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Mutations of the thyroid hormone receptor « gene (THRA) cause hypothyroidism in patients with growth and de-
velopmental retardation, and skeletal dysplasia. Genetic evidence indicates that the dominant negative activity
of TRa1 mutants underlies pathological manifestations. Using a mouse model of hypothyroidism caused by a
dominant negative TRa1PV mutant and its derived mouse model harboring a mutated nuclear receptor corepres-
sor (NCOR1AID) (Thra1®V"* Ncor14'®AIP mice), we recently showed that aberrant release of TRa1 mutants from
the NCOR1 repressor complex mediates dominant negative actions of TRa1 mutants in vivo. We tested the hy-
pothesis that deacetylation of nucleosomal histones associated with aberrant recruitment of corepressors by
TRa1 mutants underlies pathological phenotypic expression. We treated Thra1”""*and Thra1”V"* Ncor14/?/A'P
mice with ahistone deacetylase (HDAC) inhibitor, suberoylanilide hydroxyamic acid (SAHA). SAHA significantly
ameliorated the impaired growth, bone development and adipogenesis of Thra1”"’* mice. In Thra1”¥/* Ncor14/P/A!P
mice, SAHA improved these abnormalities even further. We focused our molecular analyses on how SAHA
improved the impaired adipogenesis leading to the lean phenotype. We found that SAHA reverted the impaired adi-
pogenesis by de-repressing the expression of the two master regulators of adipogenesis, C/ebpa and Ppary, as
well as other adipogenic genes at both the mRNA and protein levels. Chromatin immunoprecipitation analyses
indicated SAHA increased the extent of acetylation of nucleosomal H4K5 and H3 to re-activate adipogenic
genes to reverting adipogenesis. Thus, HDAC confers in vivo aberrant actions of TRa1 mutants. Importantly,
for the first time, the present studies show that HDAC inhibitors are clearly beneficial for hypothyroidism and
could be therapeutics for treatment.

INTRODUCTION

In humans, growth, development and metabolic homeostasis are
critically regulated by the thyroid hormone T3. The genomic sig-
naling by T3 is via the thyroid hormone receptor (TR) isoforms,
al,B1and B2, which are encoded by the THRA and THRB genes
located on two different chromosomes (1,2). These TR isoforms
share extensive sequence homology in the DNA and T3 binding
domains, but differ in the amino terminal A/B domains (3). The
transcriptional activity of TRs is regulated by the type of thyroid
hormone response element (TRE) located on the target genes and
by a host of nuclear co-regulatory proteins. The unliganded TR
isoforms recruit the nuclear corepressor [NCOR1 or silencing
mediator of retinoic acid and thyroid hormone receptor (SMRT)/
NCOR2]-histone deacetylase (HDAC) corepressor complexes
for transcriptional repression on the T3-positively-regulated
genes. Binding of T3 releases corepressors from the liganded

TRs, allowing recruitment of nuclear receptor coactivators (e.g.
SRC1)-histone acetyltransferase complexes to facilitate tran-
scription activation (4—06).

The critical roles of TR in mediating biological functions of T3
are clearly evident in that mutations of the 7HRB gene cause resist-
ance to thyroid hormone (RTH) (7). RTH was initially recognized
in 1967 (8), but the first causative mutation of the THRB gene was
identified only after the cloning of the THRB gene (9). So far, over
1000 RTH families have been reported. The affected heterozy-
gous individuals have mildly increased serum thyroid hormone
levels with an inappropriately normal or elevated thyroid stimulat-
ing hormone (TSH) concentration because of dysregulation of the
hypothalamus—pituitary—thyroid feedback axis (7).

In contrast, the identification of patients with mutations of the
THRA gene was reported only very recently (10,11). Patients
with mutations of the THRA gene exhibit classical features of
hypothyroidism: severe growth and developmental retardation,
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skeletal dysplasia and constipation, but only borderline-
abnormal thyroid hormone levels (10,11). That these patients
are heterozygotes indicates TRal mutants act in a dominant
negative manner to mediate the clinical manifestations. Indeed,
the mutated TRal1™X (10), TRal™7%9%X (11) and
TRa1”¥7P5X7 (12) identified in patients have lost T3 binding
activity, and in a reporter system they were shown to interfere
with the transcriptional activity of wild-type TRs in a domi-
nant negative manner. Moreover, in Vvitro, TRa1549X and
TRa12%7P5X7 mutants fail to dissociate from nuclear corepres-
sors and binds minimally with SRC-1 (10,12). However, the
detailed molecular mechanisms by which these TRa1 mutants
act in vivo in a dominant-negative fashion are not clear.

The availability of a mouse model (the Thral”” mouse) that
faithfully recapitulates the hypothyroidism exhibited in patients
with mutations of the THRA gene allows the elucidation of the in
vivo molecular mechanisms behind clinical manifestations. The
PV mutation, identified from an RTH patient, has a frameshift
mutation in the C-terminal 14 amino acids, resulting in a total
loss of T3 binding activity and transcription capacity (13). Tar-
geting the PV mutation into the Thrb gene of a mouse
(the Thrb”” mouse) faithfully reproduces human RTH (14).
The PV mutation was subsequently targeted to the position
in the Thra gene that corresponds to that in the TRB1 to create
the Thral”" mouse (15). Because no known patients with the
mutations of the THRA gene were found at the time the
Thral®’ mouse was created in 2001, the Thral”” mouse was
created to address the intriguing question why no mutations of
the THRA gene were ever detected in RTH patients. Interesting-
ly, the Thral”” mouse exhibits phenotypes distinct from that of
RTH, including severe growth retardation (dwarfism), impaired
bone development (16,17), decreased survival and reduced
fertility (15,18). These phenotypes are reminiscent of clinical
manifestations in patients with TRa 1 mutations (10,11). Import-
antly, these findings revealed that mutations of the THRA gene
are not embryonic lethal, but confer different clinical manifesta-
tions from those of RTH. Remarkably, after the discovery of
patients with mutations of the THRA gene, comparison of the
mutated sequences shows that TRa 1PV (TRa1-T394Hfs406X)
has the same mutated C-terminal sequence (-TLPRGL) with
truncated termination at amino acid L406 as did the two patients
with frameshift mutations of the 7HRA gene [TRal-
F397fs406X; (11)]. Thus, the Thral”” mouse represents an
excellent disease model to elucidate the molecular basis under-
lying the clinical manifestations due to the mutations of the
THRA gene.

Indeed, recently, to demonstrate that severe hypothyroidism
in patients with THRA mutations is caused by an inability
of TRa 1 mutants to properly release NCOR1, thereby inhibiting
T3-mediated transcription activity, we crossed Thral”” mice
with mice expressing a mutant Ncor! allele (Thral”"’"
NcorAP/AIP mice). The NCOR1 mutant, NCOR1AID, cannot
recruit the TR or PV mutant (19-21). We found that
NCORIAID completely ameliorates abnormalities in the
thyroid—pituitary axis of 7hral”"* mice. The severe retarded
growth and delayed bone development were also partially
reverted in Thral””* mice expressing NCORIAID (21).
Molecular analyses show that TRal1PV-mediated repressed
TR tar§et genes were de-repressed in target tissues of Thral®"’*
NeorI*™P mice as a result of the inability of TRa1PV to

recruit NCORTAID (21). These findings provided direct in
vivo evidence to indicate that the constitutive recruitment of
the NCOR 1 by TRa 1 mutants could lead to clinical hypothyroid-
ism in humans.

However, the direct role of HDACs associated with NCOR1 in
mediating the hypothyroidism caused by TRa1 mutants had not
been elucidated in vivo. Moreover, we also wished to ask the
question whether HDAC inhibitors could be potential therapeu-
tics for treatment of hypothyroidism caused by the mutations of
the THRA gene. Recently, inhibitors of HDAC (HDACIs) have
been increasingly used to treat many diseases, including
cancer, autoimmune and inflammatory diseases, and metabolic
disorders (22,23). In the present study, we chose vorinostat, or
suberoylanilide hydroxyamic acid (SAHA), as the HDACI for
our study. Class | HDACs, including HDAC-3, are the substrates
for SAHA. HDAC-3 has been shown to associate with NCOR1/
SMRT in a multiprotein complex (24—27). This second
generation of HDACIs has been approved for the treatment of re-
fractory cutaneous T-cell lymphoma (CTCL) (28,29) and is cur-
rently in different phases of clinical trials for the treatment of
non-small cell lung cancer (30), hormone therapy-resistant
breast cancer (31), non-Hodgkin’s lymphoma and mantle cell
lymphoma (32). We found that treatment of Thral””’* mice
with SAHA significantly ameliorated the abnormalities in
growth, bone development and adipogenesis. In Thral””’*
Neor14P/AIP mice, where the impairment in growth, bone devel-
opment and adipogenesis was less severe as a result of the ex-
pression of NCORIAID, SAHA treatment further improved
these abnormalities. Chromatin immunoprecipitation (ChIP)
analyses show that SAHA treatment increased the extent of
acetylation of nucleosomal histones to activate the expression
of target genes. These results provided the in vivo evidence
to demonstrate the direct role of HDACs in mediating the patho-
logical manifestation caused by mutations of TRal mutants.
Importantly, HDAC inhibitors are potential therapeutics for
the treatment of hypothyroidism caused by mutations of the
THRA gene.

RESULTS

SAHA treatment decreased thyroid growth, but had no
effects on the mild dysregulation of the pituitary—thyroid
axis of Thral®>"* mice

Similar to the patients with mutations in the THRA gene (10,11),
Thral”"" mice exhibit mild dysregulation of the pituitary—
thyroid axis with elevated total serum T3 (TT3) and mildly
elevated TSH (15,21). Figure 1A shows the effects of SAHA
treatment on the thyroid function tests of Thral”"’* and
Thral”"* Neor1*™”™° mice. SAHA treatment did not signifi-
cantly affect the mildly elevated total T3 [1.6 + 0.39 ng/ml,
n =8, data group 6 (SAHA treated) versus 1.7 + 0.34 ng/ml,
n =8, data group 5 (vehicle treated), Fig. 1A] or total serum
T4 (3.2 £ 1.3 pg/dl, n = 7, data group 6 versus 3.5 + 1.4 g/
dl, n=38, data group 5, Fig. 1B) in Thral”"”" mice. In
Thral”"* Ncor14P"A mice, the expression of NCORIAID,
which cannot be recruited by TRa1PV, normalized the total
serum T3 to that of Thral™ " Ncorl™* mice (WT) mice
[1.2 + 0.2 ng/ml, n = 6, data group 1 and 0.92 + 0.25 ng/ml,
n =29, data group 7, Fig. 1A; (21)]. SAHA treatment did not
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Figure 1. Comparison of thyroid function tests and thyroid weights of Thral”"* and Thral”""* NcorI*™”"*!P mice with or without SAHA treatment. Serum levels of
total T3 (A) (n = 6—9 mice per group), total T4 (B) (n = 6—9 mice per group), TSH (C) (» = 8—15 mice per group) and thyroid weights (D) were determined in adult
mice (3—3.5 months old) as described in Materials and Methods. In (D), ratios of thyroid weight versus body weight were determined. The data are expressed as

mean + SEM with P-values indicated (n = 8—15 mice per group).

change the total T3 (data group 7 versus data group 8, Fig. 1 A) or
total T4 (data group 7 versus data group 8, Fig. 1B). Similarly, no
effects of SAHA on the total T3 and total T4 of WT and Thral ™"
+NeorI AID/AID 1yice were observed (data groups 1—4, Fig. 1A and
B, respectively).

Consistent with findings in patients, Figure 1C shows that the
serum TSH level was higher in Thral”""" mice than WT mice
(175.7 + 83.2, n =15, data group 5 versus 64.7 +27.4, n =
10, data group 1). SAHA treatment significantly decreased the
clevated serum TSH levels 13% in Thral”"’* mice (145.6 +
59.4, n =12, data group 6 versus 175.7 + 83.2, n =15, data
group 5, Fig. 1C). In Thral”"*Neorl AID/AID mice, the expres-
sion of NCOR1AID normalized the abnormally elevated TSH
to a level near that of WT mice (57.3 +25.5, n =29, data
group 7 versus data group 1, Fig. 1C). SAHA treatment did not
significantly change the serum TSH level (data group 7 versus
data group 8, Fig. 1C). Likewise, no significant effects of
SAHA on the serum TSH levels of WT and Thral™"

NeorI*™AP mice were observed (data groups 1—4, Fig. 1C).

Taken together, these data indicate that SAHA had selective
effects on the pituitary—thyroid axis to lower the TSH levels,
not on the TT3 and TT4 levels.

We next examined the effect of SAHA on thyroid growth.
SAHA treatment had no significant effects on the thyroid
weight of WT and Thral ™'+ Neor1*P!P mice (data groups
1-4; Fig. 1D). However, compared with WT mice, 7 hral®"
Necorl™* mice had a 1.8-fold increase in thyroid weight
(0.22 4+ 0.009, n = 13, data group 5 versus 0.11 + 0.009, n =
10, data group 1). With SAHA treatment, the extent of increase
was lowered to 1.5-fold (0.17 + 0.009, n =7, data group 6
versus 0.22 + 0.009, n = 13, data group 5). Consistent with our
findings earlier (21), the expression of NCOR1AID partially cor-
rected the abnormal thyroid weight by lowering ittoa 1.3-fold en-
largement (0.16 £+ 0.02, n = 13, data group 7 versus data group
1). However, SAHA treatment had no effects on the thyroid
weight of Thral”"’*NcorI*™!P mice (data group 8 versus
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data group 7). These findings suggest that while SAHA partially
corrected the abnormally enlarged thyroid growth in Thral” e
mice, it did not correct mildly abnormal thyroid function tests of
mutant mice.

SAHA treatment lessened the extent of retarded growth
in Thra1l®'* mice

One of the debilitating symptoms in patients with mutations of
the THRA gene is severe retardation in growth and bone develop-
ment (10—12). Similar to those patients, Thral”"’* mice exhibit
growth retardation (15). As juveniles, Thral”""" mice are
dwarfs with a body weight 40—50% less than their wild-type sib-
lings, a size difference that persists into adulthood (15).
Figure 2A shows that at 3—3.5 months of age, the impaired
weight gain of Thral”"*Neorl™™ mice (162 + 0.8 g, n=
13, data group 5; 42% lower than Thral*"mice: 27.9 +
1.2 g, n =10, data group 1) was partially reverted by SAHA
treatment with a significant 12% weight increase (18.9 +
0.8 g, n = 8, data group 6). In mice expressing two alleles of
the NcorlAID gene, the impaired weight gain of Thral””’*
Ncorl™ ™ mice was partially corrected with a significant 13%
weight increase in Thral”"* Neor1*™"AP mice (22.5+ 0.6 ;,
n=12, data group 7). However, the weight of Thral”""
NeorI“™ P mice was not significantly affected by SAHA
treatment (23.92 + 1.3 g, n =9, data group 8). It is important
to note that SAHA treatment had no effects on the weight gain
of WT mice (data groups 1 and 2: 27.89 + 1.3 7g, n =10, and
26.62 + 1.03 g, n = 10, respectively) and Thral™’* NeorAP/AP
mice (data groups 3 and 4: 30.54 + 1.23 g, n =8, and 28.84 +
0.53 g, n = 8, respectively).

Similar to patients (10—12), Thra """ mice also display skel-
etal abnormalities with severe and persistent postnatal linear
growth impairment (15—17). Figure 2B shows the lengths of
femurs of Thral”""Ncorl™™" mice (12.04 + 0.11 mm, n =
13, data group 5) were ~20% shorter than those of Thral™'™
mice (15.10 £+ 0.13 mm, » = 10, data group 1). SAHA treat-
ment led to a significant 5% reversal of the defect in bone
growth in Thral””* mice (12.63 + 0.13 mm, n =8, data
group 6). The expression of NCORIAID partially corrected
the delayed bone growth by ~5% in Thral”"*Ncor1*P" AP
mice (12.60 + 0.18 mm, n =9, data group 7). Interestingly,
SAHA treatment further reverted delaXed bone growth by an
additional ~6% in Thral”"”*Neor1*PAP mice (13.26 +
0.23 mm, n = 9, data group 8). However, no significant effects
of SAHA were detected in Thral™ "Necorl™* mice (data
groups 1 and 2: 15.10 £ 0.13 mm, » =10, and 15.34 +
0.15mm, n =10, respectively) and Thral™'"Ncorl*4P
mice (data groups 3 and 4: 19.10 +£ 0.20 mm, n =8 and
15.28 + 0.11 mm, n = 8, respectively). Taken together, these
results suggest SAHA lessens the impaired growth and bone de-
velopment of Thral””’* mice.

It is known that patients with mutations of the THR« gene
have lower than normal serum insulin-like growth factor
(IGF-1) (10—12). Consistently in our study, serum IGF-1
levels were 15% lower in Thral””*Ncorl™™ mice than in
WT mice (Fig. 2C; 375.6 + 19.4 ng/ml, n = 10, data group 5
versus 320.5 + 13.9 ng/ml, n = 13, data group 1). SAHA treat-
ment normalized the serum IGF-1 concentrations of Thral”"”
+*Ncorl™™ mice (Fig. 2C, data group 6, 417.0 + 19.7 ng/ml,

n = 8), to levels not significantly different from those of the
WT mice (data group 6 versus data group 1). Similar to what
we have shown previously (21), the expression of NCOR1AID
corrected abnormally decreased IGF-1 in Thral”"* mice to
the levels of WT mice (Fig. 2C; data roup 7, 419.1.0 +
13.8 ng/ml, n =13 for Thral”"* Neor1*™*™ mice). Treat-
ment of Thral”"*Ncorl*™*P mice with SAHA did not
further elevate the serum IGF-1 levels (data group 8). SAHA
treatment had no effects on the serum IGF-1 levels of WT and
Thral™' " NeorI*™P 2P mice (Fig. 2C; data groups 1—4).

The finding that the growth of Thral”"’" mice was partially
corrected by SAHA treatment (Fig. 2A) prompted us also to
examine whether the expression of the growth hormone (G#h)
mRNA in the pituitary was affected by SAHA treatment. G/ is
a TR-directly regulated gene in which the TRE is well defined
(33). Figure 2D shows that SAHA treatment had no significant
effects on the expression of the Gh gene in WT and Thral™*
Neor*™AP mice (Fig. 2D; data groups 1—4). However, the
decreased expression of the Gh mRNA in Thral”"* Neorl™*
mice was partially reverted from a 53% reduction to a 33% re-
duction (compare bar 6 to bar 5). Consistent with our previous
findings, the expression of NCORI1AID corrected abnormally
decreased Gh mRNA in Thral”"" mice to levels that were
not significantly different from those in WT mice (compare
bar 7 to bar 1). Interestingly, SAHA treatment further elevated
the Gh mRNA expression 22% higher than that in the pituitary
of WT mice (compare bar 8 to bar 1). Taken together, these
data suggest that partial correction of the retarded growth
of Thral”"* mice by SAHA could be accounted for by the
SAHA-induced elevation of IGF-1 levels and the increased ex-
pression of the G/ gene.

SAHA treatment ameliorated impaired adipogenesis
in Thra1®™"* mice

We have previously shown that Thra /""" mice exhibit abnor-
malities in lipid metabolism (34—36). One of the striking abnor-
mal features is a severe defect in adipogenesis of the white
adipocytes (WAT). The WAT mass, such as the epididymal
fat, is reduced with a markedly smaller cell size [~77—80% re-
duction when compared with that of WT mice; (21)]. The impair-
ment, in part, is caused by the repression in the expression of two
master regulators of adipogenesis, the peroxisome proliferator-
activated receptor vy (Ppar 7y) and CCAAT/enhance-binding
protein a (C/ebpa) TRalPV (21). We therefore determined
whether SAHA treatment might correct this impairment.
Figure 3A shows that SAHA treatment partially corrected the
epididymal/body weight ratios from a 77% reduction to a 60%
reduction (compare data group 5 to data group 6). Consistent
with our previous findings (21), expression of NCORIAID
further corrected the impaired epididymal/body weight ratios
from a 77% reduction (data group 5) to a 25% reduction (data
group 7). Remarkably, SAHA treatment normalized the epididy-
mal/body weight ratios to levels not significantly different from
those in the WT mice (compare data group 8 with data group 1).
In contrast, SAHA treatment had no apparent effects on the epi-
didymal/body weight ratios of WT (data groups 1 and 2) and
Thral™* NeorI*™4P mice (data groups 3 and 4). These
results showed that SAHA treatment alleviated the repressive
effects of TRa 1PV on WAT adipogenesis of Thral”"’" mice.
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Figure 2. Effects of SAHA on growth of Thral”"’" and Thral”""* Ncor1*”"*!P mice. (A) Comparison of body weights among adult mice (3—3.5 months old) with
indicated genotypes. The difference between the body weight in Thral”"’*NeorIt'* mice with or without SAHA treatment is significant (P < 0.05), (n = 8—13
animals per group). (B) Increased length of femurs in Thral”"* and Thral”"* Neor1*"”" 2P mice by SAHA treatment is significant (P < 0.05) (n = 8—13 mice
per group). (C) Serum IGF1 concentrations in four different genotypes (Thral™*Neorl™™*, Thral™’* NeorI*™ 2P, Thral”"*Ncorl™'* and Thral”"*

Neoy JAID/AID

) with or without SAHA treatment were determined as described in Materials and Methods (n = 8—13 animals per group). (D) Comparison of the

mRNA expression of the growth hormone gene (G#) in the pituitary of Thral”"* and Thral”"* Neori AID/AID jce with or without SAHA treatment. The mRNA
expression was determined by real-time RT/PCR as described in Materials and Methods (» = 5—8 mice per group). The data are expressed as mean + SEM with

P-value indicated.

That SAHA treatment improved the impaired adipogenesis of
Thral”"" mice was further confirmed by examining the size of
adipocytes. Figure 3B shows that SAHA treatment had no appar-
ent effects on the cell size of WT (panels a and e) and Thral A
NeorIA™PAP mice (panels b and f). In contrast, the cell size was
clearly markedly larger in the SAHA-treated adipocytes (panel

g) than in the vehicle-treated Thral”"”" mice (panel ¢). Consist-
ent with our recent report (21), Thral”"*Neor*™4P mice
expressing  NCORIAID had larger adipocytes than did
Thral””" mice (compare panel d with c). SAHA treatment
further enlarged the size of adipocytes of Thral”"’*Neorl AID/AID
mice (compare panel h with d). The areas of adipocytes were
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size was measured for each genotype shown in (B) using NIH IMAGE software (ImageJ) and plots were presented to reflect the size distribution (» = 8—9 mice per

genotype).

measured and the quantitative data are shown in Figure 3C. It is
clear that although SAHA treatment had no effect on the size of
adipocytes of WT and Thral™* Neor1*™”AP mice (bars 14,
Fig. 3C), it enlar§ed the adipocyte size in Thral””’* mice and
Thral®"* Neor1*™" 2P mice 2-fold and 1.3-fold, respectively
(bar 6 versus bar 5 and bar 8 versus bar 7). These findings
taken together indicate that SAHA treatment reverted the
TRa1PV-mediated impaired adipogenesis.

SAHA de-repressed the TRa1PV-mediated repression
of adipogenic genes

To understand the mechanisms by which SAHA treatment ame-
liorated the impaired adipogenesis, we evaluated the expression
of transcription factors involved in adipogenesis. Adipogenesis

is a complex process controlled by a network of transcription
factors (37,38). We first analyzed the protein abundance of the
two master regulators of adipogenesis: the PPAR+y and the C/
EBPa and their key upstream positive regulators, kruppel-like
transcription factors (KLFs) (39). Figure 4A shows that
consistent with the phenotypic expression of reduced fat mass
and decreased cell size (shown in Fig. 3), the protein abundance
of PPARYy (panel a, lanes 13—16; from four mice), C/EBP«a
(panel b, lanes 13-16), KLF4 (panel c, lanes 13—16) and
KLF9 g)anel d, lanes 13—16) in the epididymal fat pad of
Thral®"* mice were lower than the respective factors in the
WT mice (lanes 1 —4; four mice for each genotype). SAHA treat-
ment (lanes 17—20) markedly elevated the protein abundance of
PPARY (panel a), C/EBPa (panel b), KLF4 (panel ¢) and KLF9
(panel d). The expression of NCOR1AID led to higher protein
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GAPDH was used as a loading control (» = 4 mice per group). (B) Quantification of relative expression of proteins associated with adipogenesis of fat tissue after

normalization by using GAPDH as loading control.

abundance of these four adipogenic transcription factors in the
epididymal fat pad of vehicle-treated Thral”"’*NecorA™/AP
mice than in the vehicle-treated Thral”"’" mice (compare
lanes 21—24 with lanes 13—16). SAHA treatment of Thral”"’*
NeorI*™P mice did not further increase the protein abun-
dance of these four adipogenic transcription factors [lanes 25—
28 (40), Figure 4A]. Neither did SAHA treatment affect the
protein abundance of four adipogenic factors in the epididymal
fat pad of WT and Thral ™" Ncorl*™”"® mice (compare
lanes 1—4 with lanes 5—8; lanes 5—8 with 9—12). The changes
in the protein abundance could be clearly seen in the quantitative
analysis of the band intensities detected (see Fig. 4B). Figure 4B
clearly shows that SAHA treatment led to 10.9-, 8.4-, 5.9- and
5.3-fold increases in the protein abundance of PPARvy, C/
EBPa, KLF4 and KLF9, respectively, in the epididymal fat
pad of Thral””’" mice. These data indicate that elevated tran-
scription factors induced by SAHA treatment led to the reversal
of TRa1PV-mediated impaired adipogenesis.

We further analyzed the expression of the C/ebpa and Ppary
genes at the transcription level. We have previously shown that
both the C/ebpa and Ppary genes are the T3 target genes (35).
While SAHA treatment did not significantly affect the expres-
sion of C/ebpa mRNA in the epididymal fat pad of WT (bars 1
and 2, Fig. 5A) and Thral™* Neor*™4P mice (bars 3 and 4,
Fig. 5A), it de-repressed the C/ebpa mRNA expression in the
epididymal fat pad of Thral”"* mice (compare bar 6 with
bar 5). In Thral”"*Ncorl*”!P mice, the expression of
NCORIAID partially reverted the repressed expression of the

C/ebpac mRNA (compare bar 7 with bar 5). Interestingly,
SAHA treatment further increased the mRNA expression by
an additional 1.5-fold (compare bar 8 with bar 7). A similar
trend was also observed for the expression of the Ppary
mRNA (Fig. 5B) in the epididymal fat pad of four different gen-
otypes. Notably, SAHA treatment of Thral”"’" mice reverted
the Ppary mRNA to a level only ~20% lower than that of WT
mice (compare bar 6 with bar 1). This level was in contrast to
that of the vehicle-treated Thral”"" mice where the Ppary
mRNA was only 5% of that for WT mice (compare bar 5 with
bar 1). These results indicate that SAHA treatment of Thral”"’*
mice led to the de-repression of the two master regulators of
adipogenesis.

We further analyzed the effects of SAHA on the expression of
other lipogenic genes downstream of PPAR'y. Consistent with
the repression of the Ppary gene shown in Figure 5B, the
effects of SAHA on the expression patterns of the fatty acid syn-
thase gene (Fasn) (Fig. 5C), the fatty acid-binding protein gene
(aP2) (Fig. 5D) and the glucose-6P-dehydrogenase gene (G6pd)
(Fig. 5E) were repressed in the vehicle-treated Thral”"’* mice
(bar 5), but were increased 25-, 2.5-, and 1.4-fold, respectively,
by SAHA treatment. SAHA treatment caused no significant
changes in the expression of the Fasn, aP2 and G6pd mRNA
in the epididymal fat pad of WT and Thral™’* Neor1P/4P
mice (bars 1 and 2, bars 3 and 4, Fig. 5C, D, E). However, treat-
ment of Thral”"’* Neor1*"P"*’® mice with SAHA led to an add-
itional 1.6- to 2.1-fold increase in the expression of aP2 and
G6pd mRNA (bar 8 versus bar 7, Fig. 5D and E), with the
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Figure 5. Effects of SAHA on TRa1PV-repressed lipogenic genes in the epididymal fat of Thral”""* Ncor1™'*+ and Thral”"* Neor 14" AP mice. Comparison of the

mRNA expression of (A) CCAAT/enhancer-binding protein o (C/ebpa), (B) p
(Fasn), (D) fatty acid-binding protein gene (¢P2) and (E) glucose-6P-dehydrog

eroxisome proliferator-activated receptor gamma (Ppary), (C) fatty acid synthase
enase gene (G6pd) was determined by real-time RT/PCR as described in Materials

and Methods. The data are expressed as mean + SEM (n = 3-9) and P-values are indicated.

levels significantly higher than those of WT (1.6-fold and
2.1-fold, respectively; bars 8 versus bar 1). Thus, the elevated ex-
pression of these lipogenic genes by SAHA treatment led to the
increased white fat pad of Thral”"" mice and Thral”"*
Neorl™ ™" mice shown in Figure 3.

We have previously shown that the C/ebpa gene is directly
regulated by TRs. An everted-repeat TRE was identified in the
proximal promoter —580 to —608 of the mouse C/ebpa gene
(40). That the C/ebpa gene is a TR-direct target gene allowed
us to explore whether SAHA treatment altered the recruitment
of acetylated core histones to the promoter of the C/ebpa gene.
Accordingly, we first assessed the recruitment of HDAC-3 to
the promoter of the C/ebpa gene by ChIP assays. Figure 6A
shows that in the eApididymal fat pad of euthyroid WT and
Thral™* NeorI*™”'® mice, no significant recruitment of
HDAC-3 above the background to the promoter of the C/ebpa
gene was detected (compare bars 3 and 7 to bars 1 and 5, respect-
ively). SAHA treatment did not change the background recruit-
ment level (bars 3 and 4; 7 and 8). In contrast, in the epididymal
fat pad of vehicle-treated Thral”"’* mice, we detected a strong
signal of HDAC-3 recruitment, which was a significant 5-fold
above the background (compare bar 11 with bar 9; Fig. 6A).
The extent of the HDAC-3 recruitment was not affected in
SAHA-treated Thral””’" mice (com}Pare bar 12 with bar 11).
In the epididymal fat pad of Thral”"*Ncorl AID/AID ice in
which we have shown previously that no mutated NCORI is

recruited to the promoter of the C/ebpa gene (21), a significant
recruitment of HDAC-3 two-fold above the background was
observed with or without SAHA treatment (bars 13—16;
Fig. 6A).

To assess whether the HDAC-3 protein abundance was
affected by SAHA, we carried out western blot analysis to deter-
mine HDAC-3 protein levels in the epididymal fat pad of
Thral”"* mice. Figure 6Ba shows that there were no apparent
differences in the band intensities of HDAC-3 proteins detected
between mice without (lanes 1 and 2) or with SAHA treatment
(lanes 3 and 4). The quantitative data shown in Figure 6Bb
clearly show that the protein abundance of HDAC-3 was not
affected by SAHA treatment. These data indicate that SAHA
inhibited the enzymatic activity, but not the recruitment of
HDAC-3 to the promoter of the C/ebpa gene in the epididymal
fat pad of Thral””* mice and in Thral”"’"Ncor1*PAP
mice. Thus, the recruitment of HDAC-3 to the promoter of
the C/ebpa gene in the epididymal fat pad of Thral”"’" mice
and in Thral”""Neorl*™*P mice was independent of
SAHA treatment. The findings are consistent with the reports
that HDAC-3 is directly associated with NCOR1/SMRT in a
multiprotein—corepressor complex (25,41,42) and that
HDAC-3 is critical for TR-mediated repression (43,44).

We next examined which nucleosomal acetylated histones
were affected by SAHA treatment. Histone 4 lysine5 (H4KS5)
has been identified to be the preferential acetylated site by
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HDAC-3 (27). We therefore used ChIP analysis to assess the
extent of the acetylation of nucleosomal H4KS5 associated with
the C/ebpa gene before and after SAHA treatment. Figure 6C
shows that in the epididymal fat pad of euthyroid WT and
Thral ™" Neor1“™"*™® mice, no significant differences in the re-
cruitment of nucleosomal acetylated H4K5 was associated with
the C/ebpa gene (bars 3 and 4, 7 and 8, Fig. 6C). However, a re-
duction (~42%) in the nucleosomal acetylated H4K5 associated
with the C/ebpa gene was found in the epididymal fat pad of
vehicle-treated Thral”"’" mice (compare bar 11 with bar 3,
Fig. 6C). Notably, SAHA treatment of Thral”"’" mice reverted
the extent of acetylated H4KS5 to that of the WT level (compare
bar 12 with bar 4). In the epididymal fat pad of vehicle-treated
Thral”"* Neor1*™4P mice, the expression of NCORI1AID
increased the nucleosomal acetylated H4KS associated with
the C/ebpa gene to the level of WT mice (compare bar 15 with
bar 3, Fig. 6C). Interestingly, SAHA treatment further elevated
the extent of acetylated H4KS5 1.8-fold higher than that of WT
mice (compare bar 16 with bar 3, Fig. 6C). These data indicate
that the inhibition deacetylase activity in the repressor com-
plexes by SAHA led to the persistent acetylation of nucleosomal
H4KS5 associated with the C/ebpa gene.

We further examined the effect of SAHA treatment on the
extent of the acetylation of lysines on nucleosomal histone
(H3) associated with the C/ebpa gene by ChIP analysis. A
similar profile to that of acetylated H4K5 was apparent in each
genotype examined (Fig. 6D). A similar reduction in the nucleo-
somal acetylated H3 (AcH3) (~46%) than that of H4K5 was
detected in the epididymal fat pad of vehicle-treated Thral”"*
mice (compare bar 11 with bar 3, Fig. 6D). SAHA treatment of
Thral®"* mice reverted the extent of nucleosomal acetylated
H3 to that of the WT level (compare bar 12 with bar 4,
Fig. 6D). In vehicle-treated Thral”"’* Ncor1*?"*™P mice, the
expression of NCOR1AID increased the nucleosomal acetylated
H3 associated with the C/ebpa gene to the level of WT mice
(compare bar 15 with bar 3, Fig. 6D), which was further
increased by SAHA treatment (bar 16 versus bar 15). Taken to-
gether, the ChIP analysis findings show that the recruitment of
HDAC-3 to the promoter of the C/ebpa gene was SAHA inde-
pendent. SAHA treatment inhibited the deacetylase activity of
HDAC-3 complexing with NCORI1 to de-repress the TRa1PV-
mediated repressed transcriptional activity of the C/ebpa gene,
thereby ameliorating the impaired adipogenesis of in the epi-
didymal fat pad in Thral”"" mice.

That the treatment of Thral”"’"Ncorl*”'P mice with
SAHA led to further increase in the extent of acetylation of
H4K5 and H3 prompted us to consider that in the mutant
NCORIAID, SMRT could be recruited to the TRE-bound
TRalPV. We therefore carried out ChIP assays to evaluate
whether SMRT was recruited to the TRE-bound TRalPV.
While we found only background signals in the epididAymal fat
pad of WT (bars 1—4, Fig. 6E), Thral™’'* NeorI*™#P mice
(bars 5—8, Fig. 6E) and Thral”"" mice (bars 9—12, Fig. 6E)
with or without SAHA treatment, an ~5-fold higher than the
background signal was detected (bar 15 versus bar 13). This
increased recruitment of SMRT was SAHA independent (bar
16 versus bar 15). These results indicate when NCOR1 was
mutated and thus cannot be recruited to associate with the TRE-
bound TRa1PV, SMRT could assume the redundant role to
interact with the TRE-bound TRa1PV.

DISCUSSION

The recent discovery of patients with mutations of the THRA
gene is a milestone in research highlighting the critical roles of
TR mutants in diseases (10—12). Importantly, this discovery un-
equivocally shows that the biological consequences of TR muta-
tions are subtype dependent, resulting in different clinical
manifestations. It also re-energizes investigators to carry out
further studies to understand the molecular actions of mutant
TR in vivo. The availability of the Thral”"’* mouse model
will allow such investigations to elucidate the molecular basis
underlying distinct pathological features. Indeed, using the
cross of Thral”” mice with mice expressing a mutant Ncor]
allele (NcorI*’® mice) that cannot interact with the PV mutant
(Thral®"*Ncorl AID/AID mice), we recently showed that the ab-
errant recruitment of NCOR 1 by TR« 1 mutants can lead to clin-
ical hypothyroidism in humans (21). In the present study, we
obtained direct evidence in vivo to show that inhibiting the
histone deacetylase activity of NCOR1-HDAC complexes
bound to TRa1PV by SAHA maintained the hyper-acetylated
nucleosomal histones, thereby reactivating the TRalPV-
mediated repression. Such reactivation of T3 target genes by
SAHA ameliorated the abnormalities in target tissues in
Thral®”* mice. These findings provided the in vivo evidence
to illustrate the direct role of HDAC:s in the pathological mani-
festation of hypothyroidism caused by mutations of TRal
mutants. Moreover, these results indicate that inhibitors of
HDAC could be beneficial as a treatment modality for patients.

The choice of SAHA for the treatment of mutant mice was
based on extensive studies by others showing that HDAC-3
(HDAC Class 1) is associated with NCOR1/SMRT in a multi-
protein repressor complex (24,25,27,41,42). However, it is of
interest to note that in Thral”"’* Ncor1*P"AP mice, in which
no recruitment of NCOR1AID/HDAC-3 repressor complexes
to the promoter of the C/ebpa target gene was expected,
SAHA treatment further improved the impairment in some
target tissues such as delayed development in long bone (see
Fig. 2B) and adipogenesis of white adipose tissues (see Fig. 3).
Consistent with the latter, the expression of the adipogenetic
genes, such as the C/ebpa, Ppary, aP2 and G6pd genes, were
also further activated in the white adipose tissues of Thra/ PV
Ncorl mice (Fig. 5A, B, D and E, respectively). These find-
ings raised the possibility that in some target tissues, such as
white adipose tissues, while NCOR1AID—HDAC-3 could not
be recruited to the DNA-bound TRal1PV, SMRT-HDAC-3
could be recruited to the DNA-bound TRa 1PV to mediate the re-
pression of the adipogenic genes. Indeed, we found that SMRT
was recruited to the promoter of DNA-bound TRa 1PV in the epi-
didymal fat pad of Thral”"* Neorl AID/AID mice (Fig. 6E). This
notion is consistent with previous studies demonstrating that
NCORI1 is more preferred than SMRT to be recruited by TR to
the target genes, due to the presence of the N3 interacting
domain in NCORI, which is not present in SMRT (45,46).
This N3 interacting domain is specific for TR and interacts
poorly with other receptors, such as the retinoic acid receptor
(45). Therefore, in target tissues of Thral” "+ mice, NCOR1—
HDAC-3 was the major repressor complexes to be recruited to
the target gene-bound TRalPV. In Thral”"*Neor1P4P
mice, however, NCoR1AID-HDAC-3 cannot interact with
TRa 1PV, thereby allowing DNA-bound TRa1PV to interact



with the SMRT-HDAC complex. SAHA treatment thereby
furtherm;%proved the impaired adipogenesis of Thral” V-
Ncorl™ ™ mice by inhibiting the activity of HDAC-3 associated
with SMRT recruited to DNA-bound TRa1PV. Thus, given that
7—18-fold higher NCOR1 than SMRT is expressed in the mouse
white adipose tissue, (www.nursa.org/10.1621/datasets.04002),
and the differential preference of TR for NCOR1 than SMRT,
NCORI1 plays a dominant role in the TRalPV-mediated
impaired adipogenesis.

The present studies also showed that the effectiveness of
SAHA was TR target tissue-selective in Thral”"’" mice.
SAHA was most effective in correcting impaired adipogenesis
(Fig. 3), but was only partially effective in reverting retarded
growth and delayed bone development (Fig. 2). Although
SAHA was able to partially reduce enlarged thyroid growth, it
was ineffective in normalizing the mildly elevated serum TT3
and TSH. SAHA has been shown to have the specificity recog-
nizing HDACs not only in Class I, but also in Classes Il and IV
(22). The partial phenotypic responses by SAHA treatment
would suggest that other classes of HDACs could also be
involved in the deacetylation of TR target genes. Therefore,
the recruitment of HDACs to NCORI1 corepressor complexes
on the TR target genes could not be restricted to Class I (e.g.
HDAC-3). HDACs from other classes could also be involved
in NCOR1-HDAC repressor complexes. Therefore, the in-
volvement of HDACs would be broader than previously recog-
nized. This notion is plausible as there have been 11
mammalian HDAC enzymes identified in four major classes so
far (22). HDACs in each class have different tissue distributions
(47). For example, HDAC-1, -2, -3 and -8 in Class I are ubiqui-
tously distributed in tissues. HDAC-4 and -5 in Class IIA are
mainly distributed in the heart, skeletal muscle and brain.
HDAC-7 in Class IIA is mainly distributed in the heart, skeletal
muscles, pancreas and placenta; HDAC-9 in Class IIA is distrib-
uted in the heart and skeletal muscles. HDAC-6 in Class IIB is
present in the heart, liver, kidney and placenta, and HDAC-10
in Class IIB is present in the liver and the spleen. The tissue dis-
tribution patterns of the mammalian sirtuins in Class III are not
clear. But it is known that HDAC-11 in Class IV is distributed
mainly in the brain, heart, skeletal muscles and kidney. Thus,
it is reasonable that the tissue-dependent expressed HDACs
other than HDAC-3 could also be recruited to the NCOR1—
HDAC repression complexes in TR target tissues. Because of
inhibitor-substrate specificity, these HDACs could be resistant
to the inhibitory activity of SAHA, thereby accounting for the
different levels of effectiveness of SAHA in the correction of ab-
normalities of mutant mice.

Recently, van Mullem reported the clinical consequences of
T4 treatment of two patients (father and daughter) expressing
the TRau17297540X mutant receptor (48). After 5 years of treat-
ment with T4, the patients’ TSH was suppressed, and serum
free T4, but not T3, were normalized. In addition, dyslipidemia,
constipation, nerve conductance, IGF-1 and other serum
markers of thyroid status were ameliorated. However, other ab-
normal clinical features such as cognitive and fine motor skill
defects were not affected by T4 treatment. Moreover, the para-
meters that were normalized returned to the pre-treatment
values when T4 was briefly stopped. That refractory to T4 treat-
ment in some target tissues was also recently reported for a
patient with hypothyroidism caused by a TRal mutant (48).
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These results show that in patients with hypothyroidism due to
TRal mutations, T4 treatment is not effective in improving
the resistance in all target tissues.

While the clinical symptoms of those three patients could be
partially improved by T4 treatment (48), the present studies
show that HDAC inhibitors could be considered a potential
option for treatment of patients with mutations of the THRA
gene. Early development of HDAC inhibitors as therapeutic
targets was mainly for the treatment of cancer (22,23). Recently,
however, this approach has been expanded to include other dis-
eases such as metabolic disorders, interstitial fibrosis, immune
dysfunction and inflammatory diseases (23). HDAC inhibitors
are a family of naturally derived and synthetically produced
compounds, each with a different structure, biological activity
and specificity (22,23). Our choice of SAHA in the present
studies was also based on a safety consideration; namely,
SAHA has been approved by the US Food and Drug Administra-
tion to be used in the treatment of refractory CTCL (28,29).
While the mechanisms of the anti-tumorigenic effects remain
to be fully elucidated, our use of ChIP assays provided evidence
to show that one mechanism is via the increase in the extent of
acetylation of the nuclesosomal histones, resulting in the de-
repression of the TR target genes in tissues. Therefore, the thera-
peutic effectiveness of HDAC inhibitors could differ from that of
T4. This would open the possibility of using HDAC inhibitors to
complement the T4 treatment modality. With a wide range of the
selection of natural and synthetic known HDAC inhibitors, and
those yet to be developed for better safety and effectiveness,
HDAC inhibitors offer promise for improved treatment options.

MATERIALS AND METHODS
Animals and treatment

This animal study was carried out according to the protocol
approved by the National Cancer Institute Animal Care and
Use Committee. Mice harboring the mutant Thral”’ gene
(Thral”” mice) were prepared and genotyped as described
earlier (15). NcorI*’” mice were prepared as described by Asta-
pova et al. (20). Thral”" mice were crossed with Ncor] A mice
to obtain different genotypes for studies. These mice were inter-
crossed several generations, and littermates with a similar
genetic background were used in all experiments. SAHA
(Selleck Chemicals) was added to water at 10 mg/ml, heated to
95°C until dissolved and kept at —70°C and administered by
oral gavage daily at a dose of 50 mg/kg body weight (49,50)
starting at the age of 6 weeks for 2 months.

Hormone assays

The serum levels of total T4 and total T3 were determined using a
Gamma Coat T4 and T3 assay RIA kit (Dia-Sorin). Serum TSH
levels were measured as previously described (51). The serum
levels of IGF-1 were determined by using an IGF-1 Mouse
ELISAKit (Alpco) according to the manufacturer’s instructions.

RNA isolation and quantitative real-time RT-PCR

Total RNA was extracted from pituitary by using TRIzol (Invi-
trogen), and fat tissues were extracted using an RNeasy lipid
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tissue mini kit (QIAGEN) according to the manufacturer’s
instructions. Quantitative real-time RT-PCR was performed
with a Quantitect SYBR Green RT-PCR kit (QIAGEN), accord-
ing to the manufacturer’s instructions and using a 7900HT Fast
Real-Time PCR system (AB Applied Biosystems). Total RNA
(100 ng) was used in RT-PCR determinations as described pre-
viously (52). The specific primer sequences used in RT-PCR are
as follows: Cl/ebpa forward 5'-TTACAACAGGCCAGGT
TTCC-3'; reverse 5'-CTCTGGGATGGATCGATTGT-3’, Ppary
forward 5'-TTTTCAAGGGTGCCAGTTTC-3'; reverse 5'-AAT
CCTTGGCCCTCTGAGAT-3, Fasn forward 5-TGGGTTC
TAGCCAGCAGAGT-3'; reverse 5-ACCACCAGAGACCGT-
TATGC-3, aP2 forward 5'-CTGGACTTCAGAGGCTCATA
GCA-3'; reverse 5-TACTCTCTGACCGGATGGTGACCAA-
3, Gopd forward 5-GAGGAGTTCTTTGCCCGTAAT-3;
reverse 5'-CATCTCTTTGCCCAGGTAGTG-3', Gh forward 5'-
TTCGAGCGTGCCTACATT-3; reverse 5-GCATGTTGGC
GTCAAACTTG-3'.

Western blot analysis

Frozen epididymal fat pads were homogenized on ice in lysis
buffer containing 50 mm Tris-HCI (pH 7.5), 150 mm NaCl,
I mm EDTA, 0.5% Triton X-100, 1x protease inhibitor
mixture (Roche) and western blot analysis with the lysates was
similarly carried out as described (40). The antibodies used
were anti-PPAR+y (1:200 dilution, sc-7273, Santa Cruz, CA,
USA), anti-C/EBPa (1:200 dilution, sc-61, Santa Cruz,
CA, USA), anti-KLF4 (1:200 dilution, sc-20691, Santa Cruz,
CA, USA) and anti-KLF9 (1:200 dilution, sc-12966, Santa
Cruz, CA, USA), anti-HADC3 (1:10,000 dilution, ab 7030,
abcam, MA, USA) and anti-GAPDH (1:1000 dilution, #2118,
Cell Signaling, MA, USA). Band intensities were quantified
by using the NIH IMAGE software (Image] 1.34s; Wayne
Rasband, NIH, Bethesda, MD, USA).

Chromatin immunoprecipitation (ChIP) assay

ChIP assay with fat tissue was performed as described previously
(21) with slight modification. Brieﬂy, mouse epididymal fat
tissues were dissected from mice with different genoty es
(Thral**Ncorl™*,  Thral™’*Ncorl*™*®|  Thral
Necorl™™ and Thral 1PV +Neor A1PAIP ) with or without treat-
ment of SATA. Three hundred milligrams of fat tissue was
chopped with scissors, fixed in 1% of formaldehyde for 10 min
and quenched by addition of glycine witha 0.125 M final concen-
tration for 5 min. Immunoprecipitation was carried out using
Anti-HDAC3 (sc-11417X, Santa Cruz, CA, USA), Anti-Histone
H4 (acetyl K5) (ab51997, Abcam, MA, USA), Anti-acetyl-
Histone H3 (06-599, Millipore, MA, USA), Anti-SMRT
(06-891, Millipore, MA, USA) or IgG as a negative control.
Subsequent steps in ChIP assays were carried out as described
previously (21). The ChIP primers used were Clebpa
forward, 5-TAGAGAAGCTGGGCGAAAAGA-3; and
reverse, 5'-AGGTTGGAGACTGCTTTGGA-3'.

Histological analysis

Epididymal fat was dissected, fixed in 10% (vol/vol) neutral buf-
fered formalin (Sigma-Aldrich) and subsequently embedded in

paraffin. Sections of 5 wm thickness were prepared and stained
with hematoxylin and eosin (H&E). For each animal, single
random sections through the epididymal fat were examined.
NIH IMAGE software was used for the measurement of the
size of white adipocytes with ep1d1(2;/ma1 fat of Thral™*
Necorl™™ mice, Thral™'* Nco AID/AID mice, Thral”"'*
Ncorl™* mice and ThraIPV/+Nco JAIDAID mice with or
without treatment of SAHA.

Statistical analysis

All data are expressed as mean + SEM. Differences between
groups were examined for statistical significance using Stu-
dent’s z-test with the use of GraphPad Prism 6. P < 0.05 is con-
sidered statistically significant.
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