
E-Mail karger@karger.com

 Basic Thyroidology / Original Paper 

 Eur Thyroid J 2016;5:152–163 
 DOI: 10.1159/000447232 

 Impaired Repressor Function in 
SUMOylation-Defective Thyroid 
Hormone Receptor Isoforms 

 Joachim M. Weitzel  

 Institute of Reproductive Biology, Leibniz Institute for Farm Animal Biology (FBN), FBN Dummerstorf, 
 Dummerstorf , Germany

 

SUMO variants (SUMO-1, -2, and -3). The transcriptional ac-
tivity of SUMOylation-defective mutants of TR alters gene 
transcription from positively and negatively regulated T 3 
target genes.  Conclusions:  The most pronounced effect is
an impaired repressor function of SUMOylation-deficient TR 
in the absence of T 3 . The transcriptional properties of
SUMOylation-defective TRs can be at least in part ascribed to 
altered interaction with transcriptional cofactors such as 
SRC-1 and NCoR. Thus, these data indicate that posttransla-
tional modification of TR by SUMOylation contribute to the 
fine tuning of its transcriptional response maintaining ef-
fects on cellular and physiological homeostasis.

 © 2016 European Thyroid Association
Published by S. Karger AG, Basel 

  Introduction 

 Thyroid hormone (TH) has a profound influence on 
normal development, differentiation, and metabolism. 
Genomic actions of THs are mainly mediated and regu-
lated by thyroid hormone receptors (TRs); however, TH-
transmitted effects are also controlled by nongenomic 
processes as well as by modifying the ligand itself  [1–3] . 
TRs are encoded by two different genes (α and β genes). 
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 Abstract 

  Background:  Many nuclear receptors are modified by post-
translational modifications.  Objectives:  The transcriptional 
activity of thyroid hormone receptors (TRs) is modified by 
the influence of its ligand (thyroid hormones T 3  and T 4 ), but 
is also affected by posttranslational modifications. This study 
focuses on the SUMOylation of TR isoforms and the conse-
quences on transcriptional activity and promoter occupan-
cy.  Methods:  SUMOylation of TR wild-type as well as iso-
form-specific point mutations have been studied in vitro. The
promoter occupancy of TR (wild-type and double- or triple-
mutated versions) and transcriptional cofactors have been 
investigated in chromatin immunoprecipitation (ChIP) and 
Re-ChIP analysis.  Results:  TR is modified by SUMO proteins 
at defined residues: the isoform TRα is mainly modified at 
lysines 281 and 387, whereas lysines 50 and 443 are major 
SUMOylation sites of isoform TRβ. Lysine residues K281 (TRα) 
and K50 (TRβ) are isoform-specific SUMOylation sites influ-
encing differing TR domains, whereas K387 (TRα) and K443 
(TRβ) are orthologous residues. TRs are targets of all three 
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Due to alternative splicing and alternate translational ini-
tiation, at least a dozen functional active TRα and TRβ 
isoform protein variants are synthesized. The archetypi-
cal TR binds to TH response elements which are located 
in promoter sequences of target genes, but may also be 
positioned several thousand base pairs up- or down-
stream of the regulated gene  [1, 4] . TRs belong to a group 
of transcription factors whose gene regulation function 
depends on the presence or absence of their particular li-
gand (i.e. TH). Liganded TRs commonly recruit a large 
coactivator complex that possesses or attracts enzymatic 
activities (e.g. coactivator SRC-1), which alter chromatin 
of target genes in order to generate an open chromatin 
structure allowing for proper transcription. In the ab-
sence of T 3  (triiodothyronine), the unliganded TR under-
goes conformational changes and recruits a corepressor 
complex (e.g. corepressor NCoR). Again, this corepressor 
complex integrates several enzymatic activities which 
modify chromatin towards a closed structure, resulting in 
a transcriptional silent state  [5] . Unfortunately, mecha-
nisms of negatively TH-regulated genes in the presence 
of T 3  are less clear  [6, 7] . However, the balanced recruit-
ment of transcriptional cofactors might also play an es-
sential role for this T 3 -dependent gene regulation.

  TH action has also been described to be modified by 
posttranslational modifications of TR  [3, 8] . In this con-
text, TRβ has been described to be phosphorylated at Ser-
142 within the DNA-binding domain (DBD) via the MAP 
kinase pathway  [9] . This particular serine residue is not 
conserved in TRα. Thus, the functional consequences of 
phosphorylation of different TR isoforms remain contro-
versial  [10, 11] . Other modifications of TR have also been 
confirmed to interfere with its transcriptional activity. 
For example, T 3  can trigger increased ubiquitination of 
TRβ within the ligand-binding domain (LBD), causing 
proteasomal degradation  [12] . Besides phosphorylation 
and ubiquitination, acetylation at three defined sites 
within the hinge domain of TRα has also been revealed 
and probably affects DNA binding and transactivation 
 [13] .

  Strikingly, TRs have recently also been described to be 
modified by SUMOylation  [14, 15] . Three SUMO (small 
ubiquitin-like modifier) proteins (SUMO-1, -2, and -3) 
are contained by mammals. These SUMO proteins com-
prise approximately 100 amino acids and can be cova-
lently attached to the ε-amino group of the amino acid 
lysine. The SUMO-modified lysine is often found within 
a minimal consensus motif ψKX(E/D) (ψ: hydrophobic 
amino acid; K: lysine; X: any amino acid; E/D: glutamate 
or aspartate). SUMO-1 is characterized as  ∼ 50% identical 

to SUMO-2/3, whereas SUMO-2 and SUMO-3 are actu-
ally almost equal. In contrast to SUMO-1, which is bound 
as a monomer, SUMO-2 and -3 are able to form poly-
mers. The SUMO modification and also the mode of co-
valently labeling to the target protein are similar to the 
posttranslational modification by ubiquitin: SUMO like 
ubiquitin is activated by an E1 enzyme (activating en-
zyme) in an ATP-dependent manner, conjugated by an 
E2 enzyme [e.g. UBC9 (ubiquitin-conjugating enzyme 
9)], and linked to a substrate by the action of a E3 ligase 
family member  [16, 17] . Posttranslational modification 
by SUMOylation is not static. In contrast, due to the ac-
tivity of SUMO-specific proteases, SUMO modification 
can be detached from the labeled protein without degrad-
ing the substrate protein  [16, 17] . SUMOylation has 
emerged as a significant regulatory mechanism in cell 
physiology which is associated with modulating a wide 
variety of cellular processes, such as transcriptional activ-
ity, subcellular localization, or interference with binding 
partners in a target-specific manner. Modification of a 
target protein by SUMOylation might also interfere with 
other posttranslational modifications at the same or a 
closely adjacent site, and therefore might block or at least 
attenuate other signal transduction pathways  [18, 19] . 
Several transcription factors (e.g. nuclear receptors) and 
transcriptional cofactors (e.g. coactivators and corepres-
sors) are verified targets of SUMOylation  [20–23] . With 
this study, I demonstrate that SUMOylation of TRα
and TRβ is capable of fine-tuning its corresponding
transcriptional activity. Since I could prove that certain
SUMOylation sites are isoform-specific, this study sug-
gests that a TR-SUMOylation might offer a sophisticated 
regulation mechanism for an isoform-specific regulation 
of TRα and TRβ activity.

  Material and Methods 

 Isolation and Characterization of DNA Sequences 
 Human TSHα promoter from –802 to +22 in pGL3, rat

mGPDH promoter B from –316 to +109 in pGL2, the 5xUAS-Luc 
reporter, and the expression plasmids of chicken TRα 1  and human 
TRβ 1  [both N-terminally fused with hemagglutinin (HA) and Flag 
epitopes] in pSG5 and pcDNA3 have been described previously 
 [24, 25] . Expression plasmids of SUMO-1 wild-type in pHH10B, 
SUMO-1 ΔGG in pHH10B, and UBC9 in pcDNA3 are kind gifts 
from Frauke Melchior (University of Heidelberg, Germany). The 
expression plasmid of human TRβ 1  is a kind gift from Peter Hof-
mann (Charité Berlin, Germany). Various Gal4-DBD-TR fusion 
proteins have been designed by PCR amplification of chicken TRα 
fragments which were cloned into pcDNA3 (Life Technologies, 
Darmstadt, Germany). Various GST fusion proteins have been 
generated by PCR amplification of TRα or TRβ fragments and 
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cloned into pGEX-2T (GE Healthcare, Munich, Germany). Point 
mutations were introduced using a self-made site-directed muta-
genesis system adapted from the QuickChange kit by Stratagene. 
All clones were confirmed by DNA sequencing. In silico analysis 
to predict putative SUMOylation sites of TR was performed with 
SUMOplot (Abgent, San Diego, Calif., USA) and SUMOsp 2.0 
 [26] .

  Cell Culture Experiments 
 Human hepatocarcinoma HepG2 and human embryonic kid-

ney HEK293 cells were cultured under standard conditions. Tran-
sient transfection experiments were conducted using a modified 
calcium phosphate technique demonstrated previously  [24, 25] . 
For classical transient transfection experiments on 9.6 cm 2  dishes 
(each containing  ∼ 7 × 10 5  cells), the first 2 μg of promoter lucifer-
ase reporter (pGL3-basic vector) was mixed with 0.2 μg of chicken 
TRα 1  in pSG5 or human TRβ 1  in pcDNA3 and then stimulated 
with 100 n M  T 3  (Sigma Aldrich, Taufkirchen, Germany). For 
mammalian one-hybrid experiments, 2 μg of 5xUAS-Luc reporter 
plasmids were mixed with 0.4 μg of the corresponding Gal4-TRα 
fusion protein plasmid and stimulated with 100 n M  T 3 . Cells were 
harvested after a 24-hour incubation, and luciferase activity was 
determined as depicted previously  [24, 25]  and finally normalized 
to the total protein concentration of the samples (Bradford, Bio-
Rad) or to a normalizing renilla luciferase expression. Luciferase 
measurements were carried out in duplicate, and each construct 
was tested in at least three independent transfection experiments 
with 2–3 culture dishes per experiment.

  Immunoprecipitation 
 For detection of SUMOylated TR in cell culture, 2 μg of Flag-

HA-tagged chicken TRα 1  in pSG5 or Flag-HA-tagged human 
TRβ 1  in pcDNA3, 2 μg of SUMO-1 (wild-type or mutated version) 
in pHH10B, and 2 μg of UBC9 in pcDNA3 were transfected into
5 × 10 6  HepG2 cells. Cells were lysed, incubated with anti-Flag M2 
affinity gel (Sigma Aldrich), and immunoprecipitated  [27] . After 
immunoprecipitation, unmodified TRs were detected by Western 
blot analysis using an anti-HA antibody (No. 6E2; Cell Signaling, 
Frankfurt am Main, Germany) and SUMO-modified TRs were de-
tected by anti-SUMO-1 antibody (SUMOlink kit, Active Motif). 
Amounts of immunoprecipitated proteins were quantified using 
AIDA Image Analyzer v4.15 (Raytest, Straubenhardt, Germany) 
and expressed as a ratio of modified relative to unmodified protein 
concentrations.

  In vitro SUMOylation Assay 
 Bacterially expressed GST-TRα and GST-TRβ (wild-type and 

mutant versions) fusion proteins were produced in  Escherichia coli  
as indicated previously. These fusion proteins contain an HA-tag 
located C-terminally of the GST and N-terminal of the TR protein 
portion. The total bacterial lysate derived from 100 ml of  E. coli  
culture was completely loaded on GST GraviTrap columns (GE 
Healthcare) and purified according to the instructions of the man-
ufacturer. The expression of correctly sized proteins was moni-
tored by SDS-PAGE. 500 ng of the purified proteins were intro-
duced into the SUMOlink kit (Active Motif, Rixensart, Belgium) 
according to the instructions of the manufacturer. After incuba-
tion for 3 h at 30   °   C, the SUMOylated samples were directly loaded 
onto an SDS-PAGE and detected by Western blot analysis using 
an anti-HA antibody (No. 6E2, Cell Signaling).

  Chromatin Immunoprecipitation 
 Chromatin immunoprecipitation (ChIP) analyses have been 

performed as previously shown  [27] . Constructs for cotransfection 
are as described above. For immunoprecipitation, antibodies 
against HA-Tag (No. Y-11, Santa Cruz), Flag-tag (M2 affinity gel, 
Sigma Aldrich), SRC-1 (No. ab84, abcam), NCoR (No. ab24552, 
abcam), and nonspecific IgGs (No. I5006, Sigma Aldrich) were 
used. For the detection of mGPDH promoter-bound proteins,
the PCR primers mGPDH for 5 ′ -agctggaggttcctgacttcc-3 ′  and
mGPDH rev 5 ′ -ctttatgtttttggcgtcttc-3 ′  were employed by qPCR (i-
cycler, Bio-Rad). For the detection of TSHα promoter-bound pro-
teins, the primers TSHα for 5 ′ -atggtaattacaccaagtaccc-3 ′  and TSHα 
rev 5 ′ -ctttatgtttttggcgtcttc-3 ′  were employed by qPCR (i-cycler, 
Bio-Rad). After the first immunoprecipitation, Re-ChIP analyses 
were conducted by incubating the samples with 5 m M  DTT for 30 
min at 37   °   C. Samples were then diluted 1:   50 with Re-ChIP buffer 
(150 m M  NaCl, 20 m M  Tris-HCl, 2 m M  EDTA, 1% Triton X-100, 
pH 8.1), incubated with the second antibody overnight at 4   °   C, and 
immunoprecipitated as described. ChIP analyses were normalized 
in a two-step procedure (1) to the input control of the same sample 
and (2) to a parallel sample treated with nonspecific IgG. Chroma-
tin occupancy of immunoprecipitated samples was determined 
relative to the occupancy of TR wild-type without T 3  stimulation. 
The amount of immunoprecipitated samples corresponded to 
 ∼ 0.06% of those from the input controls. Results of at least three 
independent ChIP experiments, conducted in duplicates, are 
shown.

  Statistical Analysis 
 Effects were assessed by one-way analysis of variance. Tests 

(pair-wise comparisons or comparisons vs. control) were per-
formed by the post hoc Newman-Keuls procedure. Values of p < 
0.05 were considered statistically significant. Results are presented 
as means ± SD. Tests were performed with the SAS statistical pack-
age (SAS Institute, Cary, N.C., USA) and Sigma Stat of Jandel Sci-
entific Software (Erkrath, Germany).

  Results 

 TR Is a SUMOylated Protein in Cell Culture 
Experiments 
 I transfected Flag-HA-tagged TRα 1  or Flag-HA-tagged 

TRβ 1  into HepG2 cells to analyze whether TR might be 
modified by SUMOylation ( fig. 1 a, b). In addition, a wild-
type SUMO-1 protein or a mutated protein version 
(SUMO ΔGG) was cotransfected. The SUMO ΔGG pro-
tein is devoid of two C-terminal glycine residues which 
prevent conjugating to the lysine residue within the
SUMOylation recognition site of target proteins. TR was 
immunoprecipitated using an antibody directed against a 
Flag epitope of TR, and Western blot analyses were per-
formed using an anti-HA antibody in order to detect un-
modified protein or by using anti-SUMO antibody in or-
der to detect modified versions of TR. Due to the analysis 
via the Flag- and HA-tags, only preceding cotransfected 
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TR proteins are detectable in this assay, whereas no pro-
tein could be detected in Western blot analyses without 
previous cotransfection of a tagged protein version. As 
shown in  figure 1 a and b, both TR isoforms are targets of 
SUMOylation. The amounts of posttranslationally modi-
fied TR appears to by higher in the presence of T 3 ; how-
ever, this is rather an effect of reduced concentrations of 
unmodified TR in the presence of T 3 . This data indicates 
that TR is a target of SUMOylation in cell culture experi-
ments.

  Further, sequence inspections identified three putative 
SUMOylation sites in chicken TRα 1  at K281, K286, and 
K387, all located in the LBD of the protein ( fig. 1 c). In the 
human TRβ 1  protein, four putative SUMOylation sites 
were detected. These lysine residues are located within 
the N-terminal activation domain AF-1 (K50), the hinge 
domain (K263), and the LBD (K342 and K443) ( fig. 1 c). 
Two of the SUMOylation sites positioned in the LBD are 
conserved between the two TR isoforms (i.e. K286 and 
K387 of TRα correspond to K342 and K443 of TRβ). In 
contrast, putative SUMOylation sites K281 of TRα and 
K50/K263 of TRβ are unique residues within their par-
ticular isoforms ( fig. 1 c).

  SUMOylation of TRα and TRβ at Defined Residues 
 To evaluate the SUMOylation pattern of TRα and 

TRβ, I investigated several single, double, and triple mu-
tations in an in vitro SUMOylation assay. In this context, 
the central lysine residue within the SUMOylation motif 
was mutated into the amino acid arginine. This mutation 
is the most conservative mutation, changing one basic 
amino acid into the second one. However, it has been 
shown previously that arginine (in contrast to lysine) is 
not able to be modified by SUMOylation. Furthermore, 
three single point mutations in the TRα protein were in-
tegrated, changing the lysine residues 281, 286, and 387 
into arginine (mutants K281R, K286R, and K387R, re-
spectively). Moreover, a double mutant (K281,387R) and 
a triple mutant (K281,286,387R) of TRα were generated. 
The wild-type and mutated proteins were introduced
to an in vitro SUMOylation assay. Quantification of
SUMOylated proteins was performed by comparing
the upper band (SUMOylated protein) relative to the
lower band (unmodified protein). Again, the in vitro
SUMOylation assay not only demonstrated that TRα is
a target of SUMOylation ( fig.  2 ) but also that TRα is
SUMOylated by all three SUMOylation isoforms:
SUMO-1, SUMO-2, and SUMO-3 ( fig. 2 a–c). Addition-
ally, the major SUMOylation sites appear to be K281 and 
K387, which were most apparent when SUMO-2/3 mod-
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a

  Fig. 1.  TR is a SUMOylated protein. Expression plasmids of Flag-
HA-tagged TRα wild-type (Flag-HA-TRα) ( a ) or Flag-HA-tagged 
TRβ wild-type (Flag-HA-TRβ) ( b ), SUMO wild-type (SUMO wt), 
or SUMO ΔGG were transfected into HepG2 cells and stimulated 
with or without T 3 . Cells were immunoprecipitated with an anti-
Flag antibody (α-Flag) and Western blot analyses were performed 
using an anti-HA antibody (α-HA) in order to detect unmodi-
fied TR or anti-SUMO antibody (α-SUMO) in order to detect
SUMOylated protein versions. Numbers indicate the quantifica-
tion of the SUMOylated relative to the unmodified protein version.
 c  In silico analysis identified 3 putative SUMOylation sites in 
chicken TRα (K281, K286 and K387) and 4 putative SUMOylation 
sites in human TRβ (K50, K263, K342 and K443). Abbreviations: 
AF-1 (–2) = activation function-1 (–2); IP = immunoprecipitation; 
WB = Western blot. 
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ification of TR occurred ( fig. 2 b, c). However, noncanon-
ic SUMOylation sites might exist since even the triple 
mutant is a target of SUMOylation in the in vitro assay.

  In a similar approach, I established four single
point mutations into TRβ, yielding the mutants K50R, 
K263R, K342R and K443R, respectively. The in vitro
SUMOylation assay confirmed the SUMOylation of TRβ 
by all three SUMOylation isoforms ( fig. 2 ). Further on, 
the major SUMOylation sites seem to be K50 and K443,
and – again – this modification was mostly pronounced 
by SUMO-2/3 conjugation of TR ( fig. 2 e, f).

  Effect of SUMOylation-Defective Mutants in Cell 
Culture Experiments 
 To test whether SUMOylation-defective mutants 

might have altered transactivation capacity, I performed 
classical transient transfection assays on natural promot-
er constructs upon stimulation by TH. In this assay a re-
porter construct of a T 3  target gene was transfected to-
gether with wild-type or mutated variants of TR in-
to HepG2 cells and subsequently stimulated with T 3 . 

Without TR cotransfection, no T 3 -mediated gene expres-
sion was observed ( fig.  3 ). As shown in  figure 3 , TRα
SUMOylation-defective mutants K281 and K387 and 
TRβ SUMOylation-defective mutants K50 and K443 
show alterations on a negatively T 3 -regulated TSHα pro-
moter. This observation is in agreement with a previous 
report on GH and TSHβ promoters  [14] .

  To further address this issue and to reduce the com-
plexity of the cell system, I conducted mammalian one-
hybrid assays by investigating the T 3 -dependent effect of 
Gal4-DBD-TR-fusion proteins on a UAS-Luc reporter. 
In a first approach I designed several Gal4-TRα fusion 
proteins ( fig.  4 a). Firstly, the full-length TRα 1  protein 
(from amino acid 1 to 408) was fused C-terminally to the 
DBD of Gal4 [construct Gal4-TR(1–408)]. Secondly, for 
the construct AF1-Gal4-TR(119–408), the endogenous 
DBD of TRα was replaced by the Gal4-DBD. Thirdly, 
the N-terminal activation domain AF-1 and the endog-
enous DBD of TR was compensated by Gal4-DBD 
[Gal4-TR(119–408)]. Finally, for the construct Gal4-
TR(218–408), the AF-1, TR-DBD, and the hinge do-
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  Fig. 2.  In vitro SUMOylation of TRα and TRβ.  a–c  SUMOyla-
tion of TRα by SUMO-1 (S1) ( a ), SUMO-2 (S2) ( b ), and SUMO-3 
(S3) ( c ) was identified. TRα wild-type (wt), the indicated single 
point mutants, a double mutant K281/387R, and a triple mutant 
K281/286/387R were applied to an in vitro SUMOylation assay. 
SUMOylated and unmodified TR were detected by Western blot 
analysis and are indicated by arrows.  d–f  SUMOylation of TRβ by 

SUMO-1 (S1) ( d ), SUMO-2 (S2) ( e ), and SUMO-3 (S3) ( f ) was also 
recorded. TRβ wt and the indicated single point mutants were ap-
plied to an in vitro SUMOylation assay and detected by Western 
blot analysis and quantified. Numbers indicate the quantification 
of the upper (SUMOylated) relative to the lower (unmodified) 
band. SUMOylated and unmodified TR are denoted by arrows. 
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main were substituted by Gal4-DBD. These four con-
structs are schematically summarized in  figure 4 a. As 
shown in  figure 4 b, the constructs Gal4-TR(1–408), 
AF1-Gal4-TR(119–408), and Gal4-TR(119–408) re-
sponded properly to T 3  stimulation, whereas Gal4-
TR(218–408) apparently failed. Hence, I decided to in-
tegrate SUMOylation-defective point mutants into the 
context of the construct Gal4-TR(119–408).

  As illustrated in  figure 4 c, Gal4-TR(119–408) wild-
type responded appropriately to T 3  stimulation. T 3 -me-
diated activation of this construct led to a 12.9-fold
induction of reporter gene activity compared to un-
sti mulated expression rates. For the majority of
SUMOylation-defective mutants, the activation rates 
were reduced in comparison to the wild-type Gal4-
TR(119–408) fusion protein. Intriguingly, the most pro-
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  Fig. 3.  Regulation of a TSHα promoter by TR isoforms and mu-
tated protein versions in response to T 3 . A TSHα promoter lucif-
erase reporter was transfected together with TRα wild-type (wt) or 
the indicated mutants thereof ( a ), or together with TRβ wild-type 
and mutated versions ( b ) into HepG2 cells and subsequently stim-

ulated with T 3 . Expression rates are illustrated relative to those of 
the corresponding wild-type TR isoform without T 3  stimulation ± 
SD.  *  Indicates p < 0.05 relative to wild-type and unstimulated and 
 #  indicates p < 0.05 relative to wild-type and stimulated levels.             

  Fig. 4.  Influence of TR SUMOylation-defective mutants in a mam-
malian one-hybrid assay.    a  Schematic overview of different Gal4-
DBD-TR fusion proteins. Numbers indicate the position of the 
diverse functional domains within the protein sequence.        *  p < 0.05 
relative to unstimulated, corresponding wild-type levels;  #  p < 0.05 
relative to stimulated wild-type (wt) levels.  b ,  c  Expression vectors 

of the indicated Gal4-TR fusion proteins (wild-type or mutated 
versions) together with an UAS-Luc reporter vector have been 
transfected into HepG2 cells and stimulated with T 3 .  c  The induc-
tion rates ± T 3  are indicated. Expression rates are displayed in rela-
tion to those of the corresponding wild-type Gal4-TR version 
without T 3  stimulation ± SD.       

(For figure see next page.)
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nounced effects were detected for the single mutants 
K281R (5.7-fold) and K387R (3.8-fold), as well as for the 
triple mutant K281,286,387R (3.0-fold), whereas the 
single mutant K286R remained unaffected ( fig. 4 c). Re-
markably, a second distinct effect on the transactivation 
capacity of the SUMOylation-defective mutants became 
apparent in this assay: in the absence of ligand T 3  the 
expression rates of SUMOylation-defective mutants are 
markedly increased compared to wild-type (p < 0.05). 
This T 3 -absence-triggered impact could be demonstrat-
ed for all investigated single mutants. However, this en-
hanced transcription activity was most evident in the 
double as well as triple mutants ( fig. 4 c). Thus, it has to 
be hypothesized that SUMOylation-deficient TRs are 
restrained in their function to suppress T 3 -dependent 
gene expression in the absence of T 3 . This suggests that 

TR-SUMOylation is significant for repressor activity in 
the unliganded state.

  Occupancy of TR Wild-Type and SUMOylation-
Defective Mutants on Natural Promoters 
 Since the triple mutant TRα(K281,286,387R) delivered 

the most striking effects in cell-based transactivation as-
says ( fig. 3 a,  4 c), I analyzed the occupancy of this mutated 
protein version relative to the wild-type protein on natu-
ral promoters of T 3  targets. Promoter occupancy was nor-
malized in a two-step procedure. In a first normalization 
step the expression levels were normalized to the expres-
sion levels of the input controls within the same samples. 
In a second normalization step the expression levels were 
normalized to the expression levels detected by using an 
unspecific IgG from the same starting sample. As shown 
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  Fig. 5.  ChIP and Re-ChIP analysis of TRα on mGPDH and TSHα 
gene promoters. mGPDH or TSHα promoter constructs were 
transfected together with HA-TRα wild-type (wt) or triple mutant 
HA-TRα(K281/286/387R) into HepG2 cells.    a ,  b  Chromatin was 
immunoprecipitated with an anti-HA antibody and TR-bound 
DNA was quantified by qPCR. After the first immunoprecipitation 

the antigen-antibody complex was released and a second immu-
noprecipitation was performed using an anti-SRC-1 antibody ( c , 
 d ) or an anti-NCoR antibody ( e ,  f ). DNA occupancy was calcu-
lated relative to the occupancy of the TR wild-type version without 
T 3  stimulation ± SD.    *  p < 0.05 relative to unstimulated wild-type 
levels;  #  p < 0.05 relative to unstimulated wild-type levels.                   
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in  figure 5 , a TR wild-type version bound to promoter 
fragments of T 3 -regulated target genes in ChIP assays. 
This holds true not only for a positively regulated T 3  tar-
get gene promoter (mGPDH,  fig. 5 a, c, e), but also for a 
negatively regulated one (TSHα,  fig. 5 b, d, f). Surprising-
ly, the occupancy of TRα wild-type was reduced in the 
presence of T 3 , both on mGPDH and TSHα genes ( fig. 5 a, 
b). On the contrary, this diverse promoter occupancy is 
completely abrogated by the triple mutant of TRα ( fig. 5 a, 
b). In a similar experimental setting, wild-type and the 
double mutant K50/443R of TRβ were analyzed ( fig. 6 ).

  For the next series of experiments, I conducted Re-ChIP 
analysis in order to examine the influence of SUMOylation 
on TR-coactivator-binding (e.g. to SRC-1) and on TR-co-

repressor-binding (e.g. to NCoR). To this end, after immu-
noprecipitation of TR (and release of the first antibody), a 
second immunoprecipitation was performed by precipita-
tion with an anti-SRC-1 antibody ( fig. 5 c, d) or anti-NCoR 
antibody ( fig.  5 e, f), respectively. Again, these data un-
veiled that the promoter occupancy could be altered for the 
triple mutant relative to the wild-type version of TR. This 
effect was mostly noticeable for Re-ChIP analysis using an 
anti-SRC-1 antibody on the negatively regulated TSHα 
gene ( fig. 5 d) and an anti-NCoR antibody on the positive-
ly regulated mGPDH gene ( fig. 5 e). Very similar data have 
been observed by comparing TRβ wild-type to the double 
mutant TRβ(K50,443R), indicating identical molecular 
mechanisms of TRα and TRβ isoforms ( fig. 6 ).
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  Fig. 6.  ChIP and Re-ChIP analysis of TRβ on mGPDH and TSHα 
gene promoters. mGPDH or TSHα promoter constructs were 
transfected together with Flag-TRβ wild-type (wt) or double mu-
tant Flag-TRβ(K50,443R) into HepG2 cells.    a ,  b  Chromatin was 
immunoprecipitated with an anti-Flag antibody and TR-bound 
DNA was quantified by qPCR. After the first immunoprecipitation 

the antigen-antibody complex was released and a second immu-
noprecipitation was performed using an anti-SRC-1 antibody ( c , 
 d ) or an anti-NCoR antibody ( e ,  f ). DNA occupancy was calcu-
lated relative to the occupancy of the TR wild-type version without 
T 3  stimulation ± SD.    *  p < 0.05 relative to unstimulated wild-type 
levels;  #  p < 0.05 relative to unstimulated wild-type levels.                   
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  Discussion 

 THR belong to a family of transcription factors whose 
transcriptional activity is modulated by the absence or 
presence of the corresponding ligand, but additionally
via various posttranslational modifications. For example, 
TRβ has been demonstrated to be phosphorylated at ser-
ine-142 within the DBD  [9] . This particular serine residue 
is not conserved in TRα, thus a specific transcriptional 
regulation by TRβ due to phosphorylation appears pos-
sible. In line with this argumentation, different DNA-
binding and/or transactivation properties of phosphory-
lated TRα and TRβ have been described  [9–11] . Further-
more, acetylation of TR has been disclosed only for TRα 
at lysines 128, 132, and 134 within the hinge domain
 [13] . However, since these lysine residues are conserved 
in the β-isoform, a similar acetylation of TRβ appears 
likely. Although the lysine residue mentioned above does 
not reside in classical SUMOylation recognition ele-
ments, cross-talk between lysine acetylation and lysine 
SUMOylation cannot be excluded.

  In the present study I described the SUMOylation of 
TRα and TRβ at defined lysine residues. These findings 
suggest the major SUMOylation sites of chicken TRα 1  to 
be K281 and K387 (corresponds to K283 and K389 of rat 
TRα 1 ), both being located in the LBD ( fig. 1 c). The main 
SUMOylation sites of TRβ 1  appear to be K50 (positioned 
in the N-terminal activation domain AF-1) and K443
(situated in the LBD) ( fig. 2 ). A preferential SUMOylation 
of TRα by SUMO-1 and SUMO-2 and preferential
SUMOylation of TRβ by SUMO-3 as described recently 
 [14]  could not be observed in the present study ( fig.  2 ). 
Furthermore, a preferential SUMOylation of TRβ in the 
presence of T 3  could also not be observed ( fig. 1 b). Of note, 
the SUMOylation sites K387 (TRα) and K443 (TRβ) are 
known to represent orthologous sequences, thus being 
conserved in both isoforms ( fig. 1 c). Hence, targeting this 
particular site might simultaneously affect both isoforms. 
Methionine-386 of chicken TRα 1  (which corresponds to 
methionine-388 of rat TRα 1 ) directly contacts the ligand 
within the ligand-binding pocket of TRα  [28] . Thus, it is 
tempting to speculate that modification of the immediate-
ly adjacent lysine-387 with a bulky SUMO protein will im-
pede the ligand binding of TR to T 3 . In contrast to the iso-
form-conserved lysines, lysine-281 is only detectable in all 
available TRα variants (e.g. human, mouse, rat, pig, chick-
en, frog, salmon, Japanese medaka), but in none of the TRβ 
proteins. The other way round, lysine-50 is part of the ex-
tended AF-1 domain of TRβ and therefore not included in 
TRα. Therefore, specifically targeting K281 in TRα or se-

lectively aiming K50 in TRβ might offer a way to differen-
tially regulate the two TR isoforms. Interestingly, a yeast 
two-hybrid screen has identified the ubiquitin E3 ligase 
cullin 1 as a physical interaction partner of TRα, but not as 
a binding partner of TRβ  [29] . Thus, specifically targeting 
isoform-specific SUMOylation sites might be a way to dif-
ferentially regulate one particular TR isoform without ef-
fecting the SUMOylation (and therefore activity) of the 
second isoform.

  Generally, SUMOylation of proteins is a significant 
regulator of cell physiology. This posttranslational modi-
fication is capable of interfering with multiple cellular 
processes such as transcriptional activity, subcellular lo-
calization, or interference with binding partners. As 
shown in  figures 3 a and b, SUMOylation-defective mu-
tants of TRα (K281 and K387) and TRβ (K50 and K443) 
revealed alterations when binding to natural promoters 
in cell culture experiments. This observation is partially 
consistent and partially contradictory to recently pub-
lished data. For example, a TSHβ reporter construct has 
been shown to be activated by the mutant TRβ (K50Q) in 
the absence of T 3   [14] . In contrast, a TSHα reporter con-
struct has been shown to be repressed by the mutant TRβ 
(K50R) in the absence of T 3  in our experiments ( fig. 3 b). 
Since both experiments have been performed using 
HepG2 cells, differences in the TSH subunit reporter con-
structs or the investigated mutants (lysine  →  glutamine 
exchange in the study by Liu et al.  [14]  versus lysine  →  
arginine substitution in this study) might account for 
some differences. The transactivation capacity of TR did 
not completely depend on an appropriate posttransla-
tional modification by SUMOylation. Detailed cell-based 
analyses indicate that SUMOylation-defective TR mu-
tants elicit an altered repressor function in the absence of 
the ligand ( fig. 4 c). Specifically, transactivation of the mu-
tant versions is already increased in the absence of the 
ligand ( fig. 4 c). Admittedly, the transcriptional activity of 
these mutants was increased after stimulation with the 
ligand T 3 . However, the x-fold T 3 -mediated activation 
rates of the SUMOylation-defective mutants K281R and 
K387R were markedly reduced compared to the expres-
sion rates of the wild-type protein version ( fig. 4 c). These 
diminished activation rates are mainly attributed to the 
observed increased transcription activity in the absence 
of T 3 . This implies a decreased repressor function of un-
SUMOylated TR for T 3  dependently regulated target 
genes. This contradicts a previous report which showed a 
differential SUMOylation in response to ligand binding 
to the receptor  [14] . Additionally, I did not detect an al-
tered subcellular localization of SUMOylation-defective 
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mutants (not shown), as this has been described for some 
SUMOylated nuclear receptors such as AR, PR, or RAR 
 [30–32] . Thus, I have to assume that the primarily effect 
of SUMOylation incompetence of TR might be an inap-
propriate repression of gene expression in the absence
of T 3 .

  Further on, other results presented above indicate that 
a SUMOylation of TR within the LBD might interfere 
with the ligand binding. As the SUMOylation sites K281/
K387 (TRα) and K443 (TRβ) are all located within the 
LBD of TR ( fig. 1 c), these residues could be attractive can-
didates for such a regulation mechanism. Additionally, 
SUMOylation at these sites might interfere with interact-
ing binding partners in a ligand-dependent manner. 
ChIP analysis underscored this assumption ( fig.  5 ,  6 ). 
Concerning promoter occupancy of wild-type and SU-
MOylation-defective mutant TR, it could be disclosed 
that the wild-type TR binding on natural promoters, re-
gardless whether on positively or negatively regulated tar-
get genes, is reduced following T 3  delivery ( fig. 5 a, b,  6 a, 
b). This interesting observation has been noticed in ChIP 
analyses of TR by several groups  [33–36]  and might be 
connected to an altered half-life time depending on the T 3  
concentration. The differential DNA occupancy of wild-
type TR in dependency of T 3  is abrogated in the triple 
mutant TRα(K281,286,387R) and in the double mutant 
TRβ(K50,443R), underlining the potential significance of 
posttranslational TR-SUMOylation ( fig. 5 a, b;  6 a, b). Re-
ChIP analyses demonstrated that the TR binding to the 
coactivator SRC-1 and to the corepressor NCoR is altered 

in the SUMOylation-defective mutant relative to the 
wild-type version ( fig.  5 c–f,  6 c–f). Consequently, SU-
MOylation of TR appears to be important for its proper 
interaction with transcriptional cofactors.

  Taken together, the data presented in this paper indi-
cate that TRα and TRβ are SUMOylated not only at or-
thologous but also at isoform-specific lysine residues. 
Furthermore, it could be revealed that SUMOylation of 
TR in general might interfere with the ligand binding as 
well as could exert a substantial impact on transcription-
al cofactor attachment. Thus, posttranslational modifica-
tion by SUMOylation contributes to the fine-tuning of 
transcriptional activity of TR isoforms both on positively 
as well as on negatively regulated T 3  target genes.
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