduced dramatically in hT and KO mice, underscoring the
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FIGURE 3. TRa1 and TR contribute to skin proliferative responses. Epi-
dermal thickness (left) and BrdU incorporation (right) were determined in WT
mice, double knock-out mice (KO), and single knock-out mice lacking either
TRa1 (KOa) or TRB (KOa) 4 days after the start of treatment with vehicle or
TPA.Dataare shown as mean values = S.D. (error bars).*,p < 0.05; **,p < 0.01;
*** p < 0.001 versus WT animals.

important role of the liganded TRs in the proliferation of the
mouse epidermis.

To investigate the possible molecular mechanisms responsi-
ble for the phenotypic alterations observed in the skin of TR KO
mice, we examined by immunohistochemistry the expression
of cyclin D1, a protein that plays a key role in skin proliferation
(37). Cyclin D1 expression was very low in vehicle-treated skins
(not shown), but it was increased after TPA treatment in basal
cells of WT animals (Fig. 2C), in agreement with the prolifera-
tion index found under these conditions. In addition, the
reduced proliferation observed in hT and KO mice was accom-
panied by a dramatic reduction in cyclin D1 expression in basal
keratinocytes.

Both TRal and TRP Contribute to Skin Proliferative Re-
sponses—To analyze the role of specific TR isoforms in skin
proliferation, we compared the effect of TPA treatment in dou-
ble KO mice with that obtained in single KOa and KOS ani-
mals. The results illustrated in Fig. 3 demonstrate that both
receptor isoforms contribute to skin homeostasis because in
the single KO mice hyperplasia and interfollicular BrdU incor-
poration after treatment with the tumor promoter were
between those found in WT and double KO mice.

Expression of Signaling Molecules in Skin of TR KO Mice—Be-
cause both AKT and the mitogen-activated protein kinase
(MAPK) ERK, which are activated following topical treatment
with tumor promoters, are important signaling pathways that
stimulate cyclin D1 expression in skin (38, 39), we analyzed by
Western blot the kinetics of phosphorylation of these kinases in
pooled samples of skins from WT and KO mice in response to
TPA. Surprisingly, phospho-ERK and phospho-AKT levels
were not reduced, but were instead moderately higher, in pro-
tein lysates from KO mice (Fig. 4). The signaling cascades acti-
vated by these kinases control the expression of cell cycle mol-
ecules. Therefore, we also analyzed total and nuclear levels of
AP-1 components and several cyclin kinase inhibitors (CKIs)
that are crucial regulatory proteins for cell proliferation (Fig. 5).
AP-1 is a dimeric transcription factor complex consisting of
homo- and heterodimers of the Jun and Fos protein families
(40). Expression of c-Jun is regarded as a positive regulator of
keratinocyte proliferation in skin, whereas JunB can antagonize
proliferation of keratinocytes (41-43). Despite the reduced
proliferative response, c-Jun and c-Fos levels were significantly
elevated in the skin of the KO mice. Interestingly, this increase
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was detected mainly in the nuclear compartment in the case of
c-Jun, whereas total c-Fos levels were preferentially elevated,
showing that lack of TRs can affect differentially expression and
subcellular localization of these proteins. On the other hand,
basal JunB levels were higher in the nuclei from KO mice, and
an earlier and stronger induction by TPA, which could at least
partially counteract the functional effects of increased c-Jun
levels, was also found. When AP-1 complexes were analyzed in
EMSAs, it could be observed that in WT mice, the abundance of
proteins that bind a consensus AP-1 site is transiently increased
by TPA, reverting at 1 week of treatment, whereas in mice lack-
ing TRs, they were high in the absence of the tumor promoter
and remained high even after 1 week, in agreement with the
elevated levels of Jun proteins found in these animals (supple-
mental Fig. S4).

When skin expression of CKIs was examined, it was observed
that whereas the level of p21 was not significantly different
between WT and KO mice, the total levels of p27 were higher in
the skin of the mice lacking TRs, and a very strong increase of
p19 was found in the nuclei of these animals, suggesting that
enhanced expression of cell cycle inhibitors could also contrib-
ute to the reduced proliferative response observed in the
absence of TRs (Fig. 5 and supplemental Fig. S5).
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FIGURE 4. TR elimination enhances in vivo ERK and AKT phosphorylation
in the skin. Shown is immunoblotting using whole-cell extracts from dorsal
skin of WT and TRa1 and TR knock-out mice (KO) that were treated with TPA
for 0 h, 2 h, 6 h, 1 day, and 1 week to check the expression of total and
phosphorylated AKT (pAKT) and ERK (pERK). Each band represents a pool from
three individual animals.
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Increased Production of Proinflammatory Cytokines and
Chemokines in the Skin of TR KO Mice—Topical application of
TPA on the mouse skin not only induces hyperplasia, but it is
also a well known model for induction of cutaneous inflamma-
tion (32, 33). We thus sought to analyze the skin inflammatory
response in TR KO mice. With this purpose, we measured the
levels of chemokines and proinflammatory cytokines, which
play pivotal roles in the recruitment of inflammatory cells, in
the skin of vehicle- and TPA-treated WT and KO mice using
cytokine arrays. Many of the assayed proteins presented
changes between both groups (Fig. 6). Some of them (CXCL1,
CXCL2, CCL2, or TREM1) increased after TPA treatment in
KO but not in WT animals, and others, such as GM-CSEF,
CXCL10, CXCL11, CCL12, and CCL17, that increased in
response to TPA in WT mice were already elevated in vehicle-
treated KO mice. Only one protein, CCL11, responded to TPA
in the WT but not in KO mice (Fig. 6A4). The more relevant
changes were found with the interleukins IL-3, IL-4, IL-6, and
IL-7 and tumor necrosis factor a (TNFa). The levels of these
cytokines, which were strongly stimulated by the tumor pro-
moter in the WT animals, were also significantly higher under
basal conditions in vehicle-treated KO skin when compared
with the normal skin (Fig. 6B). These results suggest that the
mice lacking TRs present biochemical signs of skin inflamma-
tion, and in agreement with this idea, the number of dermal
cells was increased in the KO mice (Figs. 6C and 7A). Increased
infiltration of inflammatory cells in TR-deficient animals was
demonstrated by immunofluorescence analysis of skins per-
formed with antibodies recognizing Macl, CD3e¢, and CD45
(Fig. 7B). Therefore, these receptors appear to play a physiolog-
ical role as endogenous inhibitors of cutaneous inflammation.

Increased Phosphorylation of p65/NF-kB and STAT3 in Skin
of Mice Lacking TRs—Given that quite a few of the analyzed
cytokines are controlled by the transcription factor NF-kB or
STATS3 or both (44), our results suggest that TR deletion could
increase the expression and/or activity of these factors. NF-«B
transcription factors are bound in the cytoplasm to inhibitory
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FIGURE 5. TR inactivation leads to increased skin expression of AP-1 proteins and cyclin kinase inhibitors. Total and nuclear skin cell lysates from WT and
KO mice treated topically with TPA for the indicated time periods, ranging between 0 h and 1 week, were prepared for Western blotting with the indicated
antibodies. Actin and lamin B were used as a loading control for total and nuclear extracts, respectively.
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FIGURE 6. TRs regulate proinflammatory cytokines in vivo. A and B, relative levels of cytokines and chemokines that showed a different expression between
WT and KO mice using a mouse cytokine array. Whole cell extracts from skins of animals treated with vehicle or with TPA for 1 week were used in the assay.
Values representing expression levels of vehicle-treated WT mice were set to 1, and -fold induction is represented relative to this basal level. Note that axis
labeling is different for different proteins. C, dermal cellularity in skin of the same groups of animals. Data are mean = S.D. (error bars).
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FIGURE 7. Increased immune cell infiltration in the skin of TR-deficient mice. A, representative H&E staining of TPA-treated skins from WT and TR KO mice,
showing increased dermal cellularity. B, double immunofluorescence images of keratin 5 (K5; red immunofluorescence) with the immune cell markers Mac-1,
CD3¢, and CD45 (green immunofluorescence) in skins from wild-type and TR KO mice treated with vehicle (acetone) or TPA. Nuclei were stained with DAPI (blue).
Mac-1 labels macrophages, CD3e labels T lymphocytes, and CD45 is a common lymphocyte antigen.

proteins called IkBs, and their activation is commonly medi- (45). Once in the nucleus, transcriptional activity of NF-«B
ated by the IkB kinase complex. IkB kinase-mediated IkB phos-  dimers can be further stimulated by protein phosphorylation
phorylation leads to their ubiquitin-dependent degradation (46,47). To analyze NF-«B status, we first prepared nuclear skin
and the subsequent nuclear entry of the released NF-«B dimers ~ extracts from control and KO mice and assayed their NF-kB-
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FIGURE 8. Increased phosphorylation of p65/NF-«B and STAT3 in skin of
mice lacking TRs. A, nuclear extracts from WT and KO mice treated with TPA
between 0 h and 1 week were used in an EMSA assay with a labeled oligonu-
cleotide conforming to a consensus NF-«kB binding site. B, the same extracts
were used to detect the indicated proteins by Western blotting. Lamin B was
used as a loading control. p-p65, pStat-Y705, and pStat-5727, phosphorylated
p65, STAT Tyr,,s, and STAT Ser’?’, respectively.

binding complexes by EMSA. In mouse skin, NF-«B complexes
consist mainly of p50 homodimers and contain also p50/p65
heterodimers as identified by supershift assays (48) (supple-
mental Fig. S6). Basal NF-«B binding was detected in the skin of
both WT and KO animals, and this binding increased similarly
after topical application of TPA in both groups (Fig. 84). These
results suggest that expression of NF-«kB proteins was not
altered by TR deletion, and in agreement with this idea, the
nuclear levels of p50, p65, IkB-a, and IkB kinase a were not
changed in the KO mice (Fig. 8B). In contrast, the levels of
phosphorylated p65 were significantly higher in these mice,
indicating that TRs do not decrease nuclear NF-«B content but
rather negatively interfere with p65 activation in the skin.
Activation of STAT3, which belongs to the signal transducer
and activator of transcription (STAT) family of signal-respon-
sive transcription factors, is mediated by phosphorylation of a
critical tyrosine residue (Tyr’%°) that induces STAT3 dimeriza-
tion (49). As illustrated in Fig. 8B, phosphorylation of STAT3
was strongly augmented upon TPA treatment in the skin of KO
mice. In addition, STAT3 transcriptional activity and DNA
binding can be further enhanced through serine (Ser”*’) phos-
phorylation (50), and this phosphorylation was more sustained
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in skin from the mice lacking TRs. According to these results,
the TR anti-inflammatory action in skin could be, at least in
part, due to the interference of this receptor with NF-«B and
STATS3 activation.

Decreased Proliferation and Increased Inflammatory Media-
tors in Primary Keratinocytes from TR KO Mice—In order to
analyze if the reduced skin proliferation observed in the KO
mice is the result of a direct effect of the TRs on the keratino-
cytes, we analyzed BrdU incorporation in primary cultures of
keratinocytes isolated from skin of newborn WT and KO mice.
Asillustrated in Fig. 94, the keratinocytes that lack TRs show an
intrinsic proliferative defect because BrdU incorporation was
reduced by 40% with respect to that found in the cultured kera-
tinocytes from WT mice. In agreement with the results
obtained iz vivo in the skin, despite presenting reduced prolif-
eration, cultured keratinocytes from TR-deficient mice had
higher levels of AP-1 complexes than those of WT mice, mea-
sured in gel retardation assays (Fig. 9B). After incubation with
TPA, AP-1 complexes increased transiently in WT keratino-
cytes but not in KO cells. c-Jun levels followed a similar pattern
because the basal levels of this protein were also strongly
increased in KO keratinocytes, and they did not increase fur-
ther upon TPA treatment. The levels of JunB and p27 were also
constitutively elevated in the KO keratinocytes. c-Fos levels
were low in unstimulated cells, but a stronger induction by TPA
was also found in cultured keratinocytes from TR-deficient
mice. On the other hand, and in contrast with the results
obtained in vivo, cyclin D1 was not induced by the tumor pro-
moter in the primary cultures; rather, cyclin D1 levels were
reduced, this reduction being observed earlier in the KO kera-
tinocytes (Fig. 9B).

In addition, there was an increase in the mRNA levels of
TNFa in the KO cultures, in line with the higher levels of this
cytokine observed in vivo in the skin of these animals (Fig. 9B).
Moreover, TNFa activates expression of the proinflammatory
S100A8 and S100A9 proteins in primary keratinocytes (51), and
the transcripts for both proteins were also higher in the KO
keratinocytes (Fig. 9C). SI00A8 and S100A9 proteins are potent
stimulators of neutrophils and are a hallmark of numerous
pathological conditions associated with inflammation (52, 53).
The observed increase of inflammatory mediators in the cul-
tured keratinocytes from TR-deficient mice was also accompa-
nied by increased STAT3 and p65 phosphorylation (Fig. 9D),
reinforcing the idea that regulation of the activity of these tran-
scription factors cold be involved in the effect of TRs on skin
inflammation. Finally, and in agreement with the results
obtained in the skin in vivo, the nuclear levels of p19 were sig-
nificantly up-regulated in primary keratinocytes from TR KO
mice (Fig. 9D).

DISCUSSION

In this work, we present evidence that the thyroid hormone
receptors play an important role in skin proliferation. Although
both skin structure and epidermal thickness appear to be nor-
mal in mice lacking TRal and TR genes, coding for the recep-
tor isoforms able to bind thyroid hormone have been geneti-
cally inactivated, a significant reduction in BrdU incorporation
in the interfollicular epidermis is observed in these animals
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FIGURE 9. Reduced proliferation and increased immune mediators in cultured keratinocytes from mice lacking TRs. Primary cultures of keratinocytes
were prepared from skin of newborn WT and KO mice. A, proliferation, assessed by measuring BrdU incorporation, in WT and KO cultures. B, WT and KO
keratinocyte cultures were treated with TPA for 0, 30, and 90 min and whole cell protein extracts were used in EMSA with a nucleotide conforming a consensus
AP-1 motif (left) or for detection of c-Jun, c-Fos, JunB, p27, and cyclin D1 in Western blots, using actin as a loading control (right). C, determination by
quantitative RT-PCR of the mRNA levels of TNFa, STO0A8, and S100A9 in WT and KO keratinocytes. Data are mean = S.D. (error bars) and are expressed as a
percentage of the value obtained in WT cultures. D, nuclear extracts from untreated and TPA-treated WT and KO keratinocyte cultures were used for deter-
mination of p19 (p-p19) and phosphorylated STAT-3 (p-Stat3-Y705) and p65 (p-p65) by Western blot. Lamin was used as a loading control.

under normal conditions. Furthermore, this difference is aug-
mented after treatment with the hyperproliferative agent TPA.
TR KO mice show a strongly reduced epidermal proliferation in
response to the tumor promoter, indicating that they may be
less sensitive to a two-stage skin carcinogenesis protocol.
Indeed, we have previously reported that they develop fewer
tumors than WT mice when subjected to that protocol,
although the tumors formed become more aggressive after
chronic TPA treatment (13). Because the proliferative defects
observed in the skin of mice lacking TRs could be secondary to
systemic effects or to changes in dermal fibroblasts rather than
being mediated by direct effects on the keratinocytes, we also
carried out studies with primary cultures of keratinocytes
obtained from control and TR KO mice. Under these condi-
tions, which mimic skin hyperproliferative states, proliferation
was also reduced, indicating that keratinocytes are a direct tar-
get of these receptors.

Analysis of TR double KO mice has revealed that they do not
exhibit a phenotype identical to that of hypothyroid mice, a
difference generally attributed to the fact that these receptors in
the absence of ligand can act as constitutive repressors because
they bind corepressors that can specifically silence gene expres-
sion (54). However, our results show that skin proliferation was
similarly reduced in KO and hypothyroid mice, indicating that
receptor loss is equivalent to ligand loss in this tissue and that
therefore thyroid hormone binding to TRs rather than the
effect of the corepressor-bound receptors mediates their
actions on skin proliferation. These results are in agreement
with the previous observation that topical application of the
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thyroid hormone triiodothyronine stimulates epidermal prolif-
eration in rodents (30). On the other hand, distinct phenotypes
are found in mice in which TRa1 or TR (9, 10) are individually
deleted, and when both genes are inactivated, an array of phe-
notypes, not found in the single receptor-deficient mice, are
observed (11), indicating that TRa1 and TR can substitute for
each other to mediate some actions of the thyroid hormones,
but they can also mediate isoform-specific functions (54). Our
results show that TR isoforms can play overlapping functional
roles in the skin because single KO mice also present a prolif-
erative defect but not as marked as that found in double KO
mice.

The reduced epidermal proliferation observed in mice lack-
ing TRs is accompanied by a strong reduction in cyclin D1
expression. Because this protein plays a key role in epidermal
proliferation (37, 55), this decrease could be an important com-
ponent of the observed phenotype. Additionally, the increased
expression of CKIs in the epidermis of mutant mice can also
contribute to the proliferative defect found. Because ERK and
AKT are essential for skin proliferation and cyclin D1 expres-
sion (38, 39, 56), it would be expected a reduced activity of these
kinases in TR KO mice, but paradoxically stimulation rather
than inhibition was found in these animals, indicating that
other still unidentified pathways dependent on the receptors
are responsible for the reduction of cyclin D1. Because expres-
sion of the cyclin D1 gene is under the control of a panoply of
transcription factors that are modulated by these kinases, the
reduced cyclin D1 expression observed could indicate that the
TRs and its ligand are required for the activity of those tran-
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scription factors or that they are essential direct modulators of
cyclin D1 expression in keratinocytes. In contrast, we and oth-
ers have previously shown that TRs can inhibit expression of
the cyclin D1 gene in other types of cells in culture through
interference with the activity of transcription factors that bind
to its promoter (4, 57, 58). In addition, one may consider that
the moderate increase in ERK and AKT activity found in KO
mice was insufficient to allow for stimulation of cyclin D1
expression. In support of this possibility in KO mice, we have
not observed the alterations in ectodermal organ development
mediated by expression of active AKT kinase in transgenic
mouse epidermis (59). However, we have observed a preferen-
tial increase in total versus nuclear p27 content in these mice, in
agreement with the cytoplasmic localization of p27 mediated
by AKT phosphorylation observed in cancer cells (60). It is clear
that the study of the mechanisms by which TR or thyroid hor-
mone depletion reduces cyclin D1 expression in keratinocytes
in vivo warrants further investigation.

In contrast with the dissociation between ERK and AKT acti-
vation and cyclin D1 expression, other targets of the MAPK
cascade are enhanced in the skin of the TR KO mice. Thus, ERK
activates AP-1 transcription factor complex expression, and
accordingly, we found increased c-Fos and Jun proteins in the
absence of TRs both in vivo and in cultured keratinocytes.
These receptors are known to oppose AP-1 activity (2), and this
observation agrees with this antagonism. Because both c-Jun
and JunB that play opposite roles in proliferation (41-43, 61)
were increased in the KO mouse, overexpression of JunB could
also counteract the proliferative effects of c-Jun. Furthermore,
ERK and Akt have been identified as important regulators of
NF-kB activation in the skin (48, 62, 63), and consistent with
this, we found that p65 phosphorylation was increased in the
TR KO mice.

Activation of NF-kB plays a key role in inflammatory skin
processes (64, 65), and TPA is a potent activator of this factor as
well as the transcription factor STAT3 (50, 66 — 68). In addition
to p65/NF-kB phosphorylation, we found that mice lacking
TRs presented enhanced levels of STAT3 phosphorylation.
Prominent among STAT3 and NF-«B targets are genes encod-
ing cytokines and chemokines that play pivotal roles in the
recruitment of inflammatory cells (44). Furthermore, STAT3
induces the members of AP-1 family, and Jun proteins also
enhance the expression of cytokines and chemotactic proteins
(43). Hence, the up-regulation of NF-«B, STAT3, and AP-1
activity in the skin of TR KO mice should induce expression of
inflammatory mediators, and accordingly, a significant increase
in the production of an important number of cytokines and
chemokines, together with increased infiltration of inflamma-
tory cells, was found in these animals. Remarkably, some of
these proteins were overexpressed in the untreated animals,
indicating that in the absence of TRs, the skin already presents
an inflammatory reaction under basal conditions. The ability of
several members of the nuclear receptor superfamily to inhibit
transcriptional activation by NF-«B and AP-1 by a mechanism
that is referred to as transrepression, thereby attenuating
inflammatory responses, is well known (69). Our present results
showing increased activity of these transcription factors as well
as augmented production of proinflammatory molecules in TR
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KO mice demonstrate that TRs share these properties and that
these receptors act as an endogenous brake of skin inflamma-
tion in vivo. At least some of the effects of TRs are directly
exerted in the keratinocytes because TNF-a expression is
enhanced in primary cultures from mice lacking the receptors
and activation of STAT3 and p65 was found in these cells. Fur-
thermore, the chemotatic proteins SI00A8 and S100A9 are also
higher in the KO keratinocytes. These proteins are markedly
overexpressed under cellular stress conditions and may play a
role in the pathogenesis of epidermal disease and inflammation
(52, 53). Thus, the increased release of S100A8 and S100A9
from keratinocytes might be one important molecular event
that could contribute to increased immune cell invasion and
skin inflammation in TR KO mice.

In summary, the use of mice in which the TR isoforms that
bind thyroid hormones have been inactivated allows the defini-
tion of these nuclear receptors and its ligand as important com-
ponents of the skin homeostasis in vivo. Interestingly, although
cutaneous proliferation and inflammation are normally associ-
ated, in the absence of TRs, there is a clear dissociation between
both processes because reduced proliferation together with an
increased inflammatory response is found in the skin of animals
in which TRs have been inactivated. Future studies will be
needed to validate which of the changes of the analyzed mole-
cules play a causal role in the epidermal phenotype observed
upon loss of TR signaling and which of them are the result of
feedback mechanisms caused by those primary alterations. A
more profound knowledge of the molecular mechanisms
responsible for these actions will help to a better understanding
of skin biology and thyroid diseases.
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