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Mutations of the thyroid hormone receptor 3 (TRf3) gene cause resistance to thyroid hormone (RTH). RTH
is characterized by increased serum thyroid hormone associated with nonsuppressible thyroid-stimulating
hormone (TSH) and impaired growth. It is unclear how the actions of TR mutants are modulated in vivo to
affect the manifestation of RTH. Using a mouse model of RTH that harbors a knockin mutation of the TR(3
gene (TRPBPV mouse), we investigated the effect of the steroid hormone receptor coactivator 3 (SRC-3) on RTH.
In TRBPV mice deficient in SRC-3, dysfunction of the pituitary-thyroid axis and hypercholesterolemia was
lessened, but growth impairment of RTH was worsened. The lessened dysfunction of the pituitary-thyroid axis
was attributed to a significant decrease in growth of the thyroid and pituitary. Serum insulin-like growth factor
1 (IGF-1) was further reduced in TR3PV mice deficient in SRC-3. This effect led to reduced signaling of the
IGF-1/phosphatidylinositol 3-kinase (PI3K)/AKT/mammalian target of rapamycin (mTOR) pathway that is
known to mediate cell growth and proliferation. Thus, SRC-3 modulates RTH by at least two mechanisms, one
via its role as a receptor coregulator and the other via its growth regulatory role through the IGF-1/PI3K/

AKT/mTOR signaling.

Thyroid hormone receptors (TRs) are ligand-dependent
transcription factors that mediate the biological activities of
the thyroid hormone 3,5,3'-triiodo-L-thyronine (T3) in growth,
development, and differentiation and in maintaining metabolic
homeostasis. There are two TR genes, a and B, located on
human chromosomes 17 and 3, respectively, that give rise to
four T3-binding isoforms: al, B1, B2, and B3 (2, 20). The
expression of TRs is tissue dependent and developmentally
regulated (2, 23). The transcriptional activity of TRs is regu-
lated at multiple levels (2). In addition to the ligand (T3), the
type of thyroid hormone response elements (TREs) located on
the promoters of T3 target genes affects the magnitude and
sensitivity of the transcriptional response. A host of coregula-
tory proteins plays a further critical role in modulating the
gene regulatory functions of DNA-bound TRs (2, 14, 23). In
the absence of T3, TRs repress basal transcription through
association with a variety of corepressors. Binding of T3 in-
duces structural changes to release the corepressors and allow
for recruitment of coactivators. Corepressors harbor deacety-
lase activity that acts to modify the chromatin structure to limit
the access of basal transcriptional machinery to the promoter.
Coactivator complexes, in contrast, harbor the activities (e.g.,
histone acetyltransferase and histone methyltransferase) that
trigger transcription by rendering chromatin more open to
other transcription factors and that affect RNA splicing (14).
The tissue- and time-dependent expression of coregulatory
proteins provides an additional level of regulation by the T3-
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triggered dynamic exchange of corepressors and coactivators
on TRs.

Mutations of the TRB gene cause resistance to thyroid hor-
mone (RTH), which is characterized by a reduced sensitivity of
tissues to the action of thyroid hormone (19, 24). The elevated
serum thyroid hormone levels of RTH patients are associated
with nonsuppressible thyroid-stimulating hormone (TSH).
Otbher clinical features are goiter, attention deficit hyperactivity
disorder, decreased 1Q, dyslexia, short stature, decreased
weight, tachycardia, cardiac disease, and hypercholesterolemia
(19, 24). RTH can appear sporadically, but most commonly it
is a familial syndrome with autosomal dominant inheritance.
TR mutants derived from RTH patients have reduced or no
T3-binding activity and transcriptional capacities and act in a
dominant-negative manner to cause the clinical phenotypes
(19, 24).

To understand the molecular basis of RTH, we created a
knockin mutant mouse by targeting the PV mutation to the
TRP gene locus via homologous recombination and the Cre-
LoxP system (TRBPV mice) (7). The PV mutation was derived
from a patient (PV) with severe RTH characterized by atten-
tion deficit hyperactivity disorder, short stature, low weight,
goiter, and tachycardia. PV has an unusual mutation in exon
10, a C insertion at codon 448, that produces a frame shift of
the carboxyl-terminal 14 amino acids of TRB1 (11). In vitro
characterization of the PV mutant showed a complete loss of
T3-binding and transactivation activities. The PV mutation
also strongly interferes with the transcriptional activity of wild-
type TRs in vitro. TRBPV mice faithfully reproduce RTH in
humans and therefore provide a valid mouse model to eluci-
date the molecular basis of RTH and to advance understand-
ing of the molecular actions of TR mutants in vivo.
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Although most RTH patients are clinically euthyroid, some
are hypothyroid and some may appear thyrotoxic. Intriguingly,
the same individual may present evidence of hypothyroidism in
one tissue but show signs of thyrotoxicosis in other tissues (1,
19). The observation that clinical phenotype varies among fam-
ilies with the same mutation, and among individuals within a
family, suggests complex regulation of the actions of TRB
mutants in vivo. We previously identified the steroid hormone
receptor coactivator 1 (SRC-1) as one of the factors that mod-
ulates the target-tissue responsiveness in RTH (6). SRC-1 be-
longs to the p160 family of coactivators that includes SRC-2
and SRC-3 (9). Despite sequence similarity in the functional
domains of these SRC coactivators, the phenotypes exhibited
by mice deficient in SRC-1 (22) and SRC-3 (21) are distinct,
suggesting that these two activators have preferential roles in
different tissues in vivo. These observations prompted us to
ascertain whether SRC-3 has different regulatory roles in the
molecular actions of TR mutants in vivo, thereby contributing
to the variable phenotypic manifestation of RTH. Indeed, we
found that the lack of SRC-3 reduces the growth of both the
pituitary and the thyroid in TRBPV mice, thereby lessening the
dysregulation of the pituitary-thyroid axis. In contrast, the lack
of SRC-3 exacerbates the growth impairment observed in
TRBPV mice. Further studies indicated that this modulatory
effect of SRC-3 on growth is mediated via the insulin growth
factor 1 (IGF-1)/phosphatidylinositol 3-kinase (PI3K)/AKT/
mammalian target of rapamycin (mTOR) signaling pathway.
Therefore, SRC-3 modulates the manifestation of RTH via
TR-dependent and TR-independent pathways.

MATERIALS AND METHODS

Mutant mice. This animal study was carried out according to the protocol
approved by the National Cancer Institute Animal Care and Use Committee.
Genotyping was performed by using specific primers for TR and SRC-3 as
described previously (7, 21). TRBPV mice deficient in SRC-3 were obtained by
crossing TRBPV mice with SRC-3-null mice (21). Mice with different genotypes
used in the present study were intercrossed several generations, and littermates
were used in the comparison of phenotypes.

Hormone assays. The serum levels of total T4 (TT4) and total T3 (TT3) were
determined by using a Gamma Coat T4 and T3 assay RIA kit (Dia-Sorin,
Stillwater, MN) according to the manufacturer’s instructions. TSH levels in
serum were measured as previously described (15, 16). IGF-I levels in serum
were determined by using a DSL-2900 mouse/rat RIA (Diagnostic Systems
Laboratories, Webster, TX) according to the manufacturer’s instructions. A
cholesterol E kit (Wako Diagnostics, Richmond, VA) was used for quantitative
determination of total cholesterol in mouse serum according to the Wako cho-
lesterol E microliter procedure provided by the manufacturer.

Quantitative real-time RT-PCR. Total RNA was extracted from pituitary,
thyroid, and liver of mice by using TRIzol (Invitrogen, Carlsbad, CA) according
to the manufacturer’s instructions. Total RNA (200 ng) was used in real-time
reverse transcription-PCR (RT-PCR) determinations as described previously
(25). The specific primers were as follows: a-GSU, 5'-AGTGTATGGGCTGTTG
CTTC-3' (sense) and 5'-AGCTACGACTTGTGGTAGTAG-3' (antisense); TSHP,
5'-GGATAGGAGAGAGTGTGCC-3' (sense) and 5'-AGCTTACGGCGACAG
GGAA-3' (antisense); GH, 5'-TTCGAGCGTGCCTACATT-3’ (sense) and 5'-GC
ATGTTGGCGTCAAACTTG-3' (antisense); CYP7A, 5'-GGTCTCTGAACTGA
TCCGTC-3" (sense) and 5'-GCCTCCTTGATGATGCTATC-3' (antisense); and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), 5'-ACATCATCCCTGCA
TCCACT-3’ (sense) and 5'-GTCCTCAGTGTAGCCCAAG-3' (antisense).

Western blot analysis. Thyroid glands dissected from TRBPV mice were
washed with phosphate-buffered saline (PBS) and homogenized on ice in cell
lysis buffer containing 50 mM Tris, 100 mM HCI, 0.5% Triton X-100, 0.2 pM
okadaic acid, 100 mM NaF, 0.2 mM Na;VO,, and proteinase inhibitor tablet
(Complete Mini EDTA-free; Roche). Next, the tissue was incubated on ice for
10 min with occasional shaking. The lysate was then centrifuged for 15 min at
12,000 X g at 4°C, and the supernatant was collected. The protein concentration
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was determined by the method of Bradford (Pierce Chemical Co., Rockford, IL)
with bovine serum albumin (Pierce Chemical Co.) as the standard. For detection
of p-IGF1-R, AKT, pAKT, TRO, pmTOR, S6KI1, pS6K1, and S6, thyroid ex-
tracts (70 pg) were separated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis. The Western blot analysis was carried out as described by Fu-
rumoto et al. (5). All primary antibodies used in the Western blot analysis were
from Cell Signaling Technology, Inc.: phospho-IGF-IR (antibody 3021), phos-
pho-S473 Akt (antibody 9271), phospho-Thr308 Akt (antibody 9275), total Akt
(antibody 9272), phospho-52448 mTOR (antibody 2971), total mTOR (antibody
2972), phospho-Thr421/S424 p70 S6 kinase (antibody 9204), and total p70 S6
kinase (antibody 9202). Except for the detection of Akt, for which the dilution of
antibody was 1:1,000, all other antibodies were diluted 1:500. For the control
loading, protein disulfide isomerase (PDI) was determined with the use of anti-
PDI antibody 3632 (3) in a manner similar to that described by Furumoto et al.
5).

Histological, immunohistochemical, and ultrastructural analysis. Thyroid
glands were fixed in 10% neutral buffered formalin and subsequently embedded
in paraffin. Five-wm-thick sections were prepared and stained with hematoxylin
and eosin. In addition, paraffin sections were processed for immunohistochem-
istry. After antigen retrieval with acid citrate buffer at 95°C for 20 min, sections
were incubated with rabbit anti-Ki67 (NeoMarkers, Fremont, CA), followed by
indirect labeling with horseradish peroxidase-labeled anti-rabbit immunoglobu-
lin G (Jackson Immunoresearch, West Grove, PA) according to standard meth-
ods. For transmission electron microscopy, pituitaries were fixed in glutaralde-
hyde, postfixed in osmium tetroxide, and processed into Epon-Araldite by
standard methods. Thin sections were counterstained with uranyl acetate and
lead citrate.

Statistical analysis. All data are expressed as mean = the standard error of the
mean (SEM). Statistical analysis was performed with the use of analysis of
variance, and P < 0.05 was considered significant. Log-rank (Mantel-Cox) testing
for statistical significance was carried out with the use of GraphPad Prism 4.0a
(GraphPad Software, Inc., San Diego, CA).

RESULTS

Lack of SRC-3 lessens the dysfunction of the pituitary-
thyroid axis in TRBPYV mice. Thyroid hormone production is
tightly regulated by serum TSH via the pituitary-thyroid feed-
back loop. To investigate the role of SRC-3 in the regulation of
the pituitary-thyroid axis, we crossed TRBP}V mice with mice
carrying a SRC-3-null mutation (SRC-37'~ mice). We first
compared the circulating levels of thyroid hormone in wild-
type and TRBPV mice with or without SRC-3 (Fig. 1A and B).
SRC-3-null mice did not exhibit resistance to thyroid hormone
because their total T4 (TT4) concentrations did not signifi-
cantly differ from those of wild-type mice (Fig. 1A; TRB™'*
SRC-3"/%,33 + 0.2 ng/dl,n = 32; TR SRC3*/~,3.2 0.2
pg/dl, n = 24; TR SRC37/~, 2.8 = 0.3 pg/dl, n = 12).
Consistent with earlier reports (7, 15, 16), TRB"Y'* SRC3™/*
mice had a 2.7-fold increase in TT4 (9.1 £ 0.3 pg/dl, n = 30)
compared to the wild-type mice. Lack of SRC-3 significantly
decreased TT4 by 10 and 20% in TRR"""* SRC-3"~ (8.1 = 0.3
pg/dl, n = 24), and TRBT"* SRC-37/~ mice (7.7 = 0.3 pg/dl,
n = 23), respectively. TRB”*""Y SRC3™/* mice had a 17.6-fold
increase in TT4 (58.4 £ 2.1 pg/dl, n = 25) compared to the
wild-type mice. Lack of SRC-3 did not change TT4 significantly
in TRB""Y SRC3*'~ mice but did decrease TT4 by 20% in
TRB"VPY SRC-37'~ mice (46.7 = 3.9 pg/dl, n = 14). Thus, the
extent of increase in TT4 concentrations in TRR"”"”" mice was
reduced from 17.6- to 14.1-fold by the lack of SRC-3.

Similar reduction in TT3 by the lack of SRC-3 in TRBPV
mice was also detected (Fig. 1B). Consistent with earlier re-
ports (7, 15, 16), TT3 concentrations were 2- and 14.7-fold
higher in TRBZY* and TRBT"*Y mice (2.47 = 0.14 ng/ml, n =
32;17.85 = 1.97 ng/ml, n = 25, respectively) than in wild-type
mice (1.22 = 0.06 ng/ml, n = 29). Lack of SRC-3 did not affect
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FIG. 1. Comparison of serum thyroid hormones in TRBPV mice
with or without SRC-3. Total serum T4 (A), total serum T3 (B), and
TSH (C) were determined in adult mice (2 to 3 months old). Each
circle represents the value for an individual mouse, and the horizontal
bars represent the mean values (¥, P < 0.05; **, P < 0.01; ***, P <
0.001).
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FIG. 2. Comparison of thyroid weight in TRBP} mice with or with-
out SRC-3. Thyroids were dissected from adult mice (2 to 3 months
old). Relative ratios of thyroid weight per gram body weight (thyroid
weight/body weight) were determined by setting that of wild-type mice
as 1. Male mice at 4 to 5 months of age in each genotype were used (*,
P < 0.05; **, P < 0.01; ***, P < 0.001; N.S., not significant, P > 0.05,
n=3to7).

TT3 concentrations in TRB wild-type mice (TR "'+ SRC3™/~,
1.15 = 0.09 ng/ml, n = 14; TRR*'* SRC3~/~, 1.13 = 0.09
ng/ml, n = 6) but did lower TT3 concentration in TRE"""*
mice (~23% reduction; 1.91 = 0.16 ng/ml, n = 12 versus
2.47 = 0.14 ng/ml, n = 32). Lack of SRC-3 further reduced the
TT3 in TRB""Y mice by 40 and 60%, respectively, in mice
lacking one or two alleles of SRC-3 (Fig. 1B; TRB""""" SRC-
3" mice, 17.85 + 1.97 ng/ml, n = 25; TRR™V*Y SRC-3*'~
mice, 11.14 = 1.08 ng/ml, n = 24; TRB""*Y SRC-37'~ mice,
6.64 = 0.83, n = 14). Thus, highly elevated TT3 concentrations
found in TRB”"""Y mice were significantly reversed by the lack
of SRC-3 from a 14.7-fold increase in TRB”""V SRC-3*'*
mice to 5.5-fold in TRBFYFY SRC-37/~ mice.

The reduced circulating thyroid hormone (Fig. 1A and B) in
TRBPV mice lacking SRC-3 prompted us to examine the effect
of lack of SRC-3 on the size of thyroid glands. Consistent with
earlier observations (7), thyroid glands were enlarged in
TRR"* and TRB™"" mice (Fig. 2). Although the lack of
SRC-3 had no significant effect on the size of the thyroid of
wild-type mice and TRB""" mice, SRC-3 deficiency reduced
the size of thyroids in TRE™"”" SRC-3~/~ mice by 60%. The
reduction in weight reflects the effect of SRC-3 on thyroid cell
proliferation as shown by thyroid histology (Fig. 3). Morpho-
logical examination revealed that the thyroid glands of
TRBPVFY SRC-3"'* mice had extensive hyperplasia (Fig. 3C
and F) compared to wild-type thyroid (Fig. 3A), whereas the
thyroid cells in TRB”""" SRC-3~'~ mice had a more normal
appearance with large follicles (Fig. 3D and F), compared to
the normal histology in TRB*'* SRC-37/~ mice (Fig. 3B).
These results indicate that the lack of SRC-3 ameliorates the
abnormal proliferation of thyroid cells in TRBPV mice.

In RTH, the nonsuppressible serum TSH level is a critical
indicator of the severity of the dysfunction of the pituitary-
thyroid axis. We therefore compared serum TSH levels in mice
with or without SRC-3 (Fig. 1C). Similar to our previous re-
ports (7, 15, 16), TRB™"’* and TRBT"*" mice exhibited 2.3-
and 675-fold higher TSH levels (74.7 = 7.8 ng/ml, n = 20, for
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perplastic morphology, whereas those of TRBF""Y SRC-37/~ mice
show nearly normal morphology with large follicles. Mouse genotypes:
A, TRB"* SRC-3"*; B, TRB™'* SRC-3'; C and E, TRB""""" SRC-
3%, D and F, TRB""Y SRC-37/~. All panels are shown with the
same magnification (bar = 60 wm). Panels A, B, C, and D show results
for siblings at the ages of 6.8 months, and panels E and F show the
results for siblings at the age of 9.7 months.

TRBPY"™" SRC-3"" mice; 21,995 + 1,876 ng/ml, n = 30, for
TRB™"Y SRC-3*'" mice) than wild-type mice (32.6 * 5.7
ng/ml, n = 24). Consistent with TT4 and TT3 levels, the lack of
SRC-3 did not significantly alter serum TSH concentrations in
wild-type mice (38.3 + 6.7 ng/ml, n = 24, for TRB*'* SRC-
3%/~ mice; 50.6 = 16.2 ng/ml, n = 10, for TRB™'* SRC-37/~
mice). The lack of SRC-3 did not significantly affect the TSH
levels in TRB”"”* mice (compare 74.7 = 7.8 ng/ml, n = 20, for
TRBPY"" SRC-3"'* mice with 57.46 * 6.7 ng/ml, n = 24, for
TRB"Y"* SRC-3"'~ mice or with 70 + 21.2 ng/ml, n = 15, for
TRB"Y"* SRC-37'~ mice). In TRR""*Y mice, the lack of one
allele of the SRC-1 gene did not significantly alter the TSH
levels (compare 21,995 + 1,876 ng/ml, n = 30, for TRR""*”
SRC-3"" mice with 19,237 = 1,608 ng/ml, n = 24, for
TRB™"Y SRC-3"~ mice), albeit the mean values tended to be
lower. The lack of both alleles, however, significantly lowered
the elevated TSH in TRB""" mice by 40% (13,585 * 1,614
ng/ml, n = 21, for TRR”""Y SRC-37'~ mice). Taken together,
results from thyroid function tests indicate that the lack of
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FIG. 4. Comparison of the expression of TSHB and «-GSU in the
pituitary of TRBPV mice with or without SRC-3. The expression of
TSHB (A) and «-GSU (B) mRNA was determined by using quantita-
tive real-time RT-PCR as described in Materials and Methods. Rela-
tive quantification of each target mRNA was determined by arbitrarily
setting the control value of wild-type mice as 1. Differences in total
RNA input were normalized by signals obtained with specific primers
for GAPDH. The data are expressed as means * the SEM. (n = 3).

SRC-3 decreases the severity in the dysfunction of the pitu-
itary-thyroid axis in TRB"""" mice.

To understand how SRC-3 decreases the circulating TSH in
TRBPY*Y SRC-37'~ mice, we examined the expression of the
TSH B subunit gene (TSHp) and a-glycoprotein common sub-
unit (a-GSU) genes in TRBPV mice (Fig. 4). Previously, we
reported that instead of being repressed by the elevated thy-
roid hormone, the expression of TSHB and a-GSU genes is
abnormally upregulated due to the interference of the tran-
scriptional activity of wild-type TRs by the mutant PV (7).
Figure 4 shows that the lack of SRC-3 did not alter the expres-
sion of the TSHB (Fig. 4A) and o-GSU genes (Fig. 4B) in
either the wild-type, TRB”"* SRC-37/~, or TRB""""Y SRC-
37/~ mice (Fig. 4A). Therefore, the reduced circulating TSH
level observed in TRB”"" SRC-37/~ mice (Fig. 1A) most
likely is not due to the altered expression of TSHB and a-GSU
genes in the pituitary of TRBPV mice.

We further compared the effect of SRC-3 on the size of the
pituitary of TRBPV mice (Fig. 5). Consistent with a previous
report (5), the pituitary size of TRE”""Y SRC-3"'" mice was
twice that of wild-type mice. The lack of SRC-3, however,
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age of 3 to 5 months for each genotype were compared (*, P < 0.05;
#5 P < 0.01; ***, P < 0.001; N.S., not significant, P > 0.05; n = 3 to
7).

decreased significantly (30%) the PV-induced enlargement of
the pituitary in TRB”"?" SRC-37/~ mice (Fig. 5). The lack of
SRC-3 had no significant effect on the size of the pituitary in
wild-type or TRB”""* SRC-37'~ mice. These results suggest
that the decrease in the pituitary size may play a significant role
in the overall reduction of the circulating TSH levels.

Lack of SRC-3 lessens the resistance of the liver in the
regulation of serum cholesterol. To understand whether the
lack of SRC-3 alters the resistance to thyroid hormone in the
liver, we measured the serum total cholesterol that is an in vivo
marker of thyroid hormone action. The response of a decrease
in serum cholesterol after administration of thyroid hormone is
commonly used as a diagnostic test for assessing RTH in pe-
ripheral tissues (13). Figure 6A illustrates that the liver shows
resistance to thyroid hormone by failing to respond properly to
the elevated thyroid hormone as indicated by no repression of
the cholesterol levels in TRBXY*" SRC-3*/" mice (compared to
TRB™'* SRC-3*'* mice; Fig. 6A, bar 3 versus bar 1; 142.5 =
7.7 mg/dl, n = 13 and 159.35 X 10.3 mg/dl, n = 13 for TRB™'*
SRC-3*"* mice and TRB"""* SRC-3*'* mice, respectively; P =
0.347). The resistance was intensified in TRE”"""" SRC-3*/*
mice in that the serum cholesterol levels were significantly
increased (Fig. 6A, bar 5 versus bar 1; 1.5-fold; 219.8 * 20.9
mg/dl, n = 13) compared to TRB*'" SRC-3"'* mice. Lack of
SRC-3 lowered 20% of the serum cholesterol levels in both
heterozygous and homozygous TRBP) mice (compare bars 3
and 4 and bars 5 and 6; 119.1 = 12.2 mg/dl, n = 11, for
TRR"* SRC-37'~ mice and 182.6 X 10.1 mg/dl, n = 12, for
TRB™"Y SRC-37/~ mice). This reduction of serum choles-
terol levels by the lack of SRC-3 also was apparent in mice
without PV mutation (compare bars 1 and 2; 95.5 X 10.3 mg/d],
n = 12, for in TRB*'* SRC-37'~ mice).

T3 is important not only for the uptake of cholesterol by the
liver but also for the hepatic degradation of cholesterol into
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FIG. 6. Comparison of serum total cholesterol levels (A) and the
expression of CYP7A mRNA in the liver (B) of TRBPV mice with or
without SRC-3. (A) Serum total cholesterol levels were determined
from adult mice (2 to 3 months old) as described in Materials and
Methods. The data are expressed as means = the SEM (*, P < 0.05;
P < 0.01; *** P < 0.001; n = 12 to 13). (B) Comparison of the
expression of CYP7A mRNA in the liver of TRBPV mice with or
without SRC-3. The expression of CYP74 mRNA was determined by
using quantitative real-time RT-PCR as described in Materials and
Methods. Relative quantification of each target mRNA was deter-
mined by arbitrarily setting the control value for wild-type mice as 1.
Differences in total RNA input were normalized by signals obtained
with specific primers for GAPDH. The data are expressed as mean *
the SEM. (n = 3).

bile acids. The rate-limiting enzyme in the latter process, cho-
lesterol 7a hydroxylase (CYP7A), is induced by T3 at the
transcriptional level (4, 10). That serum cholesterol levels were
higher in TR+ SRC-37/~ and TR SRC-37'~ mice
than in TRR*'* SRC-37/~ (bars 4 and 6 compared to bar 2;
Fig. 6B) suggested that the lack of SRC-3 could affect the
expression of the CYP7A gene. Indeed, Fig. 6B shows that
whereas the expression of the CYP74 gene was repressed in
TRBPY"™ SRC-3""* and TRBFPV SRC-3*"* mice owing to the
interference of the transcriptional activity of wild-type TRs by
PV (compare bars 3 and 5 with bar 1), its expression was
activated by the lack of SRC-3 (bars 2, 4, and 6 versus bar 1).
Taken together, the lack of SRC-3 lessens the resistance of the
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FIG. 7. Comparison of weekly weight gain of 7TRBPV mice with or
without SRC-3. The weights of male (A, B, and C) or female (D, E,
and F) mice with or without SRC-3 were measured from 3 to 10 weeks
old. The data are shown as means = the SEM (n = 30 to 68).

liver in the regulation of serum cholesterol by overcoming the
PV-mediated repression of the CYP74 gene as one of the
mechanisms.

Lack of SRC-3 intensifies the impairment of postnatal
growth in TRBPV mice. To understand the effect of SRC-3 on
postnatal growth of TRBPV mice, we compared the growth
curves of TRBPV mice with or without SRC-3 beginning at the
age of 3 weeks until adulthood (Fig. 7). Consistent with an
earlier report (21), the lack of both alleles of the SRC-3 gene
impaired the weight gain of both male and female TRB"/*
SRC-3"'~ mice (Fig. 7A and D). Previously, we reported that
TRB""Y SRC-3""* mice had impaired weight gain, but not
TRB"Y"* SRC-3""" mice (17, 15, 16). Figure 7B and E show
that both male and female TRB”"’* SRC-37/~ mice had im-
paired weight gain. The defect in weight gain in homozygous
TRBPV mice was further worsened by the lack of SRC-3, in-
dicating that the mutation of the two alleles of the TR gene
and the loss of both alleles of the SRC-3 gene contribute to the
impairment in growth.

To understand how the lack of SCR-3 mediates the growth
impairment, we first examined the expression of the growth
hormone gene (GH) (Fig. 8). Previously, we reported that,
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FIG. 8. Comparison of GH mRNA expression (A) and total serum
IGF-I levels (B) in TRBPV mice with or without SRC-3. (A) The
expression of GH was determined (200 ng of total RNA) in the pitu-
itaries of mice with the genotypes indicated. Relative quantification of
each target mRNA was determined by arbitrarily setting the control
value of wild-type mice as 1. Differences in total RNA input were
normalized by signals obtained with specific primers for GAPDH. The
data are expressed as means * the SEM (n = 3). (B). Serum levels of
IGF-I in mice (2 to 3 months old) were determined as described in
Materials and Methods. Each circle represents the value for an indi-
vidual mouse, and the horizontal bars represent the mean values (*, P
< 0.05; **, P < 0.01; ***, P < 0.001; N.S., not significant, P > 0.05, n
=5to7).

instead of being activated by the elevated thyroid hormone, the
expression of GH in TRB"""Y mice was abnormally repressed
because of interference with the transcriptional activity of wild-
type TRs by the mutant PV (7). We hypothesized that the
reduced GH expression could contribute to the impaired
growth in TRB"""Y mice. To understand whether the lack of
SRC-3 had any effect on the expression of the GH gene, we
compared the expression of the GH gene in TRBPV mice with
or without SRC-3. Figure 8 shows that the lack of SRC-3 did
not affect the expression of the GH gene in wild-type (TRB*'™)
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mice, but it had a small effect (10% reduction) on TRB"*"*
SRC-37'" mice. In TRB""Y SRC-3"/" mice, the expression of
the GH gene was reduced 60% (compare bar 5 with bar 1; Fig.
8), the lack of SRC-3 further lowered the expression of the GH
gene (~20%, bar 6 versus bar 5) in TRE”""Y SRC-37'~ mice.
These results suggest that SRC-3 could mediate the growth
impairment, in part, via reduction in the expression of the GH
gene.

Recently, studies found that SRC-3 played a critical role in
growth regulation (18, 21). One of the pathways mediated by
SRC-3 in growth regulation was via the IGF-1/PI3K/AKT
pathway (17, 26). We therefore determined the serum levels of
IGF-1 in TRBPV mice with or without SRC-3 (Fig. §B). Con-
sistent with reports by others (18, 21), we detected a significant
reduction (40%) in serum IGF-1 in TRB*'* SRC-3~/~ mice
compared to TRB*'* SRC-3"'" mice (Fig. 8B). This level of
reduction was also observed in heterozygous TRBPV mice de-
ficient in SRC-3 (Fig. 8B). A significant 30% reduction in
IGF-1 was found in TRB""?" SRC-3*'* mice. An additional
30% reduction in IGF-1 was detected in TRB"V*Y SRC-37/~
mice. These results are consistent with the impaired postnatal
growth illustrated in Fig. 7 and suggest that the mutation of the
TRB gene and the deficiency in SRC-3 collaborate to impair
growth.

SRC-3 modulates the growth of thyroid via the IGF-1/PI3K/
AKT/mTOR pathway. Our data indicate that lack of SRC-3
alters the manifestation of RTH. The hallmark of RTH is the
dysfunction of the pituitary-thyroid axis. Therefore, to gain
insights into the mechanisms by which SRC-3 modulates the
phenotypic expression of RTH, we focused on understanding
how the lack of SCR-3 affects the growth of the thyroid in
TRBPV mice.

The weight of the thyroid was markedly reduced (Fig. 2), and
the abnormal overproliferation of thyroid follicular cells was
clearly suppressed by the lack of SRC-3 in TRR”"""" SRC-37/~
mice (Fig. 3). Significantly reduced circulating IGF-1 levels in
TRB™"Y SRC-37'~ mice (Fig. 8B) prompted us to examine
the expression of key regulators in the IGF-1/PI3K/AKT/
mTOR pathway. This pathway was recently reported to medi-
ate the SRC-3-induced growth of cultured prostate cancer cells
and mammary tumor cells derived from transgenic mice over-
expressing SRC-3/AIBI (17, 26). It is not known, however,
whether the activation of the IGF-1/PI3K/AKT/mTOR path-
way induced by SRC-3 contributes to the growth regulation of
the thyroid. We reasoned that if this were the case, then the
pathway would be repressed by the reduced phosphorylation of
AKT and its downstream effectors in TRBPV mice deficient in
SRC-3. We therefore determined the expression of the key
regulators and their phosphorylation state in the IGF-1 signal-
ing pathway by Western blot analysis (Fig. 9). Figure 9A shows
that, compared to wild-type mice (lane 1), phosphorylated
IGF-1 receptor (p-IGF-1R) was increased in TRBZ"*" SRC-
3** mice (lane 2). However, the lack of SRC-3 resulted in the
reduction of the p-IGF-1R (Fig. 9A, lanes 3 and 4 versus lane
2). As shown in lane 2 of Fig. 9B, total AKT was increased in
TRB™"Y SRC-3"" mice compared to wild-type mice (Fig. 9B,
lane 1). However, the lack of SRC-3 resulted in the reduction
of total AKT in TRB"""" SRC-3~'~ mice (Fig. 9B, lanes 3 and
4). Importantly, p-AKT was reduced by the lack of SRC-3 both
at the phosphorylation site S473 (TRB”Y*Y SRC-37/~ mice;
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FIG. 9. Expression of key regulatory proteins of the IGF-1/PI3K/
AKT/mTOR pathways in the thyroid of wild-type and mutant mice.
Thyroid extract (70 wg) was used for determination of the expression
of p-IGF-1R (A), total AKT (B), p-AKT(S473) (C), p-AKT(T308)
(D), mTOR (E), p-mTOR (F), p705°% (G), p-p705°% (H), and PDI
(I) as described in Materials and Methods. Experiments were repeated
four times with similar results. Only representative results are shown.

Fig. 9C, lanes 3 and 4) and at the phosphorylation site T308
(Fig. 9D, lanes 3 and 4) compared to TRR"""*" SRC-3"/" mice
(Fig. 9C and D, lane 2). The ratios of p(S473)-AKT/total AKT
were decreased from 1.20 for TRB”""Y SRC-3"'" mice to 0.45
for TRBV"Y SRC-3~'~ mice and those of p(T308)-AKT/total
AKT from 0.24 to 0.16. Moreover, the lack of SRC-3 decreased
the expression of not only mTOR protein (Fig. 9E, lanes 3 and
4 versus lane 2) but also the phosphorylated mTOR (Fig. 9F).
The ratios of p-mTOR/total mMTOR were decreased from 1.27
for TRBPY"Y SRC-3*'* mice to 0.67 for TRV SRC-37/~
mice. The expression of p705°® protein and its phosphorylation
protein was also decreased by the lack of SRC-3 (Fig. 9G and
H, lanes 3 and 4). The ratios of p-p705°%/total p705° were
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TABLE 1. Comparison of RTH manifestation of TRBP}V mice deficient in SRC-3 or SRC-1

Phenotype

Nulled

coactivator Dysfunction of Impairment in

Liver function
Thyroid

thyroid/pituitary axis wt gain proliferation CYP7A gene Hypercholesterolemia
expression P
SRC-3 Lessen Intensify Decrease Upregulation Reduced
SRC-1¢ Intensify Intensify Increase No effect No change

¢ Kamiya et al. (6).

decreased from 1.35 for TRR""""Y SRC-3*'* mice to 0.67 for
TRBPVFY SRC-37/~ mice. Figure 91 shows the loading control
of PDI. These results clearly indicate that the signaling of
IGF-1/PI3K/AKT/mTOR is reduced in TRBPV mice deficient
in SRC-3, thereby resulting in reduced thyroid proliferation
and cell growth.

DISCUSSION

The variable phenotypic manifestation among RTH patients
with the same TRP mutation suggests complex regulation of
molecular actions of TRB mutants in vivo. The present study
identified SRC-3 as a modulator for the phenotypic manifes-
tations of RTH. Lack of SRC-3 lessens the resistance in the
pituitary-thyroid axis and ameliorates PV-induced hypercho-
lesterolemia in TRBPV mice (Fig. 6A). However, the growth
impairment induced by PV in TRBPV mice was further inten-
sified by the lack of SRC-3 (Fig. 7). Therefore, the modulation
of the phenotypic expression of RTH by the lack of SRC-3 is
clearly target tissue dependent.

The target tissue-dependent modulation of the phenotypic
manifestation of RTH caused by the lack of SRC-3 also has
been observed for SRC-1, another member of the p160 coac-
tivator family (6). However, the tissue-dependent modulation
profiles caused by the lack of SRC-1 or SRC-3 in TRBPV mice
are not identical (Table 1). In contrast to SRC-3, the lack of
SRC-1 intensifies resistance in the pituitary-thyroid axis, in-
creases thyroid cell proliferation, and has no effect on PV-
induced hypercholesterolemia and the abnormal expression of
the CYP7A gene in TRBPV mice (6) (Table 1). These contrast-
ing effects of SRC-1 and SRC-3 on the manifestation of RTH
cannot be explained by the redundant functions of these two
coactivators. Thus, it is conceivable that, in addition to regu-
lating nuclear receptor-dependent signaling, SRCs could also
function independent of the nuclear receptor-signaling path-
way. This notion is supported by the distinct phenotype exhib-
ited by mutant mice deficient in SRC-1 or SRC-3. Mice defi-
cient in SRC-1 exhibit normal growth, whereas mice deficient
in SRC-3 display dwarfism (21, 22).

The altered resistance in target tissues of TRPPV mice
caused by the lack of SRC-3 reveals the dual roles of SRC-3 in
modulating phenotypic manifestation of RTH. SRC-3 could
function as a classical coactivator that enhances the transcrip-
tion of wild-type TR. Its deletion in TRBPV mice further in-
tensifies the deleterious effect of PV because the transcrip-
tional activity of TRal can no longer be activated as expected.
This effect is exemplified by the additional reduction in the
expression of the GH gene in TRE”*""Y SRC-3~'~ mice com-
pared to TRB”"”Y SRC-3*'* mice (Fig. 8A). Even though it is

unclear whether this is a direct or indirect effect, an additional
drop in serum circulating IGF-1 levels was detected in
TRBPY™Y SRC-37'~ mice compared to TRB"""*Y SRC-3"'*
mice (Fig. 8B) and thereby contributed to the intensification of
growth impairment detected in such mice (Fig. 8F). The other
role of SRC-3 in modulating the phenotypic manifestation is
illustrated by the lessening of the dysfunction of the pituitary-
thyroid axis in TRB”"”Y SRC-3~'~ mice. This is accomplished
through the action of SRC-3 as a regulator in cell growth and
proliferation. We found that TSH levels were reduced (~40%)
in TRRVPY SRC-37'~ mice compared to TRB""""" SRC-3*/*
mice. However, the fact that this reduction is not due to the
decreased expression of either 7SHB mRNA or o-GSU
mRNA (Fig. 4) probably reflects the compensatory effect of
other pl160 family members at the transcriptional level for
these genes in the pituitary (SRC-2 and SRC-3 are expressed
in the pituitary; data not shown). However, the lack of SRC-3
clearly led to a smaller pituitary, and that could impact the
synthesis and secretion of TSH. Similarly, the thyroid cells
were not abnormally overproliferative (Fig. 3), and the size of
the thyroid was significantly smaller (Fig. 2) in TRB"”""" SRC-
37/~ mice than in TRB""”Y SRC-3"" mice, thereby promot-
ing reduced synthesis of thyroid hormones. Therefore, SRC-3
modulates the manifestation of RTH both as a receptor coac-
tivator and as a growth promoter independent of hormone-
nuclear receptor signaling.

The present study identified SRC-3 as a novel regulator for
thyroid proliferation. Although the precise mechanisms by
which SRC-3 acts independent of hormone-nuclear receptor
signaling are unclear, recent studies demonstrate that its
growth-promoting effect is, at least in part, mediated by the
IGF-1/PI3K/AKT/mTOR signaling pathway (17, 26). We
found that serum IGF-1 levels in TRR™""" SRC-3*'* mice
were lower than in wild-type mice. The lack of SRC-3 further
significantly lowered the serum IGF-1 in TRB""?Y SRC-37/~
mice (Fig. 8). The lowered serum IGF-1 induced by the lack of
SRC-3 led to a reduction in IGF-1 signaling pathway via PI3K-
AKT-mTOR cascades that are known to regulate cell volume
and organ size (8, 12). The contribution of thyroid growth
induced by SRC-3 via the IGF-1/PI3K/AKT/mTOR pathway
cannot be underestimated. TSH has long been recognized as a
pivotal thyrocyte growth stimulator. In TRB”"""" SRC-37/~
mice, however, despite highly elevated TSH levels (414-fold
increase compared to wild-type mice), thyrocytes were clearly
less hyperproliferative, and the size of thyroid was significantly
smaller than in TRB”7"" SRC-3"/" mice, indicating that the
lack of SRC-3 counteracts the proliferative effect of TSH.
These observations suggest that under normal conditions, in
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addition to TSH, SRC-3 via the IGF-1/PI3K/AKT/mTOR
pathway also contributes to maintaining the homeostasis of
thyroid function.

The dual fashions by which SRC-3 modulates the manifes-
tation of RTH have important implications for the molecular
basis of RTH. RTH is caused by mutations of the TR gene.
However, the present study reveals that other genetic changes
independent of mutant TR actions could enhance or amelio-
rate the manifestation of RTH. It is not unreasonable to pos-
tulate that there are other such genetic factors waiting to be
discovered. The SRC-3 identified in the present study and
other unknown factors, together with their tissue-dependent
expression, are likely to contribute to the tissue-heterogeneity
of RTH that is frequently observed in RTH patients.
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