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Nuclear receptors (NRs) have traditionally been targeted by
drugs that competitively displace the physiological ligand

with agonist or antagonist properties. More recently our group
and others have begun to focus on alternate strategies for
targeting these receptors, including the direct inhibition of
nuclear receptor�coactivator interactions.1�8 We present here
the first study comparing the mechanistic and cellular conse-
quences of antagonizing NR function with a coactivator-binding
inhibitor or a ligand-binding inhibitor.

The thyroid hormone receptors (TR) are nuclear receptors that
respond to the thyroid hormone 3,5,30-triiodo-L-thyronine (T3),
which is derived locally in responsive tissues from an endocrine
hormone secreted by thyroid gland. There are 2 isoforms of the
receptor: THRA (TRR) and THRB (TRβ).9 TRR regulates
cardiac rate and contractility, whereas TRβ controls cholesterol
homeostasis and TSH feedback suppression by T3. TR binds
DNA as a heterodimer with another NR, the retinoid X receptor
RXR, at TREs in the promoters of its target genes. T3 has
profound effects on growth, development, metabolism, and
homeostasis.10 The signal from TR is carried forward by coacti-
vator proteins that manipulate both chromatin structure and the

composition of the transcriptional regulatory complex.11�14 Coac-
tivator recruitment to TR is ligand-dependent. In the unliganded
state, corepressor proteins such as Nuclear Receptor Corepressor
(NCoR) and Silencing mediator of Retinoic acid and Thyroid
hormone receptor (SMRT) are bound to the thyroid receptors
and suppress the expression of target genes. Upon T3 binding, the
TR-ligand binding domain (TR-LBD) undergoes a conforma-
tional change resulting in repositioning of R helixes 3, 4, 5, and 12
of the protein to generate a hydrophobic groove for coactivator
binding.15,16 Coactivator molecules have a LXXLL (leucine-X-X-
leucine-leucine) domain in their structure,16�19 known as an NR
box, which binds to this groove.

Previous work carried out in our laboratory identified β-
aminoketones as inhibitors of the TR�coactivator interac-
tion.8,20 Chemical and pharmacological optimization of this series
of inhibitors led to a second generation of more active and less
toxic β-aminoketones, including the compound SJ000311413,

Received: April 20, 2010
Accepted: August 4, 2011

ABSTRACT: Thyroid hormone (T3) mediates diverse phy-
siological functions including growth, differentiation, and en-
ergy homeostasis through the thyroid hormone receptors (TR).
The TR binds DNA at specific recognition sequences in the
promoter regions of their target genes known as the thyroid
hormone response elements (TREs). Gene expression at TREs
regulated by TRs is mediated by coregulator recruitment to the
DNA bound receptor. This TR�coregulator interaction con-
trols transcription of target genes by multiple mechanisms
including covalent histone modifications and chromatin remodeling. Our previous studies identified a β-aminoketone as a potent
inhibitor of the TR-coactivator interaction. We describe here the activity of one of these inhibitors in modulating effects of T3
signaling in comparison to an established ligand-competitive inhibitor of TR, NH-3. The β-aminoketone was found to reverse
thyroid hormone induced gene expression by inhibiting coactivator recruitment at target gene promoters, thereby regulating
downstream effects of thyroid hormone. While mimicking the downstream effects of NH-3 at the molecular level, the β-
aminoketone affects only a subset of the thyroid responsive signaling network. Thus antagonists directed to the coregulator
binding site have distinct pharmacological properties relative to ligand-based antagonists and may provide complementary
activity in vivo.
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referred to as SJ-AK in this manuscript (Figure 1).21,22

The activity of these time-dependent irreversible inhibi-
tors was attributed to the generation of in situ enones.
These electrophilic enones selectively attack C298 in the
coactivator binding site (AF-2) of the TR-LBD, forming a
covalent adduct and inhibiting the TR�coactivator inter-
action.23 While SJ-AK was not the most fully optimized
compound that was eventually produced, it was sufficiently
potent and efficacious, nontoxic, and selective to justify un-
dertaking the studies described herein in parallel to the
further optimization that ultimately led to the most refined
compounds.22

Below are described studies that compare the cellular
mechanisms and effects of SJ-AK with those of NH-3, 24 a
known ligand-competitive antagonist of TR (Figure 1). Inhibi-
tion of ligand binding and inhibition of receptor�coactivator
interaction represent two major modalities for achieving
antagonism of nuclear receptor function (Figure 2). Poten-
tially a coactivator binding inhibitor may act simply as a
replacement for ligand antagonists as coactivator binding is
one step downstream of ligand binding in the T3 signaling
network. However, there has not been a detailed systemic

comparison of these types of antagonism, which may in practice
give differing consequences in cells. This study compares the
cellular effects of inhibition of ligand binding (achieved by NH-3)
with those achieved by the inhibition of the receptor-coactivator
interaction while maintaining ligand binding (achieved by
SJ-AK).

Figure 1. Chemical structures of TR antagonists SJ-AK and NH-3.

Figure 2. Graphical representation of the modes of actions of the 2 classes of nuclear receptor antagonists: SJ-AK (a thyroid receptor-coactivator
interaction inhibitor) and NH-3 (a T3 competitive inhibitor). SJ-AK inhibits TR-coactivator (TR-CoA) interaction without effecting T3 binding and is
thus not affected by T3 concentrations. NH-3 competes with T3 for binding to TR and secondarily effects coactivator binding. CoA, coactivator; CoR,
co-repressor, RXR, retinoic x receptor.

Figure 3. Effect of SJ-AK and NH-3 on T3-induced gene expression.
Transient transfections in HeK293 cells using palindromic TRE con-
struct as the reporter. This reporter was transfected along with CMV-
TRβ and β-Gal expression vectors. Cells were treated as indicated with
T3 alone or in combination with SJ-AK or NH-3. Cells were harvested,
and SEAP activity assay was carried out. Data were normalized for β-gal
activity. Transcriptional stimulation was expressed as a percentage of T3
alone transcriptional stimulation. **** indicates p < 0.001.
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’RESULTS AND DISCUSSION

NH-3 and SJ-AK utilize two fundamentally differing modal-
ities of antagonizing TR. NH-3 displaces T3 from its binding
pocket in the receptor. Other examples of such NR targeted
drugs include dexamethasone, an agonist of the glucocorticoid
receptor, and bicalutamide, an antagonist of the androgen
receptor. On the other hand, SJ-AK belongs to the new class of
NR targeted compounds that directly inhibit the NR�coactiva-
tor interaction.22 The fundamental question here is how these
two modes of modulating the same signaling cascade are similar
in functional antagonism and how they are different.
Transcriptome Effects of SJ-AK and NH-3 on T3 Induced

Gene Expression. To establish the best concentrations of T3
and antagonist to use for genomic experiments, both antagonists
were characterized using reporter gene assay (Figure 3). We used
a palindromic TRE (-AGGTCATGACCT-) construct driving
the expression of a secreted alkaline phosphatase reporter (PAL-
TRE-SEAP) to assay for T3-induced transcriptional activity. This
reporter construct is routinely used in our lab as a screening tool
to determine transcriptional inhibition potency of TR antago-
nists. Palindromic TRE is robustly induced by T3 in our
transcription assays, providing a sufficient range of effect to
permit rank ordering of TR antagonists as per their activity in
inhibiting T3 mediated transcription.
Twenty-four hours after compound treatment, the cell culture

media was sampled and tested for secreted alkaline phosphatase
activity. Transfected β-galactosidase activity was used as internal
control to normalize the SEAP expression levels. SJ-AK inhibited
the T3 stimulation of this reporter by∼50% at 5 μM, and NH-3
inhibited the T3 stimulation by 70% at 5 μM. This mirrors effects

seen with other reporter constructs in prior studies.8,24 Addi-
tionally the cytotoxicity of both antagonists was assessed and
both were devoid of cytotoxicity or growth inhibition for most
cell lines at these concentrations (Supplementary Table 1).
Liver is a key target tissue of thyroid hormone action. To assess

the genomic effects of SJ-AK and NH-3 on T3 mediated gene
expression, global transcript abundance studies were carried out
in the hepatocellular carcinoma derived HepG2 cells, which
maintain many aspects of hepatocyte function.25�29 These cells
were treated for 24 h with T3 alone and T3 in combination with
either 5 μM SJ-AK or NH-3, saturating doses for each on simple
TRE driven reporters. The mRNA from these treatments was
analyzed using Affymetrix human U133 Plus 2.0 oligonucleotide
gene chips to probe for changes in transcript abundance for
30,000 human genes. The experiments were carried out as three
completely independent biological replicates, each with internal
triple replicates, for a total of 9 reads, and the data were
pooled for analysis. Among the 54,613 probe sets on the
microarray, 1403 (2.57%) had differential expression with FDR
< 0.1 in response to T3. These profiles were additionally filtered
for robustness by excluding probe sets called “Absent” across the
entire data set and by excluding probe sets with less than (1.0
log2[signal] difference. Using these criteria, 193 probe sets were
identified as “T3 target genes” (Figure 4, panel A). Among these
163 were upregulated and 30 were downregulated by T3.
The observed T3 effects on gene expression (number of genes

affected and their magnitude of change) in this study were
consistent with other published microarray studies of T3 action
in HepG2, as well as those using primary liver tissues of rat and
mouse.30�33 The set of T3 target genes obtained from the
microarray included a number of previously identified T3 target

Figure 4. Microarray gene expression analysis in HepG2 cells. (A) Representative heat map of the 78 T3 target probe sets whose
differential expression by T3 is affected by the TR inhibitor compounds SJ-AK “(5μM)” and NH-3 “(5μM)”. Average signal log ratios
versus either DMSOorT3 are used to generate the heatmap. (B) Venn diagram illustrating the global gene expression effects of treatment
of HepG2 cells with T3 alone or in combination with either NH-3 or SJ-AK. (C) qRT-PCR experiments on T3 target genes identified in
the microarray experiment. T3 was added at a concentration of 100 nM alone or in combination with either SJ-AK or NH-3. qRT-PCR
was carried out to amplify MMP11, PCK1, G6PC, SLC16A6, OSTβ, CYP24A1, CYP3A4, C8ORF4, and CPT1A genes. ΔΔCt method
was used to calculate fold induction of expression. *** indicates p < 0.005, ** indicates p < 0.01 relative to T3 effect.
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genes such as phosphoenolpyruvate carboxykinase (PCK1), glu-
cose-6-phosphatase (G6PC), and matrix metalloproteinase 11
(MMP11), as well as many novel T3 target genes. Using the
DAVID bioinformatics database (http://david.abcc.ncifcrf.gov),
we performed gene ontology (GO) and pathway analysis to
determine over-representation of specific biological pathways in
T3 target genes.We found significant enrichment of genes involved
in steroid metabolic processes, peroxisome proliferated activated
receptor signaling, the complement pathway, and the coagulation
pathway (Supplementary Table 2). Thus these studies of HepG2
cells are a reasonable surrogate for effects in a target tissue.
Co-treatment of HepG2 cells with T3 and either SJ-AK or NH-3

was performed to determine the extent and pattern of inhibitor
effects onT3 agonized genes.Overall, both inhibitors reversed global
expression changes induced byT3 treatment (Figure 4). Using(0.5

log2[signal] as ameasure of differential response to define reversal of
T3 effect, we identified 69 probe sets that displayed reversal of T3
effect by NH-3 and 28 probe sets that displayed reversal by SJ-AK
treatment. Nineteen probe sets had a concordant response greater
than 0.5 log2 [signal] by both inhibitors. Among the 163 up-
regulated genes, NH-3 reversed the T3 effect on 49 genes, whereas
among the 30 downregulated genes, NH-3 reversed the T3 effect on
20 genes. Among the 163 up-regulated genes, SJ-AK reversed T3
effect on 15 genes, whereas among the 30 downregulated genes, SJ-
AK reversed the T3 effect on 13 genes. There were 115 probe sets
that were unaffected by either inhibitor. For one particular gene
(unc5cl), SJ-AK exhibited agonist-like activity and actually enhanced
the T3 effect of differential expression over DMSO (Supplementary
Table 3). The profiles and gene annotations of the differentially
expressed transcripts are provided in Supplementary Table 3.

Figure 4. Continued
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There were also instances in which T3 altered the expression
of genes when administered in combination with either NH-3 or
SJ-AK but not when administered alone. Both inhibitors demon-
strate some activity against a majority of T3 target genes but do
not meet the set threshold for all genes. As shown in the Venn
diagram in Figure 4, panel B and Supplementary Table 4, there
were 10 probe sets that were differentially expressed by T3 in
combination with NH-3 (T3 + NH-3 vs DMSO, FDR <0.1, no
absent call,( 1.0 log2[signal] difference) that were not altered by
T3 alone (T3 +NH-3 vsT3, > 0.5 log2[signal] difference). Using
similar criteria, there were 12 probe sets that were differentially
expressed by T3 in combination with SJ-AK that were not altered
by T3 alone.
In addition to co-treatment of T3 with the inhibitor com-

pounds, we also carried out cell treatments using the inhibitor
compounds alone to interrogate the possibility of inherent
activities of these compounds in absence of exogenous T3, which
could lead to off-target effects on downstream genes. Using the
same analysis criteria as described above, we found NH-3
treatment caused the differential expression of only one gene,
whereas SJ-AKdid not alter the expression of any gene on the array
(Supplementary Table 5). Minimal effects of the inhibitor com-
pounds on non-T3 target genes either alone (Supplementary
Table 5) or in combination with T3 (Supplementary Table 4)
illustrate the specificity of action of these thyroid receptor
inhibitors. Furthermore, we also treated HepG2 cells with a
compound named SJ-SK, which is structurally related to SJ-AK
but unable to generate the active enone on the surface of TR
protein. SJ-SK is inactive in inhibiting receptor�coactivator bind-
ing and T3 induction of TRE driven reporters (data not shown).
Likewise, microarray analysis shows that SJ-SK is markedly less
active than SJ-AK in reversing T3-induced gene expression
changes inHepG2 cells (SupplementaryTable 6). Rawmicroarray
data can be accessed in Supplementary Table 7.
We categorized the T3 target probe sets as “fully on target”

(reversed by both NH-3 and SJ-AK, 19 probe sets), “on-signaling
axis” (reversed by either NH-3 (50 probe sets) or SJ-AK (9 probe
sets) but not both), “unique” (T3-induced only in presence of
NH-3 or SJ-AK), and “unaltered” (not reversed by either)
(Figure 4, panel B). Since this categorization is based on an
arbitrarily set threshold, it should not be interpreted as a rigid
classification of activity of the inhibitors.
To validate the microarray observations, we performed qRT-

PCR on a subset of putative T3 responsive genes identified by the

microarray. Co-treatment with T3 (100 nM) and SJ-AK, NH-3,
or SJ-SK at either 5 or 10 μM concentrations was carried out.
Twenty-four hours post treatment, RNA was isolated and qRT-
PCR was carried out on cDNA made from the RNA samples.
These experiments were carried out in two completely inde-
pendent biological replicates, each with internal triple repli-
cates for a total of 6 reads. We tested several different target
genes identified in the microarray: matrix metallopeptidase 11
(MMP11); phosphoenolpyruvate carboxykinase (PCK1); glu-
cose-6-phosphatase (G6PC); solute carrier family 16, member 6
(SLC16A6); organic solute transporter β (OSTβ); cytochrome
P450, family 24, subfamily A, polypeptide 1 (CYP24A1); cyto-
chrome P450, family 3, subfamily A, polypeptide 4 (CYP3A4);
chromosome 8 open reading frame 4 (C8ORF4), and carnitine
palmitoyltransferase 1A (CPT1A) (Figure 4, panel C), some of
which have been previously identified as T3 responsive by
others.32,34,35 These genes belonged to all 3 categories of T3
targets identified my microarray: fully on-target (MMP11), on-
signaling axis NH3 (G6PC, PCK1, SLC16A6, OSTβ, CYP24A1),
on-signaling axis SJ-AK (CYP3A4, C8ORF4), and unaltered
(CPT1A). There is good concordance between the microarray
and real time PCR data except for G6PC gene where SJ-AK
showed activity in qPCR but not in microarray experiment.
NH-3 and SJ-AK activity ranged from significant inhibition of

gene expression to no activity in agreement with the microarray
data. NH-3 inhibits T3mediated transcription ofMMP11, G6PC,
PCK1, SLC16A6, OSTβ, and CYP24A1 but not CYP3A4,
C8ORF4, and CPT1A. SJ-AK inhibited the T3 mediated expres-
sion ofMMP11, G6PC, PCK1 (at high concentration), CYP3A4,
and C8ORF4 but not SLC16A6, OSTβ, CYP24A1, and CPT1A.
At a concentration of 5 μM, SJ-SK did not inhibit T3 induction of
the genes we tested.
The genome wide transcriptional analysis shows that SJ-AK

generally antagonizes TR signaling in a manner similar to NH-3
but targets a smaller and partially overlapping set of responsive
genes. Most of the genes reversed by SJ-AK are a subset of the
genes reversed by NH-3. These data validate the hypothesis that
NR�coactivator interaction inhibitors will block nuclear recep-
tor activated gene expression. Thus functionally SJ-AK is a more
restricted version of NH-3 in terms of its breadth of reversal of
the T3-induced gene expression changes. However, SJ-AK is a
functional antagonist of T3 signaling that does not compete for
T3 binding to the TR-LBD,8 thus eliminating the need to titrate
against T3 in hyperthyroid conditions. As NH-3 has partial

Figure 5. Cofactor recruitment at growth hormone TRE. Chromatin immunoprecipitation (ChIP) assay was carried out in GH3 cells. Cells were
treated with T3 alone and T3 in concert with SJ-AK or NH-3. (A) Enrichment at growth hormone TRE was determined using qRT-PCR analysis of the
purified DNA. The PCR data were normalized for respective input samples, and enrichment over DMSO control was determined usingΔΔCt method.
(B) Representative agarose gel image of the regular PCR analysis for the ChIP DNA. * indicates p < 0.05; ** indicates p < 0.01.
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agonist activity at high concentrations as well as some cytotoxi-
city, its potential for use in hyperthyroidism is limited.36 In vivo
studies on SJ-AK are required to determine if it is a better
alternative to NH-3 in hyperthyroid conditions.
An unexpected finding in these studies was that there are a

significant number of genes whose expression is not reversed by
either inhibitor. While both inhibitors block ligand mediated
coactivator recruitment to the activation function (AF-2) pocket
in the C terminus of TR protein, these compounds do not target
other coregulator binding surfaces that exist in the TR structure.
For example, coactivators are also recruited to the activation
function-1 (AF-1) pocket in the N terminus of TR in a ligand
independent fashion.37 Therefore it is reasonable to expect that
blocking just one site of coregulator interaction with these
inhibitors may not result in complete loss of gene expression
effects of T3 for at least some genes. Additionally, our data could
also provide credence to the existence of alternate or non-TR
dependent mechanisms of T3 action, such as those that have
previously been suggested to be mediated via MAPK or PI3ki-
nase-Akt.38,39 It should be noted that at the 24 h time point, the
T3 responsive gene list will include both the direct (TRE
mediated) as well as indirect (non-TRE mediated) T3 target
genes. NH-3 could potentially reverse more T3 responses if more
aggressively titrated against a fixed dose of T3.
Effects of SJ-AK and NH-3 on Coregulators at Responding

Genes. Having established the patterns of antagonism of T3-
induced gene expression in cells by SJ-AK and NH-3, we further
characterized the molecular mechanism of action of these
compounds. To test whether these compounds inhibit the
coactivator recruitment at the TRE sequences in the promoters

of native T3 target genes, chromatin immunoprecipitation
(ChIP) assays were performed in GH3 cells (Figure 5, panels
A and B). The growth hormone gene is a classical, well-validated
T3 target in anterior pituitary cells. The growth hormone TRE is
an imperfect direct repeat located at�188 to�173 relative to the
transcription start site. TR binds this element as a heterodimer
with RXR.40 Recruitment of cofactors to the growth hormone
TRE was monitored 30 min after treatment with T3 in the
presence or absence of either SJ-AK or NH-3. The coactivator
SRC-2 was strongly recruited to the growth hormone gene TRE
within 30 min of T3 addition. This recruitment was inhibited by
both SJ-AK and NH-3. In the same experiment, we also
determined the occupancy of NCoR (nuclear receptor
corepressor), a corepressor molecule, at the growth hormone
TRE. NCoR shows greater promoter occupancy in the absence

Figure 6. Alternate mechanisms of SJ-AK and NH-3 action. (A) GH3 cells were treated with T3 alone or in combination with SJ-AK or NH-3. Whole
cell lysates were prepared from the cells and run out on SDS-PAGE gels.Western blotting was performed using indicated antibodies. Band quantitation is
shown in the histogram plot. (B) GH3 cells were fractionated into cytoplasmic and nuclear fractions after hormone and compound treatment. Equal
amounts were run on SDS-PAGE gels and immunoblotted for indicated proteins. Band quantitation is shown in the histogram plot.

Figure 7. IP-HAT assay. Nuclear extracts prepared from GH3 cells
were immunoprecipitated using an anti-TRβ antibody. The TR im-
mune-complexes were used to carry out acetylation of histone H4
protein. The resulting reaction mixtures were then separated by
SDS�PAGE, transferred to membrane, and immunoblotted for acet-
yl-histone H4 and TRβ.
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of T3. When T3 was present, NCoR left the growth hormone
TRE. Co-treatment with T3 and either SJ-AK or NH-3 caused
the reversal of the T3 effect, increasing NCoR binding at the
Growth hormone TRE. Consistent with effects on gene tran-
scription, NH-3 was more efficacious than SJ-AK in its effects on
coregulator binding, when both were applied at concentrations
higher than saturating. NH-3 has previously been reported to
stimulate transient NCoR recruitment to the growth hormone
TRE in GC pituitary cells.41 Thus both corepressor recruitment
and coactivator loss most likely contribute to the action of SJ-AK
and NH-3.
To establish that the observed effects actually represent

changes in coregulator recruitment effects rather than changes
in the basal expression, the steady state levels of coregulators and
TRβ were monitored by Western blotting (Figure 6, panel A).
While some small changes in expression level are evident, grossly
expression of the TRβ and cofactors is maintained under
treatment with either inhibitor. Additionally, the nuclear/cyto-
plasmic partitioning of these proteins (Figure 6, panel B) was
assessed. The nuclear enrichment of the cofactors was main-
tained under treatment by either inhibitor. Thus, changes in

cofactor expression or cellular fractionation do not explain the
activity of the inhibitor compounds, and hence the genomic
effects we observe are most likely directly related to inhibition of
coactivator recruitment.
Coactivator proteins such as members of the p160 family and

CBP/p300 homologues possess histone acetylation activity,
which is responsible for unwinding the chromatin and facilitating
transcription. An IP-HAT assay was used to investigate if SJ-AK
and NH-3 alter the ability of TR to recruit functional HAT
activity (Figure 7). TR and its bound coactivator proteins were
immunoprecipitated using an anti-TRβ antibody, and the result-
ing partially purified complexes were used as the HAT activity
source in a histone acetylation reaction. Histone H4 acetylation
was increased by immunocomplexes isolated from cells treated
with T3, and this increase was absent in cells co-treated with T3
and either SJ-AK or NH-3. Taken together, these data show that
SJ-AK and NH-3 functionally inhibit T3 signaling at responsive
promoters by affecting the balance of coregulatory proteins
present at the responding promoter and therefore their function.
Functional Effects of SJ-AK and NH-3 Antagonism of

Thyroid Hormone Responses. GH3 cells secrete growth hor-
mone and prolactin.42 As growth hormone is a T3 target gene
affected by both NH-3 and SJ-AK, we determined the levels of
growth hormone in the culture media under different treatment
conditions using a sandwich ELISA assay (Figure 8, panel A). T3
increased the secretion of growth hormone by 50% over a 24 h
period. SJ-AK partially antagonized growth hormone secretion,
while somatostatin, the natural GH antagonist, returned growth
hormone secretion to basal levels. This shows that antagonistic
effects of these small molecules on T3-induced gene expression
are translated into functional consequences at the cellular level.
T3 also induces cell proliferation of GH3 and other pituitary-

derived cell types by stimulating the secretion of an autocrine
factor from these cells.43 This property of thyroid hormone can
be used to identify inhibitors of thyroid hormone signaling in this
cell line.44,45 A cell proliferation assay was carried out to deter-
mine if these TR antagonists block the T3 effect (Figure 8, panel
B). Treatment of proliferating GH3 cells with T3 alone or T3 in
combination with either SJ-AK or NH-3 was followed by culture
for 96 h at which point the cell number was determined. T3
treatment caused a doubling of cell number in this time frame.
This effect was fully antagonized by both SJ-AK (5 μM) andNH-
3 (5 μM). At these concentrations, neither compound causes
patent cytotoxicity to GH3 cells (data not shown).
Comparison of Two Modes of Thyroid Hormone Antag-

onism. The studies described herein address the antagonistic
efficacy and molecular mechanisms underlying the cellular
activity for two diverse TR antagonists: SJ-AK, which directly
displaces coactivator proteins from the liganded TR LBD, and
NH-3, which competes with T3 for binding to the TR-LBD. Both
compounds inhibit coactivator recruitment to the TR but use
different means of achieving this effect. Multiple approaches
were used to demonstrate that these compounds antagonize T3
signaling.
The antagonistic effects of both SJ-AK and NH-3 are

evident only at a subset of T3 responsive genes. Neither NH-3
nor SJ-AK achieves a complete antagonism of T3 signaling in a
genome-wide scale in HepG2 cells. This finding immediately
implies that functional antagonism of thyroid hormone may be
much more complex than previously thought and that careful
in vivo study is warranted with both classes of inhibitors to
elucidate the physiological consequences of partial changes to the

Figure 8. Functional effects of TR antagonism by SJ-AK andNH-3. (A)
Growth hormone secretion assay. GH3 cells were cultured with T3 or
T3 in combination with SJ-AK or SMT for 24 h. Cell culture media was
sampled and assayed for the presence of growth hormone using a
sandwich ELISA kit. Growth hormone secretion as a percentage of
DMSO control is plotted. * indicates p < 0.05; ** indicates p < 0.01. (B)
Cell growth assay. GH3 cells seeded were treated as indicated and kept
in culture for 96 h. At that point, cell viability was assessed using a
luminescent measure of ATP content. *** indicates p < 0.005.
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T3 genomic responses. Many studies have shown that T3 can
induce gene expression in an TR independent manner.46 Our
studies suggest that there could likely be a significant number of
T3 target genes for which these alternate mechanisms are
relevant.
Additionally, the maximal efficacy of SJ-AK and NH-3 was

often less than 100% of the T3 induction, even though both
responses are saturable.22 Neither of the antagonists completely
inhibited coactivator recruitment in the ChIP assay (Figure 5)
with some residual SRC-2 binding being seen in the presence of
both inhibitors. It is also possible that there are other coregula-
tors whose binding is not inhibited by either NH-3 or SJ-AK. In
addition, extent of inhibition of T3 response shows gene to gene
variability as seen in the quantitative PCR experiments on the
candidate genes we tested by real time PCR (Figure 4, panel C).
This suggests varying dependence on coactivator recruitment in
the T3 induction of these genes. Meanwhile, the greater efficacy
of NH-3 in inhibiting coactivator recruitment in the ChIP assay is
reflected in its greater activity in inhibiting histone acetylation
over SJ-AK. Taken together these findings imply that the
formation of the coactivator containing transcriptional regula-
tory complex is more mutable than generally appreciated and
that interaction mechanisms are likely to include both receptors
at the promoter (SJ-AK and NH-3 do not affect RXR binding of
coactivators).
Our studies show that SJ-AK has more restricted effects at the

genomic level than the ligand antagonist NH-3. The narrower
activity profile of SJ-AK potentially has greater utility in achieving
selective antagonism of T3 effects rather than a broader antag-
onism that can be potentially achieved by NH-3. Directed
functional studies focusing on specific pathways and physiologi-
cal responses of T3 will elucidate any subtle and significant
differences in SJ-AK and NH-3 action.
Modulation of nuclear receptor mediated transcription has

very broad therapeutic utility. In the present study we have
validated the nuclear receptor coactivator interaction interface as
a target to modulate the activity and function of nuclear receptors
in the cellular milieu and proven that this modulation should
have functional consequences for the endocrine signaling of T3.
Our study sets the ground for further development of such
targeted compounds. β-Aminoketones will provide enhanced
tools to augment our understanding of thyroid hormone biology,
provide pharmacological tools to modulate TR function, and
help interrogate broadly the mechanism of action of TR and
other NRs.

’METHODS

Materials.HepG2 (cat. no. HB 8065) andGH3 (cat. no. CCL-82.1)
cell lines were obtained from ATCC. Charcoal, dextran treated fetal
bovine serum (cat. no. SH30068.03) was obtained from Hyclone
laboratories; DMEM/F12 1:1 (cat. no. 16-405 CV) was from Media-
tech. RNA extraction kit (RNeasy Mini, cat. no. 74104) and Sybr green
qPCR (Quantifast, cat. no. 204056) kit were obtained from Qiagen.
Superscript cDNA synthesis kit (cat. no. 18080�051), Dynabeads
protein G (cat. no. 100�04D), and LDS sample buffer (cat. no.
NP0008) were obtained from Invitrogen. Great escape SEAP chemilu-
minescence kit (cat. no. 631317) was obtained from Clontech. Wizard
PCR clean up kit (cat. no. A9281) and Cell titer Glo (cat. no. G7573)
was obtained from Promega. Protease Inhibitor cocktail (cat. no. P8340)
and acetyl CoA (cat. no. A2056) were obtained from Sigma-Aldrich.
Growth hormone Sandwich ELISA kit (cat. no. EZRMGH-45K) was

obtained from Millipore, histone H4 (cat. no. M2504S) was from New
England Biolabs, and proteinase K (cat. no. 03115887001) was
from Roche

Normal goat IgG, (cat. no. sc-2028), anti-SRC-2 (cat. no. sc-8996),
and anti-NCoR (cat.no.sc-1609) antibodies were obtained from Santa
Cruz Biotechnology; normal rabbit IgG (cat. no. #2729) and PGC-1
(cat. no. #2178) were obtained from Cell Signaling Technologies; SRC-
1 antibody (cat. no. ab84) was from Abcam; antiacetylated histone H4
(cat. no. 06-866) was from Millipore; and TRβ antibody (cat. no. MA1-
216) was from Affinity Bioreagents.
Cell Culture, Treatments, and Transfections. HepG2,

Hek293T, and GH3 cells were cultured in DMEM containing 10%
FBS at 37 �C, 100% humidity, and 5% CO2. Thyroid hormone and drug
treatments were carried out in DMEM/F-12 (1:1 mixture) supplemen-
ted with 10% charcoal stripped FBS for indicated time points. T3 was
used at a concentration of 100 nM in all assays. SJ-AK and NH-3 were
added to the cells as DMSO solutions at concentrations of 5 or 10 μM, as
indicated.

For transient transfections, Hek293T cells were plated at 6� 106 cells
dish�1 in 100mm culture dishes in 10mL of DMEM/F 12 (1:1mixture)
containing 2.5 mM L-glutamine and 10% heat-inactivated CSS (FBS).
After 10 h, the cells were at approximately 40�60% confluence and were
transfected by adding a transfection mixture containing CMV-TRβ
(5 μg), palindromic TRE (-AGGTCATGACCT-) driven secreted
alkaline phosphatase (PAL-SEAP, 10 μg), pSV-β-galactosidase control
vector (1.5 μg), and the transfection reagent Fugene-6 (1:3 w/v of
DNA) and incubated overnight. After 18 h, the cells were trypsinized
and plated in cell bind surface 96-well cell culture plates (Corning) at
40,000 cells well�1 in DMEM/F 12 medium (65 μL). Six hours after
plating, compounds were added to the cell culture medium using a pin-
tool (V&P Scientific) to the indicated concentrations.
Cytotoxicity Assay. hepg2, gh3, and hek293 (ATCC) cells were

grown to 80% confluence, collected, and plated at 700�1000 cells
well�1 in 25 μL of medium well�1 in 384-well plates (Costar 3712).
Compounds were diluted and transferred to cells as described above,
and the plates were incubated for 72 h at 37 �C in 5%CO2. CellTiter-Glo
(Promega) detection reagent was added following the manufacturer’s
instructions, and luminescence was measured using an EnVision
(PerkinElmer Life Sciences) plate reader.
Cellular Drug Treatments and RNA extraction. HepG2 cells

were split into 6-well plates at a density of 1 � 106 cells well�1 in
DMEM/F-12 media with 10% CSS. Twenty-four hours later, the cells
were treated with T3 or a combination of T3 with SJ-AK or NH-3.
Twenty-four hours after treatment, cells were harvested for RNA using
Qiagen RNeasy Mini (Qiagen), following the manufacturer’s instruc-
tions. The resulting RNA was treated with DNase I (Invitrogen, cat. no.
18068-015) to remove contaminating genomic DNA.
Microarray. RNA isolated as described above fromHepG2 cells was

used for microarray analysis. RNA quality was confirmed by analysis on
the Agilent 2100 Bioanalyzer. Total RNA (100 ng) was processed in the
Hartwell Center microarray core according to the Affymetrix 30 IVT
Express target labeling protocol (https://www.affymetrix.com/support/
downloads/manuals/3_ivt_express_kit_manual.pdf). Biotin-labeled
cRNA (10 μg) was hybridized overnight at 45 �C to the HG-U133Plus2
GeneChip array, which interrogates more than 54,000 human tran-
scripts. After staining and washing, arrays were scanned and expression
values summarized using the MAS5 algorithm as implemented in the
GCOS v1.4 software (Affymetrix, Santa Clara, CA). Detection calls
(Present, Absent, and Marginal) were determined using the default
parameters of the software. Signals were normalized for each array by
scaling to a 2% trimmedmeanof 500. Prior to statistical analysis theMAS5
signals were variance stabilized by the started logarithm transformation.47

Analysis of differential expression was determined by ANOVA (Partek
Genomics Suite v6.5, Partek Inc., St. Louis, MO).
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Three completely independent replicates (different sets of cells,
treated on different days, with independent variation of media, drug
stocks, and all other variables) were carried out, each with internal triple
replicates, for each condition. The data were then pooled for further
analysis. The false discovery rate was estimated as described48 and was
controlled at a level of 0.1 or as otherwise stated. An additional filter was
applied to select transcripts with robust expression by excluding probe
sets called “Absent” across the entire data set. Probe set annotations were
obtained from the Affymetrix Web site (http://www.affymetrix.com/
analysis/index.affx).
Real Time PCR. RNA isolated as described above fromHepG2 cells

was used for microarray analysis. RNA quality was confirmed by analysis
on the Agilent 2100Bioanalyzer. Equal quantities of RNAwere then reserve
transcribed using Superscript III (Invitrogen), following the manufacturer’s
instructions. The resulting cDNA was diluted 1:50 in nuclease free water
and used in real time PCR reactions with the Quantifast master mix
(Qiagen) in an ABI 7900 HT. The following primers were used: 18S,
forward: ATCCTCAGTGAGTTCTCCCG, reverse: CTTTGCCAT-
CACTGCCATTA; PCK1, forward: ACGGATTCACCCTACGTGGT,
reverse: CCCCACAGAATGGAGGCATTT, G6PC, forward: TCATCT-
TGGTGTCCGTGATCG, reverse: TTTATCAGGGGCACGGAAGTG
and CPT1A, forward: GCCTCGTATGTGAGGCAAAA, reverse: TCAT-
CAAGAAATGTCGCACG. MMP11 (cat. No. QT00024031), SLC16A6
(cat. no.QT00009338),OSTβ (cat. no.QT00239708), CYP24A1 (cat. no.
QT00015428), CYP3A4 (cat. no. QT01672608), and C8ORF4 (cat. no.
QT00214165) real time PCR assays were from Qiagen. The expression of
target genes was normalized to the expression of the 18S subunit of the
ribosome. The PCR quantitation was carried out usingΔΔCtmethod, and
data were expressed as fold change over DMSO treated controls.

The qPCR experiments were carried out completely independently
from the microarray experiements. Two completely independent repli-
cates (different sets of cells, treated on different days, with independent
variation of media, drug stocks, and all other variables) were carried out,
each with internal triple replicates, for each condition. The data were
then pooled for further work.
SEAP Assay. After transfection and 24 h treatment with T3 or a

combination of T3 with SJ-AK or NH-3, SEAP enzyme activity was
measured using the Great Escape SEAP Chemiluminescence detection
kit (Clontech), according to the manufacturer’s instructions. Briefly,
10 μL of cell culture medium was transferred to each well of a 96-well
plate, treated with 30 μL of assay buffer, and mixed gently using orbital
shaker. The plate was sealed with aluminum foil and incubated for
30 min in a 65 �C incubator. The plate was then placed on ice for 3 min
and then allowed to equilibrate to RT. Next, 40 μL of CSPD substrate
was added to each well, the plate was incubated for 20 min at RT, and
then the luminescence signal was read using an Envision plate reader
(Perkin-Elmer). The activity was determined by dividingβ-galactosidase
signal as an internal control. β-Galactosidase activity was determined
using according to manufacturer’s instructions (Thermo Scientific).
Chromatin Immunoprecipitation Assay. GH3 cells, grown to

90% confluence in DMEM/F12 containing 10% charcoal stripped
serum, were treated with T3 (100 nM) alone or T3 in combination
with SJ-AK (5μM)orNH-3 (5μM). After 30min, protein�DNA cross-
linking was carried out using formaldehyde (1%) for 10 min at RT. The
reaction was quenched with 125 mM glycine, and the cells were washed
twice with PBS and harvested in PBS containing protease inhibitor
cocktail (Sigma). Cells were centrifuged (5min, 450g) and lysed into cell
lysis buffer (50 mm Tris-HCl, pH 8.0, 85 mm KCl, 0.5% Nonidet P-40)
for 30 min on ice. Cells were then centrifuged (1000g, 5 min), and the
resulting nuclear pellet was resuspended in nuclear lysis buffer (1% SDS,
10 mm EDTA, 50 mm Tris-HCl, pH 8.1) with vortexing. The nuclear
lysate was then sheared to 200�1000 bp segments using a Branson 450
sonicator (35% amplitude, 10 s on, 60 s off, 6 pulses). Sheared DNA was
then subjected to centrifugation (17,000g, 10min) to pellet cellular debris.

An anti-SRC-2 antibody, anti-NCoR antibody, normal rabbit IgG,
and normal goat IgG were adsorbed onto protein-G Dynabeads by
incubating overnight at 4 �C. The sheared DNA was diluted in ChIP
dilution buffer (16.7 mM Tris-HCl (pH 8), 167 mMNaCl, 1.1% Triton
X-100, 1.2 mM EDTA, protease inhibitor cocktail) and precleared with
protein G Dynabeads (1 h; 4 �C). Precleared samples were then divided
into equal aliquots and treated with antibody loaded Dynabeads for 2 h.
The beads were then washed with RIPA buffer (4 � 0.5 mL; 10 mM
Tris-HCl (pH 8.0), 1 mM EDTA, 500 mM NaCl, 5% glycerol, 0.1%
sodium deoxycholate, 0.1% SDS, 1% Triton X-100), LiCl buffer (4 �
0.5 mL, 20 mM Tris, pH 8.0, 1 mM EDTA, 250 mM LiCl, 0.5% NP-40,
0.5% sodium deoxycholate), and TE buffer (2 � 0.5 mL, 10 mM Tris-
HCl pH8, 1 mM EDTA). Bound DNA was then eluted into elution
buffer (0.15 mL, 20 mM Tris-HCl, pH 7.5, 5 mM EDTA, 50 mMNaCl,
1% (w/v) SDS, 50 mg mL�1 proteinase K) by vortexing (1300 rpm, 2 h,
68 �C). The eluted DNA was collected, and elution was repeated a
second time. Both elution fractions were combined and DNA was
purified usingWizard PCR clean up kit. The purified DNA was eluted in
50 μL of elution buffer and was used in real time PCR and regular PCR
to detect for rat Growth hormone TRE (GH-TRE). The primers used
for GH-TRE were: forward: AAGGACACATTGGGTGGTCTCTGT
and reverse: CACTGACAGCTTGTGCTGATGGAT. Regular PCR
products were run out on agarose gels as shown. Real time PCR data
were normalized to respective input for each sample and enrichment at
GH-TRE was calculated for each sample over DMSO treated control.
The fold enrichment at GH-TRE was plotted as shown.
Nuclear-Cytoplasmic Fractionation and Western Blot.

GH3 cells were grown to confluence in 150 mm dishes in DMEM/
F12 containing 10% CSS. After indicated treatments, cells were har-
vested into PBS (137 mM NaCl, 2.7 mM KCl, 4.3 mM Na2HPO4,
1.47 mM KH2PO4) with protease inhibitor cocktail. The cells were
swollen for 15 min on ice in a hypotonic buffer (20 mM HEPES, pH
7.9, 10 mM NaCl, 1.5 mM MgCl2, 0.2 mM EDTA, 1 mM DTT, 1 mM
phenylmethylsulfonyl fluoride). Cells were then lysed by adding 0.5%
Nonidet P-40 and the lysates centrifuged (10,000g, 4 �C, 30 s). The
supernatant cytoplasmic fraction was collected, and the residual nuclear
pellet resuspended in a high salt buffer (20 mM HEPES, (pH 7.9),
0.42 mM NaCl, 1.5 mM MgCl2, 2.5% glycerol, 1 mM EDTA, 1 mm
EGTA, 1mMDTT) with shaking (1 h, 4 �C). The resulting resuspension
was centrifuged (13,000g, 4 �C, 15 min), and the nuclear extract was
collected. The fractions were subjected toWestern blotting using standard
procedures with anti-TRβ, SRC-2, SRC1, and PGC-1 antibodies.
IP-HAT Assay. Nuclear extracts were prepared from GH3 cells as

described above. One milligram of nuclear extract protein was incubated
with an anti-TRβ antibody overnight at 4 �C followed by mixing with
Protein A/G agarose beads. The beads were washed 3 times with PBS
(3� 500 μL, 137 mMNaCl, 2.7 mMKCl, 4.3 mMNa2HPO4, 1.47 mM
KH2PO4) and once with HAT assay buffer (1 � 500 μL, 50 mM Tris-
HCl, (pH 8.0), 10% (v/v) glycerol, 1 mM DTT, 1 mM phenylmethyl-
sulfonyl fluoride, 0.1 mM EDTA). The beads were resuspended in HAT
assay buffer (30 μL), treated with acetyl CoA (final concentration
10 μM) and Histone H4 (1 μL), and incubated (30 �C, 30 min). After
incubation, the samples were treated with LDS sample buffer and heated
(95 �C, 10 min). Beads were removed by centrifugation and supernatant
was subjected to SDS-PAGE (4�12% gel) and Western blotting using
antiacetylated histone H4 and TRβ primary antibodies.
Growth Hormone Assay. GH3 cells were split into 6-well plates,

and the cells were treated with thyroid hormone alone or in combination
with SJ-AK at indicated concentrations. Somatostatin (SMT) at a
concentration of 10 ng mL�1 was used as a positive control. The cell
culture media (10 μL) was sampled at 24 h and assayed for growth
hormone in a sandwich ELISA methodology (Millipore, cat. no.
EZRMGH-45K) as recommended by the manufacturer. The OD values
measured using Spectramax reader (Molecular Devices) correlating with
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growth hormone quantity were plotted for different experimental
treatments.
Cell Growth Assay. GH3 cells were seeded in 96-well plates

(Costar, 3903) at a density of 5000 cells well�1 in DMEM/F12 media
containing 10% charcoal stripped serum. The cells were allowed to
continue in culture for 72 h. The cells were then treated with T3 or T3 in
combination with SJ-AK or NH-3 at specified concentrations. The cells
were kept in culture at 37 �C for 96 h. At that point the Cell-Titer Glo
(Promega) measurements were carried out using EnVision plate reader
(Perkin-Elmer) to estimate cell number. The luminescence values were
plotted for different treatment conditions.
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