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Background: Thyroid hormone receptor (TR) isoforms � and � have distinct biological and physiological roles in develop-
ment and in adult tissues.
Results: TR� and � are posttranslationally modified by different SUMO isoforms and require specific SUMO E3 ligases. TR
sumoylation influences corepressor and coactivator recruitment.
Conclusion: TR-SUMO conjugation is important for thyroid hormone action.
Significance: Identifying a mechanism contributing to TR isoform-specific action.

Thyroid hormone receptor (TR)� and�mediate thyroid hor-
mone action at target tissues. TR isoforms have specific roles in
development and in adult tissues. The mechanisms underlying
TR isoform-specific action, however, are not well understood.
We demonstrate that posttranslational modification of TR by
conjugation of small SUMOtoTR� andTR�plays an important
role in triiodothyronine (T3) action and TR isoform specificity.
TR� was sumoylated at lysines 283 and 389, and TR� at lysines
50, 146, and 443. Sumoylation of TR� was ligand-dependent,
and sumoylation of TR� was ligand-independent. TR�-SUMO
conjugation utilized the E3 ligase PIASx� andTR�-SUMOcon-
jugation utilized predominantly PIAS1. SUMO1 and SUMO3
conjugation to TR was important for T3-dependent gene regu-
lation, as demonstrated in transient transfection assay and stud-
ies of endogenous gene regulation. The functional role of
SUMO1 and SUMO3 in T3 induction in transient expression
assays was closely matched to the pattern of TR and cofactor
recruitment to thyroid hormone response elements (TREs) as
determined by ChIP assays. SUMO1was required for the T3-in-
duced recruitment of the co-activator CREB-binding protein
(CBP) and release of nuclear receptor co-repressor (NCoR) on a
TRE but had no significant effect on TR DNA binding. SUMO1
was required for T3-mediated recruitment of NCoR and release
of CBP from the TSH�-negative TRE. SUMO3 was required for
T3-stimulated TR binding to the TSH�-negative TRE and
recruitment of NCoR. These findings demonstrate that conju-
gation of SUMO to TR has a TR-isoform preference and is
important for T3-dependent gene induction and repression.

Thyroid hormone action is mediated by thyroid hormone
receptor (TR)3 � and�. T3-dependent gene regulation requires
TR interaction with ligand, a thyroid hormone response ele-
ment (TRE), coactivators, and corepressors (1, 2). TR gene
“knock-out” and “knock-in” mutant mouse models and studies
with TR isoform selective agonists demonstrate that TR iso-
forms (TR� and TR�) play specific developmental roles and
have specific actions in T3 target tissues in adults. TR� is
important for normal brain and testicular development and
growth (3). In the adult, TR� mediates T3 actions in the heart,
brain, and potentiates sympathetic action in bone, white fat,
and brown adipose tissue (4–8). TR� is required for normal
cochlear and retinal development, TSH regulation, cholesterol
metabolism in the liver, and stimulation of uncoupling protein
gene expression in brown fat (6, 9–12). The mechanisms
underlying TR isoform-specific action in T3-mediated gene
regulation, however, are not well understood.
Posttranslational modification of nuclear receptors is being

increasingly recognized as an important mechanism of gene
regulation. The majority of proteins modified by SUMO are
transcription factors and nuclear hormone receptors (13).
Sumoylation requires conjugation of SUMO to a lysine con-
tained in the consensus recognition motif �-Lys-X-Glu (� is a
large hydrophobic amino acid) of a protein and has been
reported to occur in all cellular compartments and tissues (14).
Sumoylation rapidly and dynamically modifies proteins in-
volved in cellular process, including regulation of gene tran-
scription, mRNA stability, nuclear localization, protein stabil-
ity, and protein-protein interactions (15–18). Fourmammalian
SUMOs (SUMO1, SUMO2, SUMO3, and SUMO4) have been
identified, three of which, SUMO1, SUMO2, and SUMO 3, are
functionally characterized. SUMO2 and SUMO3 share 95%* This work was supported by Veterans Affairs Merit Review Funds.
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sequence identity, and both are �50% homologous with
SUMO1. SUMO conjugation requires activating enzyme E1,
conjugating enzyme UBC9, and E3 ligases, which have sub-
strate specificity (19, 20). Sumoylation can influence the func-
tion of a transcription factor by modifying protein conforma-
tion, the interface of protein-cofactor interaction, DNA
binding, and ligand binding (13).
In this study, we demonstrate that TR� and TR� are modi-

fied by specific SUMOs. TR� and � have distinct patterns of
SUMO and E3 ligase preferences and differ in their response to
the ligand. SUMO conjugation of TR modulates T3-mediated
gene regulation mediated by both positive and negative TREs.
Sumoylation is important for the normal patterns of T3-depen-
dent gene expression and repression. The influence of sumoy-
lation on T3-dependent gene regulation in transient functional
assays is closely paralleled by the binding of TR, corepressors,
and coactivators, to response elements in endogenous T3-reg-
ulated genes.

EXPERIMENTAL PROCEDURES

Animals—Animal studies were approved by the Animal Re-
search Committee (Veterans Affairs Greater Los Angeles
Health Care System). Male BL/C57 mice were fed with normal
chow and tap water ad libitum at 23 °C and light cycles of 12 h.
All mice were 70–80-days-old at the time of the experiments
and weighed 22–26 g. Animals were euthanized, and tissues
were removed for analysis following a standard protocol.
Cell Culture, Transient Transfections, and Luciferase Assays—

HepG2 cells were maintained in Eagle’s Minimal Essential
Medium with 10% fetal bovine serum (FBS). Rat pituitary
tumor cells (GH3) were maintained in F-12K medium supple-
mented with 15% horse serum and 2.5% FBS. For transient
transfection studies, cells were plated on 24-well dishes and
grown for 24 h in serum-freemedium.The test plasmid (0.1�g)
was added to each transfection, and the empty vector
pcDNA3.1 was used to maintain a constant DNA concentra-
tion. Twenty-four hours after transfection, cells were treated
with T3 (50 nM) for 6 h prior to the luciferase reporter assay.
Construction of Reporter Plasmids—Rat TSH� nTRE (21, 22)

(accession no. M13897) and rat GH TRE (23) (accession no.
X12967) were cloned into a pGL-3 promoter vector at BglII
and MluI sites. DNA oligonucleotide sequences are listed in
Table 1.
In Vitro Sumoylation—TR� and TR� proteins were in vitro

synthesized utilizing Quick T7-kit (Promega, Inc.) in the pres-
ence of [35S]methionine. In vitro sumoylation was performed
using a sumoylation kit (LAE Biotech Intl., Inc.) following the
manufacturer’s instructions. Briefly, each sumoylation reaction
(20 �l) was composed of 2 �l of synthesized protein, activating
enzyme (E1, 7.5�g/ml), UBC9 (E2 SUMOconjugating enzyme,
50 �g/ml), SUMO1 (50 �g/ml), buffer (20 mMHepes, pH 7.5, 5
mM MgCl2, and 2 mM ATP), and extra fresh 20 mM ATP. The
reaction was incubated at 37 °C for 1 h. The reaction was ter-
minated by the addition of 5 �l of 4� SDS buffer, heated at
90 °C for 5 min, and loaded on an 8–10% SDS-PAGE. The gel
was dried and imaged on a PhosphorImager.

Detection of TR Sumoylation in Mouse Tissues by Immuno-
precipitation (IP) and Western Blotting (WB)—Mouse liver,
heart and adipose tissues (n � 4) were freshly harvested (100
mg/tissue/mouse) and immediately homogenized in 2 ml of
ice-cold IRP buffer (Millipore, Inc.) containing protease mix-
ture (Roche Applied Science). After centrifugation at 14,000
rpm for 15 min at 4 °C, the clear supernatant (�1.0 ml) was
collected. After the lysate was pre-cleared, protein concentra-
tion of the lysate was determined and adjusted uniformly
among the samples. The lysate was then incubated with the
following antibodies: anti-TR� (1:100) or anti-TR� (1:100)
(Thermo Fisher Scientific, Inc.), or anti-HA tag (1:100) (Milli-
pore) and rabbit anti-mouse IgG (1:250) as control in IPAbuffer
for 6 h to overnight. The immunocomplexes were captured by
addition of 50 �l of protein A-agarose. After one wash with
RIPA buffer and three washes with cold PBS, the immunocom-
plexes were resuspended in 4� SDS sample buffer (40% glyc-
erol, 240 mM Tris-HCl, pH 6.4, 8% SDS, 0.04% Bromophenol
blue and 5%�-mercaptoethanol), heated at 90 °C for 5min, and
separated by 8% or 10% SDS-PAGE. ForWestern blot, antibod-
ies including full-length anti-SUMO1 antibody (1:300) (Santa
Cruz Biotechnology), anti-TR� (1:250), anti-TR� (IgG, 1:500),
or anti-HA tag (1:500) (Millipore) were used to detect sumoy-
latedTRs. Immunoreactive bandswere detected by chemilumi-
nescence (GE Life Sciences) and imaged using Kodak Imager.
When the membrane was reprobed with a different antibody,
the membrane was stripped with stripping reagent (Bio-Rad)
for 15–30 min at 30 °C, followed by chemiluminescent expo-
sure and imaging for residual activity, and then the membrane
was incubated with blocking buffer for 1 h before incubating
with antibodies.
Detection of TR Sumoylation in Cells by Immunoprecipita-

tion, Co-immunoprecipitation, and WB—HepG2 cells were
plated on a 10-cm dish, transfected with vectors expressing
TR� or TR� and hSUMO-HA, and treated with or without T3
for 4 h. Briefly, cells were lysed in 1ml of IP buffer with protease
mixture. The rest of the procedure followed the standard IP
protocols. The antibody used and dilutions are the same as
described above. For IP input control, the same cell lysate after
IP with anti-TRs were used for IP with anti-GAPDH antibody
(1:250), followed by WB detection of GAPDH. For co-immu-
noprecipitation, HepG2 cells were cotransfected with NCoR-
FLAG TR� and/or siRNA SUMO1. Co-immunoprecipitation
was performed with anti-FLAG M2-agarose affinity resin in
lysis buffer (50 mM Tris-HCl, pH 7.4, with 150 mM NaCl, 1 mM

EDTA, and 1% Triton X-100) and incubated at 4 °C with rota-
tion for 4 h. The resinwaswashed three times in thewash buffer
composed of 50 mM Tris-HCl, pH 7.4, 150 mMNaCl. The resin
was then heated in SDS sample buffer (20�l) at 90 °C for 5min.
The co-immunoprecipitation complexeswere detected by anti-
FLAG and anti-TR� antibodies. The identity of TR-SUMO
bands was confirmed by stripping the membrane after hybrid-
ization and reprobing as described previously.
Reverse Transcription, PCR and/or q-PCR—RNA (1 �g) was

reverse-transcribed using the Superscript III kit (Invitrogen).
For PCR and q-PCR studies, 1 �l of cDNA or DNAwas used to
detect mRNA or ChIP assay (primers are listed in Table 1). All
q-PCR experiments were performed with triplicates.
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Detection of TSH�Transcripts—TSH� has two transcription
start sites (TSS)1 and 2. The transcript initiated from TSS2,
mRNA2, is repressed in response to T3 (24). To detect distinct
transcripts of TSH�, RNA (100 ng) fromGH3 cells was reverse-
transcribed utilizing OminScript (Qiagen) with gene-specific
forwarding primers GSP2 for TTS2 and reverse primer GSP3
containing poly(A). For q-PCR, 2 �l of cDNA was amplified
using GSP2 with GSP reverse primer.
Gene Silencing, Reporter Assay, and ChIP Assay—For re-

porter assays, cells were transfected with 100 nM (final concen-
tration) On-TargetTM SMARTpool (Dharmacon/Thermo-
fisher Scientific) siRNA SUMOs or siRNA control using
nucleofactor V, program 28, and then plated in 24-well
plates at 2 � 104 cells per well. Knockdown efficiency was
examined by PCR 48 h after knockdown. Reporter construct
and plasmids expression vectors were then transfected, and
cells were grown for 16–24 h in serum-replaced medium
with Serum Replacement (Invitrogen). Cells were then
treated with T3 (50 nM) for 6 h prior to luciferase assay. For
ChIP assay, rat pituitary cells (GH3) were cotransfected with
siRNA for SUMOs and TR�. Knockdown efficiency was
examined by WB 72 h after transfection. Cells were then
grown in serum-replaced medium for 16 h and treated with
or without T3 (50 nM) for 4 h. The ChIP assay method was as
described previously (24). The antibodies used in the ChIP
assay were anti-TR� (Thermo Fisher Scientific), anti-NCoR
(Millipore), and anti-CBP (Santa Cruz Biotechnology).
Immunoprecipitated DNA was purified and utilized for
q-PCR amplification with specific primers (Table 1).
Statistics—Statistical analysis was performedwith an average

of triplicates. A two-tailed Student’s t test was performed to
comparemeans.p value�0.05was considered to be statistically
significant.

RESULTS
TR� and TR� Are Sumoylated in Vitro and in Vivo—We

performed in vitro sumoylation of [35S]Met-labeled TR� and
TR� to determine whether these proteins are SUMO sub-
strates. In the presence of SUMO1, a single band migrating
above the TR� and TR� proteins was seen, indicating that both
TR� and TR� are sumoylated (Fig. 1A).We investigated in vivo
sumoylation of TRs inmouse liver, heart, and adipose tissue. To
detect endogenous sumoylation by any SUMO, full-length
SUMO1 antibody was used, which recognizes SUMO1,
SUMO2, and SUMO3 (Fig. 1B). In vivo conjugation of SUMO
to TR� and TR� was demonstrated in all tissues studied. To
confirm the presence ofTR in the putativeTR-SUMOcomplex,
the membranes were stripped and then incubated with TR�
and TR� antibodies (Fig. 1C). The bands detected by TR anti-
bodies generally matched the position of the identified
SUMO-TR complexes, although not all of the bands identified
by the SUMO antibody contained TR. Even considering only
those bands shown to contain both SUMO and TR, multiple
bands were observed, indicating that TR� and TR� have mul-
tiple sumoylation sites. There were variations in the extent of
TR sumoylation among the various tissues, as well as TR� and
TR� isoform differences (Fig. 1, B and C). The molecular mass
of SUMO conjugated protein species was as high as 250 kDa.
SUMO usually runs at a significantly higher position in SDS-
PAGE than the actual size. The high molecular weight protein
species may represent both multiple TR sumoylation sites as
well as polysumoylation at a single site.
TR Isoform-specific Requirement for Ligand, SUMO Specific-

ity, and E3 Ligase—TR� and TR� are ligand-activated recep-
tors. We investigated the influence of ligand on TR-SUMO
conjugation in HepG2 cells with transfected vectors expressing

TABLE 1
Primer Sequences

Name of primer/DNA oligonucleotide DNA sequence

Rat TSH� nTRE (21, 22) (M13897)
Forward 5�-agagtctgggtcatcacagcattaactcgccagtgcaaagtaaggtaggtctctacccgg-3�

Rat GH TRE (23) (X12967) �198 to �158
Forward 5�-cgcgtaaaggtaagatcagggacgtgaccgaga-3�

hSUMO1 (NM_001005782.1)
Forward 5�-ccggagcgaggttctgctta-3�
Reverse 5�-aagtaatgtcactgtatc-3�

hSUMO2 (NM_006937.3)
Forward 5�-gcaggatggttctgtggtg-3�
Reverse 5�-ctgcctcattgacaatccct-3�

hSUMO3 (NM_006936.2)
Forward 5�-tggaggacgaggacaccat-3�
Reverse 5�-agcatgcgaggtaggacg-3�

Rat TSH� nTRE ChIP (80-bp PCR product) (M13897.1)
Forward 5�-cgaagggtataaaatgaa-3�
Reverse 5�-gcacttcattttacaggtcctg-3�

Rat GH TRE ChIP (90-bp PCR product) (X1296.7)
Forward 5�-caaaaggacacattgggtgg-3�
Reverse 5�-ttgcccaggtttatgggc-3�

TSH� GSP2 (21, 22) (M13897.1)
Forward 5�-agcattaactcgccagtgca-3�

TSH� GSP3 (22) (M13897.1)
Reverse 5�-atcttatcttatcttgattattttat-3�

TSH� GSP-reverse (M13897.1)
Reverse 5�-cgtgtcatacaatacccagc-3�

Rat GH (mRNA) (NM_001034848)
Forward 5�-ttgttaggtgtcagcagccag-3�
Reverse 5�-atggctgcagactctcagac-3�

Consensus DR4 TRE sequence 5�-tagctcgaggtcacaggaggtcattgcc-3�
rME TRE sequence (36) �281 to �261 (M35258.1) 5�-aaaggtaagatcagggacgtgaccgcac-3�
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TR�, TR�, and SUMO-HA. Cells were treated with or without
T3 (50 nM) for 4 h. The cell lysate was immunoprecipitatedwith
anti-TR antibody and detected in WB with anti-HA antibody.
In the absence of T3, TR� was not sumoylated, but after addi-
tion of T3, TR� was preferentially sumoylated by SUMO1 (Fig.
2A, left panel). In contrast to the findings with TR�, sumoyla-
tion of TR� was not influenced by ligand, and it was preferen-
tially sumoylated by SUMO3 (Fig. 2A, right panel). A similar TR
isoform sumoylation pattern was seen in mouse myoblast
(C2C12) cells but the addition of T3 was associated with some
reduction of sumoylation in TR�, suggesting some cell type
variation (data not shown).
E1 (SUMO activation enzyme 1) and E2 (UBC9) are required

enzymes for sumoylation, and E3 ligases are substrate-specific.
We determined which E3 ligase was utilized for sumoylation of
TR� and TR�. HepG2 cells were transfected with vectors
expressing human PIAS family members (hPIAS1, hPIASx�,
hPIAS�, hPIAS3, and hPIASxy). Control cells were not trans-
fected with E3 ligase. Cells, including the control cells, were
treatedwith T3 (50 nM) for 4 h for detection of sumoylated TR�
and were grown without T3 treatment for detection of sumoy-

lated TR�. The anti-SUMO1 (full-length) antibody was used to
detect endogenous sumoylated TR by Western blot, following
immunoprecipitation. TR�-SUMO conjugation was primarily
facilitated by PIAS1 (Fig. 2B, left panel), although PIAS3 and
PIASxy also facilitated some conjugation. PIASx� was the E3
ligase that promoted TR�-SUMO conjugation (Fig. 2B, right
panel). The sumoylation of endogenous TR was stimulated by
the addition of exogenous E3 ligase, compared with control
without exogenous E3 ligase. This enhancement indicates that
in some cells, sumoylation of TR may be limited by the avail-
ability of E3 ligase.
Identification of Sumoylation Sites in TR� and TR�—Based

on inspection of the amino acid sequence, we identified five

FIGURE 1. In vitro and in vivo sumoylation of TR. A, [35S]TR� and -TR� were
incubated with E1, UBC9, and SUMO1 in sumoylation buffer at 37 °C for 1 h
and then separated by 10% SDS-PAGE. B, mouse liver (L), heart (H), and white
adipose (A) tissues were utilized for IP with anti-TR� (rabbit IgG) and anti-TR�
(mouse IgG) antibodies. In WB, anti-full-length SUMO1 was used to detect
sumoylation. The membranes shown in B were then stripped, checked by
chemiluminescent exposure to confirm the absence of residual activity, and
then incubated with anti-TR� (rabbit IgG) and anti-TR� (rabbit IgG) antibod-
ies (ab; C) to confirm that the identified TR-SUMO bands contained TR. IgG
was used as nonspecific control. Arrows indicate the location of TR-SUMO
complexes.

FIGURE 2. Sumoylation of TR isoforms. A, ligand effects and ligase prefer-
ence for sumoylation HepG2 cells were transfected with human SUMO
(SUMO1, 2, or 3)-HA, and human TR� or human TR� expression vectors and
grown in serum-free medium for 16 h prior to treatment with or without T3
(50 nM) for 4 h. Cell lysate was used for IP with anti-TR� or anti-TR� antibodies
(ab). Immunoprecipitated protein complexes were subject to 7.5% SDS-
PAGE. For detection of TR-SUMO conjugation in WB, anti-HA was used to
detect SUMO(1, 2, or 3)-HA. B, E3 ligase requirement. HepG2 cells were trans-
fected with PIAS family members. Control cells were not transfected with E3
ligase. Cells, including control cells, were treated with T3 (50 nM) for 4 h for the
detection of TR�-SUMO conjugation, but without T3 for detection of TR�-
SUMO. Anti-TR� or anti-TR� antibodies were used in IP and anti-SUMO1 (full-
length) in WB. After IP with anti-TRs, the cell lysates were then used for IP with
anti-GAPDH and WB GAPDH, which was used as a protein input control.
C, verification of TR in SUMO-conjugated bands in B. The membrane in B was
stripped, checked with chemiluminescent exposure to confirm the absence
of residual activity, and then incubated with anti-TR antibodies as shown.
Arrows show SUMO-TR complexes.
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potential sumoylation sites in TR� and four in TR� (Fig. 3A).
To determine the active sumoylation sites, we mutated each
putative site and examined sumoylation inHepG2 cells cotrans-
fected with the vectors expressing SUMO1-HA or SUMO3-HA.
To locate theTR� sumoylation site, cells were treatedwithT3 (50
nM) for 4 h prior to immunoprecipitation. To determine TR�
sumoylation sites, cells were grown without T3. Active sites were
identified based on loss of sumoylation as a consequence of a
mutation. There were three active sites in TR�, lysine 50, lysine
146, and lysine 443 (Figs. 3B). We confirmed two active sites in
TR�, lysine 283 and lysine 389 (Figs. 3C). Mutations at these sites
markedly reduced TR sumoylation.
The Effects of Sumoylation on T3-dependent Regulation of a

Positive TRE—We have demonstrated that TR� and � are both
sumoylated but differ with respect to the influence of ligand,
preferences for SUMO isoforms and E3 ligases. We wanted to
determine how these differences influenced T3-dependent
gene expression. We analyzed expression of a reporter vector
with a native positive TRE from the rat growth hormone gene
(rGH). The rGH TRE is composed of three half-sites (A, B, and
C) arranged in a combination of a DR4 and an inverted repeat
(23). GH3 (rat pituitary) cells were utilized after selective
SUMO knockdown using On-TargetTM SMARTpool, com-
posed of four sets of siRNAs.We also performed siRNA knock-
down using four individual siRNA for each SUMO target,
which yield similar results to that using SMARTpool (supple-
mental Fig. S1).
GH3 cells were then transfected with the rGH TRE reporter

construct and TR� or TR� expression vectors. Reporter
expressionwas evaluatedwith andwithoutT3 (50 nM) (Fig. 4A).
In the control cells, as expected, unliganded TR repressed tran-
scription and liganded TR stimulated transcription via the
rGH-positive TRE. In TR�-transfected cells, however, T3
induction was abolished by SUMO1 knockdown and not
affected by SUMO3 knockdown (Fig. 4A, left panel). Knock-
downof SUMO1or SUMO3dramatically increased basal activ-

ity in the presence of unligandedTR� and completely abolished
induction in response to �3. Knockdown of SUMO2 blunted
TR�/T3-mediated stimulation but did not affect the pattern of
T3 induction (Fig. 4A, right panel). Basal gene expression in the
presence of TRs (either TR� or TR�) and absence of ligand
were significantly enhanced after SUMO1 or SUMO3 knock-
down. Taken together, these results from reporter assays indi-
cate that SUMO1 and -3 but not SUMO2 are important for
TR�/TR� T3-mediated regulation of the rGH-TRE reporter.
Although SUMO3-TR� conjugation could not be demon-
strated in our in vitro system (Fig. 2A), there were functional
effects of SUMO3 knockdown on basal expression by unligan-
ded TR�. These effects may be due to SUMO3 actions on TR
cofactors. To verify the specificity of the SUMO effects for the
TRE, we performed transfection studies using a reporter con-
struct carrying a mutant rGH TRE that is no longer induced by
T3 (supplemental Fig. S2). SUMOknockdownhad no influence
on activity of the mutant rGH TRE with or without ligand,
indicating that SUMO knockdown specifically affected TR
function on the TRE.
The Effects of Sumoylation on T3-dependent Regulation of a

Negative TRE—Wenext investigated the importance of sumoy-
lation for T3-dependent repression mediated by the well char-

FIGURE 3. Identification of the sumoylation sites in TR� and TR�. A, pre-
dicted sumoylation sites based on amino acid sequence in TR� and TR�, with
an asterisk showing confirmed sites based on mutation analysis. HepG2 cells
were transfected with vectors expressing SUMO1-HA (B; for TR�) or
SUMO3-HA (C; for TR�) and wild type or mutant TRs as shown. Cells were
treated with T3 (50 nM) for 4 h for TR� sumoylation, but without T3 for TR�
sumoylation. The cell lysate was immunoprecipitated with an anti-HA anti-
body (ab) to detect SUMO1- or SUMO3-HA, and Western blot was performed
with TR� (B) or TR� (C) antibody. *, confirmed sumoylation sites in TRs. A/B,
activation domain; DBD, DNA binding domain; LDB, ligand binding domain.

FIGURE 4. Sumoylation is important for T3-dependent induction and
repression of gene expression. GH3 cells were transfected with siRNA
SUMO (1, 2, or 3) or siRNA control using Nucleofactor V, program T-28 (Lonza,
Inc.) and plated onto 24-well plates. After 48 h, cells were tested for knock-
down efficiency and then cotransfected with expression vectors (TR� or TR�)
and reporter construct rGH-TRE-Luc (A) or rTHS�-TRE (B) using Effectene
transfection reagent (Qiagen). T3 (50 nM) was added, and a reporter assay
performed after 6 h. C, RT-PCR analysis of SUMO mRNA after siRNA SUMO
knockdown and TR mRNA expression in transfected cells. *, T3 induction com-
pared with basal (p � 0.05); **, basal compared with expression without trans-
fected TR and T3 (p � 0.05). C, confirmation of specificity of siRNA is shown
with mRNA detection by q-PCR for each SUMO condition and an absence of
effect of siRNA on other SUMOs, TRs, or GAPDH.
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acterized TSH�-negative TRE (nTRE). The reporter construct
TSH� nTRE-luc was cotransfected with expression vectors for
TR� and TR� in GH3 cells, after selective knockdown of
SUMO. In the control cells, unliganded TR enhanced reporter
expression and addition of T3 repressed it (Fig. 4B). TR� was
more effectivemediatingT3 repression, comparedwithTR�, in
agreement with the predominant role of TR� in regulation of
TSH. After SUMO1 knockdown, unliganded-TR� or -TR�
reduced rather than the expected enhancement of basal expres-
sion. Compared with control, T3 induced reporter expression
8-fold in TR�-transfected cells and 2.7-fold in TR�-transfected
cells, rather than the usual repression (Fig. 4B). The TSH�
nTREdid not conferT3-dependent repression in the absence of
SUMO1. SUMO2 knockdown had minimal effects on TR� or
TR� -mediated T3-dependent repression. In TR�-transfected
cells, SUMO3 knockdown substantially enhanced reporter
expression in the presence or absence of T3 (Fig. 4B, left panel).
This is consistent with TR� recruiting coactivator, but not
corepressor, to the TSH� nTRE in the absence of SUMO3.
After SUMO3 knockdown, neither TR� nor �3 influenced
reporter expression (Fig. 4B, right panel), indicating that
SUMO3 is required for TR�-mediated T3 induction.
Although SUMO1 and SUMO3 are similar, their effects on

transcription are distinct, as shown in the reporter assay with
the rGH TRE. To confirm our findings, we studied an addi-
tional TRE, the consensus DR4TRE in a reporter assay (supple-
mental Fig. S3). The results are similar to those utilizing the
rGHTRE regarding siRNA SUMO2 effects, although the mag-
nitude of the effect on transcription activity varied.
Influence of TR� and � Sumoylation Mutations on T3 Regu-

lation of a TRE and nTRE—We wanted to determine the spec-
ificity of the influence of SUMO knockdown on T3 induction
and repression to TR sumoylation. We, therefore, performed
transient transfection assays with the rGH TRE and �-TSH
nTRE and transfected wild-type TR � and � compared with
TRs with introduced sumoylation-site mutations in HepG2
cells (Fig. 5). TheTR�mutations K146Q andK443Qwere asso-
ciated with loss of T3-dependent induction and repression,
consistent with the findings with SUMO1 knockdown. The
K50Qmutation retained T3 induction and repression, but with
significant reduction in the magnitude. The TR� mutation
K389Q was associated with complete loss of T3 induction and
repression. The K283Q mutation retained some T3 induction
and repression, but with reduced magnitude. This shows that
TR sumoylation is important for the observed functional effects
after SUMO knockdown.
Sumoylation Modulates TR Binding and Recruitment of

Cofactors to an Endogenous TRE—Our data demonstrate that
SUMO1 and SUMO3 are important for T3-dependent gene
induction and repression and influenced by the specific TRE
and TR isoforms. We next determined the influence of SUMO
knockdown on endogenous T3-regulated gene expression of a
positively (GH) and negatively (TSH�) regulated gene in GH3
cells. We also determined the influence of SUMO on TR bind-
ing and the recruitment of endogenous corepressor (NCoR)
and coactivator (CBP), in the presence and absence of T3.
The net effect of SUMO1knockdownon endogenous growth

hormone gene regulation, shown by the level of GH mRNA

expression inGH3 cells, was an increase in basal expression and
a 3-fold T3 repression, comparedwith the normal T3 induction
in controls (Fig. 6A). After SUMO3 knockdown, GH mRNA
expression at base line and after T3 treatment was markedly
increased. In the control, NCoR was recruited to the rGH TRE
in the absence of ligand, and the addition of ligand resulted in
loss of NCoR binding and recruitment of CBP (Fig. 6B). This is
consistent with functional repression in the absence of ligand
and inductionwith the addition of ligand.After SUMO1knock-
down, the patterns of NCoR and CBP recruitment to the rGH
TRE, however, were reversed from that of controls, with a net
effect of T3 repression (Fig. 6B). After SUMO3 knockdown
and treatment with T3, TR� DNA-binding, NCoR, and CBP
recruitment were enhanced compared with control group. Our
data from the reporter assay in transient transfection, endoge-
nous GHmRNA, and ChIP assay showed that SUMO1 had the
most influence on TR�/T3-mediated rGH gene stimulation in
GH3 cells.
The observed impact of SUMO knockdown on T3-depen-

dent gene expression could be the direct result of TR sumoyla-
tion but could also be indirectly related to sumoylation of other
cofactors. We wanted to determine the influence of specific
disruption of TR sumoylation. We utilized the TR� sumoyla-
tion site mutant, K443Q, to determine the influence of SUMO
onTR/T3-mediated transcription and recruitment of cofactors
in GH3 cells. In a reporter assay, T3 induction was significantly
diminished with transfection of TR� K443Q, compared with
wild-type TR� (Fig. 6D). In the presence of TR� K443Q, T3
enhanced rather than disruptedNCoR binding to the rGHTRE
(Fig. 6E).With transfection of TR�K443Q, theGHmRNA level
was increased 2.2-fold in the absence of T3 and reduced 0.6-
fold with T3 treatment, compared with the actions ofWT TR�

FIGURE 5. Effects of sumoylation site TR� and � mutations on T3-medi-
ated gene transcription. Wild-type TRs and TR mutants cotransfected with
reporter constructs rGH TRE-luc (A) and TSH� TRE-luc (B) in HepG2 cells. Cells
were grown in serum-replaced medium for 16 h and then treated with T3 (50
nM; black bars) or without (white bars) for 4 h prior to luciferase assay. *, with
linking bar shows significant effect, p � 0.05 of T3 treatment compared with
control; *, compares mutant TR with or without ligand to control, p � 0.05.
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(Fig. 6F). These data indicate that the functional effects of
SUMO knockdown are reproduced with a TR sumoylation
mutant, indicating that sumoylation of TR is sufficient to
explain the effects of sumoylation onT3 signaling. Sumoylation
of cofactors may additionally influence T3 action but are not
the primary sumoylation targets that explain the functional
results.
The ChIP assay demonstrated that SUMO knockdown

resulted in impairment of ligand-dependent release of NCoR.
We performed co-immunoprecipitation using HepG2 cell
cotransfected with NCoR-FLAG and TR� or TR� K443Q with
or without siRNA SUMO1 (Fig. 7). In the control condition,
NCoR and TR� were co-immunopreciptated in the absence of
T3, but TR� did not bind NCoR in the presence of T3 (Fig. 7,
lanes 5 and 6). After either SUMO1 knockdown (Fig. 7, lanes 1
and 2) or in the presence of the TR� K443Q (Fig. 7, lanes 3 and
4), addition of T3 did not disrupt the NCoR-TR� complex.
Sumoylation of TR�, therefore, is important for ligand-depen-
dent release of NCoR from TR�.
Previously, we observed the differential effects of SUMO2

and SUMO3 in reporter expression, suggesting differential
effects of SUMO2/3 on interaction of TR with cofactors. We
performed a ChIP assay using GH3 cells with transfected
siRNA SUMO2 and TR� with or without T3 treatment (sup-
plemental Fig. S4). After siRNA SUMO2 knockdown, the
protein interaction pattern on the rGH TRE was similar to

control cells, as NCoR was dissociated from TR after T3
treatment. In contrast, after knockdown of SUMO3 NCoR
association with TR was not disrupted by T3 (Fig. 6). The
differential effects of SUMO2 and SUMO3 has been
reported by others (25, 26).

FIGURE 6. The influence of SUMO1 and SUMO3 expression on endogenous rGH mRNA expression and recruitment of TR� and cofactors to the TRE.
A, GH3 cells were transfected with siRNA SUMO1 or SUMO3. Three days after transfection, the medium was changed to serum-replaced medium, and cells were
allowed to grow for 16 h. Cells were treated with or without T3 (50 nM) for 4 h prior to isolating RNA. The endogenous rGH mRNA expression in GH3 cells was
detected by q-PCR. C, control. B, ChIP assays were performed using GH3 cells transfected with TR� and siRNA SUMO1 or siRNA SUMO3 and antibodies (ab)
anti-TR�, anti-NCoR, and anti-CBP. C, WB analysis of SUMO1 and -3 knockdown. D, the rGH TRE-luc reporter activity was analyzed in TR�- and TR� K443Q-
transfected GH3 cells with or without addition of 50 nM T3. E, ChIP assay of TR binding to rGH TRE and interaction with NCoR and CBP. GH3 cells were transfected
with TR� and TR� K443Q and treated with or without T3 as described in A. Antibodies used in ChIP assay were anti-TR�, anti-NCoR, and anti-CBP. The specific
region of the rGH TRE was q-PCR quantified (see Table 1 for primers). F, endogenous rGH mRNA expression in the presence of transfected TR� or TR� K443Q.
T3 treatment is the same as described in A. G, WB shows the protein level of TR� and TR� K443Q in transfected cells from the experiment shown in E. *, indicate
p � 0.05 compared with controls.

FIGURE 7. Ligand-dependent release of corepressor from TR� was dis-
rupted by TR� K443Q mutation. HepG2 cells were cotransfected with
NCoR-FLAG and TR� or TR� K443Q. Cells were cotransfected with siRNAs and
expression vectors as indicated in the figure. Coimmunoprecipitation was
performed using affinity anti-FLAG resin in coimmunoprecipitation buffer
(see “Experimental Procedures”). The immunoprecipitated complexes were
detected in WB using anti-FLAG antibody (ab) to detect NCoR and anti-TR�
antibody. SUMO1 knockdown efficiency is shown in the WB in the lower panel.
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Sumoylation Modulates TR Binding and Recruitment of
Cofactors to an Endogenous nTRE—We investigated whether
SUMO knockdown influenced endogenous TSH� mRNA
expression in a similar fashion to the TSH� nTRE in transient
transfection. The rat TSH� gene has two transcription start
sites (TSS1 and TSS2), which generate a longer and shorter
transcript. The shorter transcript is repressed by T3 and
reflects T3 regulation of TSH (27). We measured the shorter
transcript as the TSH� mRNA and determined the effects of
siRNA SUMO knockdowns in GH3 cells on TSH� mRNA
expression (Fig. 8A). In control cells, TSH� was repressed 2.9-
fold by T3 (10 nM). In cells transfected with siRNA SUMO1, the
TSH� mRNAwasmarkedly reduced in the absence of T3 com-
pared with the control cells. In the presence of T3, mRNA was
increased but not to a significant level (p � 0.066). After
SUMO3 knockdown, however, the level of TSH� mRNA
expression did not change in response to T3 (Fig. 8A). These
results indicate that SUMO3 is required for endogenous TSH�
gene regulation by TR�, as it was required for regulation of the
TSH� nTRE in the transient transfection assay.

We demonstrated by ChIP assay that SUMO influences
endogenous TR DNA binding and interaction with cofactors.
In the control condition (transfected with non-targeting
siRNA), T3 significantly enhanced TR� binding to the TSH�
nTRE, resulting in an increase in recruitment of NCoR and
release of CBP (Fig. 8B). This is the expected pattern of TR-
DNA binding and cofactor interaction on the TSH� nTRE in

response to ligand. After SUMO1 knockdown, the magnitude
of NCoR recruitment was reduced compared with the control,
either in the absence or presence ofT3.CBPbindingwas dimin-
ished in the absence of T3 but significantly increased in the
presence of T3. These data support the functional data showing
T3 induction after SUMO1 knockdown. SUMO3 knockdown
promoted TR� interaction with DNA and recruitment of
NCoR in the absence of T3 (Fig. 8B), consistent with increased
basal activity in the reporter assay. Conversely, in the presence
of T3, TR� binding was reduced 87%, NCoR recruitment was
reduced 75%, and CBP was increased 47% compared with con-
trol, consistent with T3 induction seen in reporter assay. These
results demonstrate that sumoylation influences TR recruit-
ment of corepressor and coactivator to the TSH� nTRE.

DISCUSSION

We have demonstrated that TR� and TR� are SUMO sub-
strates. Multiple forms of SUMO-TR were observed, with the
highestmolecularmass form�250 kDa. There were some vari-
ations in the extent and nature of TR sumoylation among the
different tissues studied. Although SUMO runs larger in SDS-
PAGE than its actual size, we suspect a poly-SUMO chain asso-
ciated with the higher molecular weight species. Conjugation
by a poly-SUMO chain usually has more repressive effects on
transcription than single SUMO conjugation. Repressive and
activating actions of TR vary by the ligand status and interac-
tion with a TRE or nTRE, so it is unlikely that TR-sumoylation
alone is the sole determining factor for repression or activation
of transcription.
Therewere distinct roles for SUMO1 and SUMO3 in sumoy-

lation of TR� and TR� and in T3-dependent gene regulation,
with little apparent role for SUMO2. The influence of sumoy-
lation of TR on positive and negative gene regulation had vari-
able effects that were a function of the individual SUMO, the
TRE/nTRE, and TR isoforms. SUMO1 and SUMO3 were crit-
ical for T3-induced gene expression. The rGH TRE showed
distinct patterns of the influence of SUMO1 and SUMO3 on
gene expression with TR isoform preference. For example,
SUMO1 and SUMO3 were important for TR�/T3-induction
and SUMO3 for TR�/T3 induction.
SUMO modification influences protein-protein interaction,

which has been demonstrated in androgen receptor, glucocor-
ticoid receptor, Smad4, LRH-1 (28–31), and cofactors NCoR
and RIP140 (32, 33). We demonstrated by ChIP assay that
SUMO1 influences the recruitment of CBP to both positive and
negative TREs. SUMO had diverse effects on TR binding to
DNA and recruitment of NCoR and CBP. SUMO conjugation
to TR may act by modifying TR interactions with cofactors or
may also protect TR fromproteolytic targeting by ubiquitin (34,
35). The most potent effect of TR sumoylation, however, is
likely on its interaction with transcriptional cofactors.
The role of sumoylation in T3-mediated induction and

repressionwas shown in functional studies andTRand cofactor
binding to the response elements by ChIP assays after SUMO
knockdown. Althoughwe demonstrated that TR is sumoylated,
SUMOknockdownmay secondarily influence TR by the action
on other SUMO substrates, especially nuclear receptor coacti-
vators and corepressors. Both NCoR and CBP are sumoylated

FIGURE 8. The influence of SUMO1 and SUMO3 on endogenous TSH�
mRNA expression and recruitment of endogenous TR� and cofactors to
the TSH� nTRE. A, the endogenous T3-responsive TSH� mRNA was deter-
mined using gene-specific primer (GSP2 and GSP3) for cDNA synthesis with
cell culture and treatment conditions as described in the legend to Fig. 6.
q-PCR primers GSP2 and GSP-reverse were used (see Table 1 for primer
sequences). B, ChIP assays using GH3 cells. T3 treatment and assay conditions
were the same as described in the legend to Fig. 6. *, indicates significance
p � 0.05 compared with control.
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by SUMO1 (30, 33). SUMO1-NCoR conjugation increases
NCoR interaction with Sin3 and histone deacetylase and pro-
motes repression. Desumoylation of CBP by SENP1 enhances
CBP interaction with SRC and histone acetyltransferase and
potentiates transcriptional activity. The observed effects, there-
fore, are likely the result of both TR and cofactor sumoylation.
Several findings, however, support a significant role for TR

sumoylation, especially with respect to TR isoform specificity.
AlthoughbothTR isoforms required sumoylation forT3 induc-
tion and repression, the influence of ligand, SUMO type, and E3
ligase preference varied between TR� and �. Isoform specific-
ity, therefore, may be mediated by variations in sumoylation.
To isolate the effects of TR sumoylation, from cofactors that

are SUMO substrates and essential for transcription, we stud-
ied a TR� sumoylation mutant, K443Q. The SUMO mutant
had a similar profile in the functional assay to the wild-type TR
after SUMO knockdown. This sumoylation mutant eliminated
T3 induction and prevented the release of NCoR from the
endogenous rGH TRE. The TR� K443Q mutation, however,
may influence cofactor interaction as well as SUMO conjuga-
tion and will require further study. The cotransfection of the
sumoylation mutant may also be influenced by endogenous
TR�, although the comparison with cotransfected wild-type
TR demonstrates a clear difference with the TR� K443Q. The
other sumoylation site mutants had similar impairments in T3
induction, although the range of the magnitude of the effects
suggests that the SUMO sites likely have different impact on
function.
Sumoylation modulates T3-induced gene induction and

repression. The specificity of SUMOs, TR isoforms, and E3
ligases support the importance of this posttranslational modi-
fication. Therewas concordance of functional requirements for
SUMOs in transient transfection with TR and cofactor binding
to endogenous genes. A systematic study of TR and cofactor
SUMOmutants will ultimately be needed to determine the rel-
ative influence of sumoylation on TR and cofactors in vivo,
although the current evidence supports that sumoylation of TR
is important. Complimentary approaches to point mutations,
however, will be needed as mutations of SUMO-interacting
amino acids may secondarily influence receptor structure and
other interactions important for function.
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